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Abstract. Dendrocalamus minor var. amoenus was analyzed for physiological and proteomic responses 
under drought stress. The adverse effects of drought on D. minor var. amoenus were primarily affected by 
gas exchange attributes such as photosynthesis (Pn), stomatal conductance (Gs), and transpiration rate 
(Tr) decreased as drought intensity increased. Among chlorophyll fluorescence parameters, actual 
photochemical efficiency of PSII (ΦPSII), electron transport rate (ETR), and non-photochemical 
quenching (qN) also decreased under increasing drought stress throughout the natural dehydration process 
(15-30 days). Moreover, superoxide dismutase (SOD) and catalase (CAT) levels increased significantly 
when subjected to short drought event and then decreased rapidly under severe drought stress. Using two-
dimensional gel electrophoresis (2-DE), we detected more than 500 protein spots; 41 significant 
differentially expressed protein spots were uncovered under drought stress. Following matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) identification and 
BLAST of these 41 proteins spots to an NCBI or Uniprot database, 33 differential protein spots were 
identified. In addition to determining a suitable protocol for protein extraction from D. minor var. 
amoenus (or other bamboo species), this study provides important information on signal transduction 
pathway changes under drought stress for exploring drought resistance candidate genes in bamboo 
species. 
Keywords: gas exchange, chlorophyll fluorescence, gel electrophoresis, proteins spots 

Introduction 

In recent years, the greenhouse effect has led to increasingly more severe 
environmental conditions related to global warming (Khaliq et al., 2019). In many 
locations, extreme drought disasters have occurred, seriously threatening the 
agricultural and silvicultural production as well as ecological and environmental 
protection efforts (Thalmann and Santelia, 2017). Drought is a significant abiotic stress 
factor that affects the growth and development of plants (Tayyab et al., 2018). Plant 
growth changes and response mechanisms under water deficit conditions have always 
been important scientific research subjects. Plants reduce damage caused by drought 
stress through changes in morphological structure, physiological responses, and 
biochemical processes, such as growth rate, stomatal conductance, tissue permeability, 
and antioxidant defense (Caruso et al., 2008; Tarin et al., 2020). When subjected to 
drought deficit conditions, plant responses vary greatly at three different levels; whole-
plant, cellular, and molecular (Chalker‐Scott, 1999). 
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At the whole-plant level, drought deficit condition often leads to internal water 
imbalances, decreases cell water potential, and turgor pressure, resulting in shoot and 
leaf wilting and drooping. If such conditions persist, plants often lead to serious water 
loss from cell protoplasts and eventually plant death (Tarin et al., 2018). The adverse 
effects of drought stress have frequently manifested a decrease in phenotypic growth 
and photosynthesis, which are factors associated with changes in substance metabolism 
(Lawlor and Cornic, 2002; Rouhi et al., 2007; Koh et al., 2015). Photosynthetic activity 
and plant leaf structure are significantly impaired due to declines in stomatal closure 
and photosynthesis-related enzymes under drought stress (Chaves et al., 2009; 
Aranjuelo et al., 2010). The decrease in photosynthetic activity is caused by both 
stomatal and non-stomatal limitations. Under mild stress conditions, a stomatal 
limitation is a primary factor affecting photosynthesis; however, when severe stress 
damages photosynthetic organs and their structure, photosynthesis becomes increasingly 
influenced by non-stomatal limitation in chloroplast CO2 fixation ability, rather than 
CO2 diffusion resistance (Bota et al., 2004; Grassi and Magnani, 2005; Lawlor and 
Tezara, 2009). 

At the cellular level, drought deficit conditions often lead to the accumulation of 
numerous substances that regulate osmotic pressure, including proline (PRO), soluble 
sugar, betaine, etc. (Kaushal and Wani, 2016). These substances increase cytoplasmic 
concentration levels, lower osmotic potential, and help maintain cell turgor pressure, 
allowing cells to continue to absorb water from the environment, sustaining plant 
morphological and physiological characteristics (Costa et al., 1998). Additionally, 
drought deficit conditions often lead to the accumulation of antioxidant enzymes (e.g., 
SOD and CAT), which enhance the capabilities of scavenging reactive oxygen species 
(ROS) such as H2O2 and O2-, reducing their adverse effect on normal photosynthetic 
functions (Luna et al., 2004; Wang et al., 2009; Caverzan et al., 2016). 

At the molecular level, drought deficit conditions often alter gene expression and 
protein synthesis (upregulation and downregulation), leading to changes in biological 
functions. Several molecular mechanisms of drought stress in many plants, including 
Arabidopsis (Zou et al., 2010), rice (Yang et al., 2012) and maize (Liu et al., 2013), 
were studied and elucidated by describing the quantitative trait locus (QTL), gene 
cloning, mutant screening, expression profiling, and functional verification of candidate 
genes. Specifically, the Arabidopsis thaliana glutathione peroxidase 3 (ATGPX3) 
enzyme can regulate abscisic acid (ABA) and initiate oxidative signal transduction in 
response to drought, leading to dynamic H2O2 balance in the cell (Miao et al., 2006). 
Unlike DNA or RNA, proteins can be directly involved in plant stress responses, and 
proteomics research can more intuitively reveal relationships between protein 
abundance and plant stress responses (Kosová et al., 2011). 

Expression changes in plant proteins under drought stress can be divided into three 
categories: (1) signaling cascades and transcription-related proteins (e.g., protein kinase, 
protein phosphatase, and transcription factors); (2) functional proteins that protect the 
cell membrane and related proteins (e.g., embryonic period proteins, antioxidants, and 
osmotic-adjustment proteins); and (3) proteins associated with water and ion absorption 
(e.g., aquaporin and sugar transporters) (Fang and Xiong, 2015). Previous research 
using isobaric tags for relative and absolute quantitation (iTRAQ) and two-dimensional 
difference in gel electrophoresis (2D-DIGE) technology in desert poplar (Populus 
euphratica) (Bogeat-Triboulot et al., 2007), soybean (Glycine max) (Alam et al., 2010) 
and rapeseed (Brassica napus) (Koh et al., 2015) used proteomic analysis to reveal the 
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effects of drought stress and related response mechanisms. Consequently, proteomic 
analysis can be used to identify several proteins involved in oxidative stress 
detoxification, signaling pathways, and protein folding. 

D. minor var. amoenus is an important ornamental bamboo species of economic 
importance. Known for its exotic coloration, this plant exhibits several dark green 
vertical stripes interspersed with light yellow at the internodes. This bamboo species 
was introduced in coastal sandy areas in Fujian province as a novel windbreak and 
dune-fixing plant species for use in a mixed planting with wetland pine. In recent years, 
D. minor var. amoenus has been widely used in landscape and forest protection efforts. 
However, bamboo introduction to coastal sandy shelterbelt areas and its use in forest 
protection programs have been adversely affected because soil moisture and nutrient 
content are relatively low in coastal sandy soils, and environmental conditions for 
planting in these locations are poor. Continuous drought has also seriously affected both 
the ornamental characteristics of the bamboo and the survival rate of new bamboo 
shoots, especially during out-shoot periods. Recently, there are few studies on the 
drought-resistance mechanism of bamboo species with a focus on the physiology, 
biochemical attributes, photosynthetic pigments, water potential, photosynthetic activity 
(Wu et al., 2019; Tong et al., 2020). However, studies on the physiological and 
proteomic responses of D. minor var. amoenus under drought stress have received 
nearly no prior research. Therefore, efforts to investigate drought response mechanisms 
and enhance stress tolerance in D. minor var. amoenus will be vital to enhance 
landscape benefits and bamboo shoot production. 

In this study, we conducted an integrated physiological and proteomic analysis of D. 
minor var. amoenus under drought stress. First, we optimized the protocol for protein 
extraction in bamboo species D. minor var. amoenus. We then assessed several 
physiological responses, biochemical processes, and different proteome expressions of 
the plant under drought stress. These results will contribute to the knowledge and 
understanding of the response mechanisms of bamboo species under drought stress. 
Additionally, they provide important information on changes in the signal transduction 
pathway in bamboo species under drought stress and provide an experimental basis for 
exploring drought resistance candidate genes of bamboo species through proteomic 
methods. This study is also of significant importance for future exploration of molecular 
genetics and transgenic breeding of bamboo species. 

Materials and methods 

Plant materials 

Two-year-old D. minor var. amoenus plants were obtained from bamboo coastal 
sandy protection areas (Dongshan Island, Fujian, China) with similar growth conditions 
and directly transplanted to the Bamboo Research Institute of the Fujian Agriculture and 
Forestry University (Fig. A1 in the Appendix). Seedlings were cultivated in plastic 
basins (height = 180 mm and diameter = 240 mm), containing a mixed nutrient medium 
of peat and matrix (1:2) in a greenhouse. The environmental conditions were 32/20 °C 
(day/night) with a photoperiod of 14 h under natural daylight, the relative humidity of 
75-85%, and photosynthetically active radiation of 900 μmol m-2.s-1. Plants were 
irrigated with tap water every day to reach maximum water holding capacity. Drought 
stress was initiated after 6 months of normal growth. Half the bamboo plants continued 
to be irrigated regularly maintained in optimal water availability conditions, whereas the 
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other half (randomly selected) was not irrigated to exposed to natural drought 
conditions (with water withholding). Over a month, drought plants were grown without 
any watering, whereas control plants were watered until basins capacity. Plant leaves 
used for physiological analysis were harvested at days 0, 5, 10, 15, 20, 23, 26, and 30, 
whereas leaves used for proteome analysis were harvested at days 0 and 26. In total 20 
pots were handled (10 for drought conditions and 10 for control). At each sampling 
time, three biological replicates (3 or more than 3 independent pots, randomly selected 
with leaves at the same internode position) for each exploration were examined. Leaf 
samples were selected and kept on ice. Residual dirt was removed from the leaves with 
double-distilled water. Materials were immediately frozen in liquid nitrogen and stored 
at -80 °C before protein extraction and enzyme measurement. 

 
Determination of soil water content and leaf water potential 

Soil water content (SWC) and leaf water potential (LWP) of the bamboo plants were 
measured at days 0, 5, 10, 15, 20, 23, 26, and 30, after cessation of irrigation. LWP of 
the bamboo leaves was measured at different time intervals using a WP4-T potential 
meter (Decagon, USA) as described in a previous study (Ebrahimi-Birang and Fredlund, 
2016). SWC was measured at the same time intervals as LWP, using a TZS soil 
moisture meter (TUOPU, China). At each sampling time, three replicates were 
measured for SWC and LWP. 

 
Determination of photosynthetic and chlorophyll fluorescence parameters 

Bamboo leaves were enclosed in an LI-6400XT portable photosynthesis system (LI-
COR, USA) for 2.5 h from 9:00 to 11:30 am during each time node for measurement of 
photosynthetic parameters, including net photosynthetic rate (Pn), intercellular CO2 
concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr). Photosynthetic 
photon intensity and CO2 levels inside the leaf chamber were maintained at 1000  
μmol m-2.s-1 and 400 mmol-l.s-1, respectively. Water use efficiency (PWUE) and stomatal 
limitation values (Ls) were calculated by the following equations (Deeba et al., 2012): 

 
  (Eq.1) 
 
  (Eq.2) 
 

where Pn is the net photosynthetic rate, Tr is transpiration rate, Ci is intercellular CO2 
concentration, and Co is the concentration of CO2 outside the leaf, respectively. 

The maximum photochemical efficiency of PSII (Fv/Fm) was measured after plant 
leaves had been pre-dark-adapted for 20 min within an OS5P fluorescence chamber 
(Opti-Sciences, USA). The actual photochemical efficiency of PSII (ΦPSII), the relative 
rate of photosynthetic electron transport (ETR), and non-photochemical quenching 
coefficient (qN) were determined simultaneously using the same device. Calculations 
for these parameters were done according to the instrument manufacturer’s instructions 
(Sobrado, 2011). 

 
Content or activity of antioxidant enzyme and osmosis substance 

To determine the content or activity of physiological enzymes precisely weighed 
leaves were mechanically ground to powder in liquid N2 and then homogenized in 4-
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fold 0.9% saline solution (V/W) to generate a 20% tissue homogenate. Homogenates 
were centrifuged at 4500 × g for 10 min and the supernatants were used for enzyme 
analysis. Superoxide dismutase (SOD), catalase (CAT), malondialdehyde (MDA), and 
proline (PRO) levels were examined using the corresponding assay kits according to the 
manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). Values were normalized following protein concentration determination via 
Coomassie Brilliant Blue method (Bradford, 1976). 

 
Total proteins sample extraction 

A process workflow for total protein extraction of D. minor var. amoenus leaves is 
shown in Figure 1. Detailed experimental methods follow: frozen leaves with midribs 
removed (0.2 g) were ground into powder in liquid N2 in a pre-cooled mortar. The 
powder was incubated in 1 mL pre-chilled NP-40 protein extract buffer (0.5 M Tris-
HCl, pH 8 2% [v/v]; β-mercaptoethanol, 2% [v/v] NP-40; 20 mM MgCl2; 1 mM EDTA; 
1 mM PMSF; and 1% PVPP). Following ultrasonication, five volumes TCA/acetone 
extract solution (10% [w/v] TCA and 0.07% [v/v] β-mercaptoethanol) were added and 
the sample was kept at -20 °C overnight to ensure complete protein precipitation. 
Sedimentation was centrifuged at 4 °C, at 16000 × g for 15 min, and the supernatant 
was discarded and the pellets were rinsed four times with five volumes pre-chilled 
TCA/acetone extract solution. The solution was left standing at -20 °C for 30 min after 
the addition of the extract solution for each rinse. The resultant precipitate comprised 
the total proteins in the leaves of D. minor var. amoenus. After vacuum drying, pellets 
were lysed with rehydration solution (4% CHAPS, 40 mM DTT, 7 M urea, 2 M 
thiourea, and small amounts of protease inhibitors), considered the total protein sample 
in this work, and stored at -80 °C (Wang et al., 2006). 

 

 

Figure 1. Schematic workflow of total protein precipitation for D. minor var. amoenus 
proteome 
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Two-dimensional gel electrophoresis (2-DE) 

Two-dimensional gel electrophoresis (2-DE) experiment was conducted following 
the BIO-RAD 2-DE Instruction Manual. Samples were loaded on 17 cm pH 5–8 
immobilized pH gradient (IPG) strips (BIO-RAD, USA) by passive rehydration via 
absorption for 24 h with a loading weight and loading volume of 20 μg and 125 μL, 
respectively. A PROTEAN® i12™ IEF system was used to perform isoelectric focusing 
(IEF) at 20 ℃ and the current was limited to 50 μA per strip. IEF parameters were set as 
follows: 250 V (30 min), 500 V (30 min), 4000 V (boost for 3 h), 4000 V (focusing with 
20000 V-h), and 500 V (hold). 

Two experimental groups were frozen at -20 ℃ immediately, whereas a two-step 
balancing process was performed on another repeating group following first dimension 
electrophoresis. Equilibrate buffer (2% [w/v] SDS, 6 M urea, 20% [v/v] glycerol, 
0.05 M Tris-HCl, pH 8.8, and 2% DTT) was used in the first balancing process for 
15 min. In the second balancing process, equilibrate buffer (same as the first process, 
except that IAA was substituted for DTT) was also used for 15 min. SDS-PAGE was 
performed immediately after all equilibration steps were completed, using 12% 
separation gel and 120 V gel electrophoresis parameters, until the bromophenol blue 
indicator reached the gel base. After the second dimension electrophoresis, the gels 
were stained using a modified silver-staining method (Yan et al., 2000). 

Gel with protein spots was visualized after silver staining. The spots were scanned 
using a UMAX Power Look 2100XL scanner (UMAX Systems, Willich, Germany) at 
1000 dpi resolution in TIF format. PDQuest version 8.0.1 software (BIO-RAD, USA) 
was used to calculate and analyze protein spot images according to the manufacturer’s 
instructions. Additional modifications were performed manually, after automated 
software detection, matching, and normalization, to reduce the potential for 
discrepancies during spot selection (Liu et al., 2015). 

 
In-gel digestion and MALDI-TOF-MS identification 

Differentially expressed protein spots were manually cut from the gels and were 
subjected to decolorization, in-gel trypsin digestion, and peptide extraction. Peptide 
mass fingerprint (PMF) spectrum analysis was then conducted using a 5800 MALDI-
TOF-MS analyzer (Applied Biosystems, USA). Retrieval result reliability was 
evaluated using a ratio of peptide segment matching rate, protein score, and a sequence 
coverage of matched peptides in the corresponding protein, and then analyzed using 
biological mass spectrometry methods. A BLAST of MS spectra against the Uniprot 
and NCBI databases, using MASCOT2.2 software (Matrix Science, UK), was 
performed to search for PMF. Minimum ion scores for each identified MS data point 
were capped at or above 95% C. I. (Alam et al., 2010; Liu et al., 2015) to ensure result 
credibility. 

 
Statistical and bioinformatics analysis 

All parameters at different stress periods were statistically analyzed using SPSS 19.0 
software (SPSS Science, USA). Data are reported as means with (±) standard deviation 
(SD). Multiple ANOVA comparisons were made using three replications; significance 
level was set at P < 0.05. Specifically, we calculated Pearson’s correlation coefficient 
between photosynthetic parameters, SWC, and LWP. 
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Bioinformatics analysis of the biological functions of differential proteins was 
performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene 
Ontology (GO) online analysis software. KEGG is a collection of pathway maps 
representing molecular interaction network information (Li et al., 2016), whereas GO is 
a classification system for gene function clusters that provide descriptions for genes and 
gene product attributes in organisms. GO uses three ontologies that describe the 
molecular function, cellular components, and biological processes (Li et al., 2016). 

Results 

Soil water content and leaf water potential 

Soil water content (SWC) and leaf water potential (LWP) showed steadily decreasing 
trends throughout the treatment period, although no significant SWC trend differences 
were observed on days 15 and 20 (Table A1 in the Appendix). SWC and LWP levels in 
the control group were maintained at 30–40% and -1.0 – -1.3 MPa, respectively, 
throughout the treatment period. SWC and LWP levels in the treatment group were 
lowered dramatically by 98% and 79% to 0.43% and -5.65 MPa, respectively. LWP 
decreased sharply when the treatment period was extended, whereas SWC declined 
slowly during days 20–30; however, this decrease was lower than that of LWP during 
the same timeframe. 

 
Photosynthetic parameters 

Photosynthetic parameters, including net photosynthesis (Pn), stomatal conductance 
(Gs), and transpiration rate (Tr), decreased significantly as the drought period was 
prolonged, although fluctuations in this trend were observed on days 10 and 23 (Fig. 2). 
However, declines in Pn, Gs, and Tr were slower than those in SWC. Pn, Gs, and Tr 
decreased by 4.38 μmol CO2 m-2·s-1, 0.11 mol H2O m-2·s-1, and 2.59 mmol H2O m-2·s-1, 
respectively during drought period days 0–23. Similar decreases in Pn, Gs, and Tr were 
noted (3.12 μmol CO2 m-2·s-1, 0.03 mol H2O m-2·s-1, and 1.32 H2O m-2·s-1, respectively) 
during days 23–30. Figure 2 illustrates that Pn is more sensitive in terms of drought 
response than either Gs or Tr, decreasing by 7.50 μmol CO2 m-2·s-1 overall. No 
significant changes were observed in Ci during drought period days 0–15 compared to 
the control group; however, Ci also showed a downward trend during days 15–26, 
reaching a minimum of 395.68 μmol CO2 mol-1 on day 26. PWUE increased initially, 
and then decreased slowly during days 5–20, before sharply decreasing after day 26. 
Similarly, Ls showed an upward trend during days 10–26, and then sharply decreased 
after days 26. 

Besides, Pn, Gs, and Tr were significantly correlated with LWP (P < 0.01), and Pn 
was significantly correlated with both Gs and Tr (P < 0.01). Pn, Gs, and Tr were also 
found to be significantly correlated with SWC (P < 0.01) after correlation analysis was 
conducted between photosynthetic parameters, SWC, and LWP (Table A2). 

 
Chlorophyll fluorescence parameters 

Intrinsic photosynthetic efficiency of PSII (Fv/Fm) showed a decreasing trend 
throughout the drought stress period, and actual photochemical efficiency (ϕPSII) 
underwent a similar trend, both declining to minimum levels at day 30 by 28% and 
82%, respectively (Fig. 3). Additionally, slight increases in the non-photochemical 
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quenching coefficient (qN) were observed during days 5–15, but this parameter 
subsequently declined after day 15. Similarly, the apparent electron transfer rate (ETR) 
in the drought stress group increased slowly during days 0–10 but gradually decreased 
after day 10 (Fig. 3). 

 

 
Stress days 

Figure 2. Changes in photosynthetic parameters in leaves of D. minor var. amoenus under 
drought stress. Parameters include net photosynthetic rate (Pn), stomatal conductance (Gs), 

transpiration rate (Tr), intercellular CO2 concentration (Ci), water use efficiency (PWUE), and 
stomatal limitation value (Ls). Vertical bars represent the standard deviations 

 
Antioxidant enzymes and osmotic substances 

As drought conditions persisted, both PRO and MDA levels increased over time. 
Compared to the control group, during days 10–30, PRO levels increased 15-fold to 
365 µg.g-1, whereas MDA levels increased 3-fold to 14.6 nmol.mg-1 prot. In response to 
drought stress, many plants increase antioxidant enzyme levels to remove ROS. Levels 
of two antioxidant enzymes, CAT and SOD, were measured to gauge damage response. 
Similar outcomes were produced in these two enzymes by drought stress, and a 
significant increase in SOD and CAT levels on day 10 was observed. However, a 
significant decrease in these two enzymes was also observed after day 10 (Fig. 4). 
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Two-dimensional gel electrophoresis (2-DE) analysis 

The 2-DE process was repeated thrice for each treatment group; representative gels are 
shown in Figure 5. More than 500 total protein spots were detected in silver-stained gels in 
each treatment. Several protein spots observed to have significant changes in abundance 
were also identified. These spots were identified using MALDI-TOF-MS for PMF 
identification. Among these, 41 protein spots were common to all gels and these were 
subjected to MS identification. Following MS identification, 33 protein spots were 
successfully identified (Table A3). Additionally, 23 protein spots were upregulated, 13 spots 
were downregulated, and 5 newly expressed spots were identified. Enlarged profiles of the 
41 differentially expressed protein spots under drought stress are shown in Figure 6. 

 

 
Stress days 

Figure 3. Changes in chlorophyll fluorescence parameters in leaves of D. minor var. amoenus 
under drought stress. Parameters include initial minimum fluorescence (Fo), maximum fluorescence 
(Fm), quenching parameter (qN), maximum quantum yield of PSII (Fv/Fm), effective quantum yield 
(ϕPSII), electron transport rates (ETR). Vertical bars represent the standard deviations of the mean 
 
 
Upregulated protein spots 

Upregulated protein spots were identified as oxygen-evolving enhancer protein 1 
(spot 4), extra-large guanine nucleotide-binding protein 3-like isoform X2 (spot 21), 2-
Cys peroxiredoxin BAS1 (spot 22), oxygen-evolving enhancer protein 2 (spot 23), 
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calcium-dependent protein kinase (spot 29), PsbP chain A (spot 30), malate 
dehydrogenase (spot 31), flavin-containing monooxygenase (spot 35), glutathione S-
transferase DHAR3 (spot 38), cytochrome b6-f complex iron-sulfur subunit (spot 39), 
and germin-like protein 8-14 (spot 40). Many upregulated proteins were associated with 
signaling transduction (e.g., spots 29 and 39), whereas some proteins (e.g., spots 4 and 
23) were associated with photosynthesis. 
 

 
Stress days 

Figure 4. Changes in proline (PRO), superoxide dismutase (SOD), catalase (CAT), and 
malondialdehyde (MDA) in leaves of D. minor var. amoenus under drought stress. Different letters 
indicate significant differences (P < 0.05) among various treatments with vertical bars as standard 

deviations 
 
 

Downregulated protein spots 

Downregulated protein spots were identified as ribulose-1,5-bisphosphate 
carboxylase/oxygenase large subunit (spot 1), ribulose bisphosphate carboxylase small chain 
(spot 4), RuBisCO small subunit C (spot 5), ribosome-recycling factor (spot 16), ribulose 
bisphosphate carboxylase/oxygenase activase (spot 18), eukaryotic translation initiation factor 
3 subunit A (spot 26), fructose-bisphosphate aldolase (spot 33), and ATP synthase CF1 beta 
subunit (spot 41). Many downregulated proteins were associated with photosynthesis (e.g., 
spots 1, 4, and 5), energy metabolism (e.g., spot 41), and translation (e.g., spot 26). 

 
Newly expressed protein spots 

Newly expressed protein spots included ferritin-1 (spot 10), transcription factor-
related family protein (spot 14), and rca1 (spot 34). 
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Figure 5. Silver-stained two-dimensional proteome profiles gel of proteins extracted from 
leaves of D. minor var. amoenus grown under drought (left, day 0) and drought (right, day 26) 
conditions. In the first dimension, total protein was loaded on a 17 cm IEF strip with a linear 
gradient of pH 5-8. The second dimension was conducted in 12% polyacrylamide (w/v) gels 

(20 cm) (for details, see Materials and methods). The gel image analyses conducted with 
PDQuest software. The subsequent mass spectrometry analyses identified up to 41 proteins 

(marked by arrows) that were involved in the plant response to drought 
 
 

 

 

Figure 6. Enlarged profiles of silver-stained gel of 41 differentially expressed protein spots in 
Figure 5 that under drought (left, day 26) and control (right, day 0) conditions. Among the same 

letter, left for the control group and right for the drought experimental group. The subsequent 
mass spectrometry analyses identified up to 41 proteins (marked by arrows) that were involved 

in the plant response to drought 
 
 

Bioinformatics analysis 

Thirty-three differential abundance proteins were examined by GO and KEGG and 
classified into 19 GO terms. Of these, biological processes accounted for 10 terms, 

5 8 5 8 
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molecular functions accounted for 5 terms, and cellular components accounted for 4 
terms. The most representative terms for each group included cellular processes GO: 
0009987 and metabolic processes GO: 0008512; catalytic activity GO: 0003824 and 
binding GO: 0005488; and cell, membrane, and organelle, respectively (Fig. 7). KEGG 
pathway enrichment analysis revealed that most of these differential abundance proteins 
were largely involved in photosynthesis (map00195), carbon fixation in photosynthetic 
organisms (map00710), carbon metabolism (map01200), and glyoxylate and 
dicarboxylate metabolism (map00630; Fig. 7). 

 

  

Figure 7. GO function and KEGG enrichment analysis of differential expression proteins. GO 
function classification (left); KEGG pathway enrichment (right) 

Discussion 

Physiological analysis under drought stress 

Drought conditions intensify the various adverse effects such deficits have on plant 
characteristics, especially aspects related to effective soil water holding capacity, 
leading to irreparable leaf transpiration water loss and physical damage due to cell 
dehydration. These effects on plant morphological structure, physiological responses, 
and biochemical processes, including growth rate, stomatal conductance, tissue osmotic 
potential, and antioxidant defense, directly influence the normal growth and 
physiological processes of plants (Caruso et al., 2008; Xu et al., 2008). In this study, 
SWC and Pn were negatively influenced, showing a significant downward trend under 
prolonged drought stress. However, some fluctuations in Pn were observed on days 10 
and 23, which can be attributed to fluctuations among several key environmental factors 
such as temperature and humidity during the treatment period. Under drought stress, the 
plant can decrease transpiration water loss rates by reducing stomatal conductance or 
through stomatal closure, although such measures also inhibit CO2 transport efficiency 
in leaf cells. Stomatal and non-stomatal limitation factors hinder plant photosynthesis; 
intercellular CO2 concentration (Ci) levels and stomatal limitation (Ls) rates can also 
help predict whether changes leading to Pn increases or decreases are primarily due to 
stomatal or non-stomatal limitations (Chaves et al., 2009; Lawlor and Tezara, 2009). 
Correlation analysis showed that Pn, Gs, and Tr were significantly associated with 
bamboo LWP during drought stress (Table A2). This is because plant transpiration 
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intensity can be influenced by both SWC and inner-outer leaf LWP. Additionally, the 
physiological state of the plant itself can also regulate transpiration. In this study, we 
found that leaf intercellular CO2 concentrations increased significantly (P < 0.05) 
during days 26–30, whereas Ls decreased significantly, indicating that the leaf cell 
structure had experienced certain levels of physical damage and illustrating the resultant 
photosynthetic shifts from stomatal to non-stomatal limitations. 

Chlorophyll fluorescence kinetic parameters can be used to detect photosynthetic 
changes in plants under stress conditions quickly, accurately, and without damage to the 
plant leaf. Photosystem II (PSII) can be severely inhibited during drought stress. PSII 
also regulates electron transfer rates (ETR) and the efficiency of photochemical 
reactions in response to declines in carbon assimilation capacity and reduces the 
damage to plants caused by heat dissipation, called photoinhibition (Massacci et al., 
2008). In this study, a slight increase in ETR and ΦPSII, along with a decrease in Fm 
and qN were observed during drought stress days 0–10, but these values did not change 
significantly, indicating that variation among chlorophyll fluorescence parameters is 
relatively small during periods of mild drought stress. D. minor var. amoenus may also 
maintain certain ETR and qN levels by regulating the function of photosynthetic organs 
structure in the leaves, as well as by reducing heat dissipation; a similar photosynthetic 
observation was noted in Gossypium hirsutum with the onset of drought stress 
(Massacci et al., 2008). After 10 days, fluorescence parameters ETR, ΦPSII, and qN 
showed a significant decrease (P < 0.05), indicating that PSII had been damaged to 
varying degrees, photosynthetic organs and enzymes had been destroyed, and the effects 
of excess light energy could not be protected through heat dissipation. However, Kitao 
and Lei elucidated that cotton plants can reduce the risk of excessive energy in PSII by 
maintaining higher ETR associated with higher leaf nitrogen, even if Pn was reduced by 
stomatal closure (Kitao and Lei, 2007). Under drought conditions, when light use in 
photosynthesis or heat dissipation is not enough to deal with excessive energy levels, 
then large amounts of reactive molecules are produced, potentially leading to oxidative 
damage to photosynthetic organs (Dietz and Pfannschmidt, 2011). 

Proline (PRO) is an ideal osmotic adjustment material that can both increase the 
osmotic potential of plant cells and promote plant cell absorption rates under drought 
conditions, reflecting plant stress resistance capacity (Seki et al., 2007). In this study, 
PRO content showed a significant increasing trend, a very sensitive response to stress, 
and a very large change range (Fig. 4), indicating that the plant could improve its 
drought resistance capacity by increasing PRO content to adjust leaf cell osmosis rates. 
PRO accumulation could firstly adjust cytoplasmic inner-outer osmosis differences to 
prevent the inactivation of intracellular proteins and enzymes under osmotic stress. 
Conversely, it could also eliminate excessive ROS produced by plant stress-response 
mechanisms. Additionally, PRO interacts with hydrophobic protein residues to regulate 
drought resistance (Nanjo et al., 1999; Seki et al., 2007). As elucidated above, decreased 
PSII activity causes excess light photo-inhibition and promotes the formation of 
excessive ROS, leading to peroxidation of membrane lipids and destruction of cell 
structures, which results in abnormal physiological metabolism in plant cells. A set of 
active oxygen species scavenging systems has been formed in plants in which SOD and 
CAT serve as important antioxidant enzymes, scavenging ROS such as O2-, OH-, and 
H2O2. Similarly, membrane lipid peroxidation rates increased due to ROS accumulation 
in plants under drought stress, resulting in increases in MDA content (one of the final 
products of lipid peroxidation), and reduction in the photosynthetic capacity of plant 
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leaves (Hughes et al., 2001). In this study, significant increases in SOD and CAT 
activity were detected under mild stress conditions, which could eliminate ROS in cells 
and reduce membrane lipid peroxidation. However, SOD and CAT contents were 
inhibited and subsequently decreased under severe drought conditions (Fig. 4). 
Similarly, MDA levels continued to increase significantly, which seriously damaged 
PSII structure and function. Thus, it was proven that the primary factors for non-
stomatal Pn limitation under drought stress were enzymatic systems and photosynthetic 
structures (Chaves et al., 2009). It was also noted that increased CAT content levels 
were higher than those related to SOD, which indicates that CAT is more sensitive to 
water deficit conditions. 

 

Protein involved in photosynthesis 

RuBisCO (ribulose-1, 5-bisphosphate carboxylase oxygenase) is an important 
enzyme involved in the carbon fixation process during photosynthesis, which converts 
CO2 to glucose in plants (Shi et al., 2014). RuBisCO also catalyzes RuBP, which is a 
primary reaction by which inorganic carbon enters the plant biosphere (Feller et al., 
2007). In this study, four RuBisCO-associated proteins (spot 1: RuBisCO large subunit, 
spot 4: Ribulose bisphosphate carboxylase small chain, spot 5: RuBisCO small subunit 
C, and spot 18: RuBisCO activase) were found to be downregulated in drought-affected 
bamboo leaves. Similar downregulation of RuBisCO-associated proteins was also found 
in rice leaf sheaths under drought stress (Yamane et al., 2003; Ali and Komatsu, 2006). 
Similarly, two different oxygen evolution enhancing protein configurations (spot 6 
OEE1 and spot 23 OEE2) were highly upregulated, suggesting a putative role in OEE 
water stress response, whereas RuBisCo and OEE are more closely related to 
photosynthesis. Photoinhibition is the primary injury that plants experience under 
drought stress, along with photosynthetic decreases caused by stomatal or metabolic 
limitations (Xu and Huang, 2010). RuBisCo subunit and RuBisCo activase are very 
important protein complexes highly prevalent in green plants. They are also the key 
enzymes related to photosynthesis and photorespiration in C3 plants; they are involved 
in both CO2 fixation (during photosynthesis) and CO2 release (during photorespiration). 
Both RuBisCo subunit and RuBisCo activase activity decreased as drought stress 
intensity increased. RuBisCo regeneration ability also decreased sharply, leading to 
decreases in photosynthetic rates. Jorge et al. (2006) investigated proteomic changes in 
Quercus ilex under drought stress at different growth stages in different provenances 
and found that both large and small RuBisCo subunits in leaves had decreased. The 
inhibition of, or decreases in, photosynthesis and chlorophyll fluorescence under water 
deficit conditions could be partially explained by such decreases in Rubisco subunits 
and Rubisco activase content. Additionally, OEE, which is a nuclear gene-encoded 
chloroplast protein, has three subunits (OEE1, OEE2, and OEE3). It is a peripheral 
protein in the PSII thylakoid membrane and plays an important role in water photolysis, 
possibly sustaining PSII oxygen release capacity (Xu et al., 2008). Furthermore, 
upregulated OEE was observed not only under drought stress but also in association 
with other abiotic stresses, such as salinity fluctuations (Gazanchian et al., 2007; Xu et 
al., 2010). OEE is very easy to separate from the PSII complex, resulting in increases in 
OEE1 and OEE2, as noted in the current study, and indicating repeat damage to the 
plants’ photosynthetic systems. Similarly, PsbP (spot 30), a PSII oxygen-evolving 
complex peripheral protein in green plants, plays an important role in maintaining the 
oxygen releasing capacity and functional integrity of the photosynthetic system. 
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Expression of PsbP increased in the oxygen releasing complexes of bamboo leaves 
under drought stress, indicating potential roles in maintaining the photosynthetic system 
and rate stability (Mohan et al., 1995). 

Cytochrome b6-f complex metallothionein (spot 39) is a component of the 
cytochrome b/f complex. This complex is a membrane protein that can be isolated from 
thylakoid membranes and consists of four polypeptides (cytochrome f, cytochrome b6, 
iron-sulfur protein, and polypeptide), among which the first three are electronic carriers. 
Cytochrome f, also known as c type cytochrome, is closely related to mitochondrial 
cytochrome c1, which is involved in the transfer of photosynthetic electron. In this 
study, levels of cytochrome b6-f complex metallothionein increased, indicating that the 
protein was separated from the thylakoid membrane complex and the photosynthetic 
electron conduction chain was blocked. Similar upregulation of cytochrome b6-f 
complex metallothionein was also associated with drought stress in Agrostis stolonifera 
(Xu and Huang, 2010). 

 
Proteins involved in energy metabolism 

The substantial decline in CO2 assimilation under water deficit conditions through 
the reduction in ATP levels indicated that ATP synthesis would respond to abiotic stress 
(Tezara et al., 1999; Deeba et al., 2012). ATP synthase, which is a key enzyme in plant 
energy metabolism, is widely distributed within plant chloroplasts, mitochondria, and 
nucleus, and provides energy requirements for metabolic activities, such as cell material 
transport, signal transduction, and material synthesis and decomposition. ATP synthase 
consists of two primary components, F0 and F1. F0 is located outside of the membrane 
and has three binding sites, comprised of five subunits. F1 is a transmembrane protein 
consisting of three subunits. ATP synthase CF1 beta subunit (spot 41) is an important 
component of ATP synthase, which participates in intracellular light and 
phosphorylation processes. The molecular functions of ATP synthase beta subunit CF1 
involve the formation of non-covalent bonds between ATP and adenosine-5-
monophosphate. It is an important coenzyme and enzyme activity regulator; proton 
transfer ATP synthase activity coupled with rotation mechanisms, operating via 
transmembrane rotation and reverse electrochemical gradients to transport protons, form 
ATP. In this study, we found that the expression of ATP synthase subunit of CF1 
synthase was downregulated under drought stress. However, contradictory results have 
been observed in mildly drought-stressed cotton (Deeba et al., 2012) and mildly salt-
stressed rice (Kim et al., 2005), in which CF1 beta subunit levels increased to enhance 
ATP synthesis capacity and alleviate damage to the chloroplasts and mitochondria. The 
authors attributed this to severe damage to the photosynthetic apparatus and metabolism 
enzyme inhibition during drought stress day 26. Detailed, time-interval delineated 
information related to this protein’s response to drought conditions remains unclear in 
D. minor var. amoenus. 

 
Proteins involved in stress responses 

Germin-like protein (spot 40) is a kind of soluble glycoprotein that widely exists in 
plants. Germin-like protein is similar to Germin, which is primarily found in Triticum 
aestivum, both of which belong to the Cupin superfamily. Germin-like proteins are 
involved in many plant physiological and biochemical processes associated with 
enzymes, receptors, and structural proteins (Patnaik and Khurana, 2001). Germin-like 
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protein may combine via ionic bonds in the extracellular matrix. Under stress 
conditions, the expression of germin-like proteins would be upregulated, and would 
then, in turn, regulate the signal transduction of H2O2 to protect the plant from oxidative 
damage. Additionally, this protein exhibits SOD-like activity, which can convert ROS 
into H2O2 in response to stress (Banerjee et al., 2010). Zhu et al. (2007) reported that 
expression levels of germin-like proteins were significantly increased in maize root cell 
walls under drought stress, indicating involvement in important roles in cell wall 
defense functions. Similar results were identified in Lupinus albus under drought stress. 
In this study, we found that the expression of the germin-like protein was upregulated 
under drought stress, which enhanced tolerance. Germin-like proteins were observed 
primarily through SOD and oxalate oxidase (OXO) functions under stress conditions. 
SOD could convert ROS into H2O2, and then be converted by peroxidase into H2O, 
eliminating oxidase damage. OXO can catalyze oxalic acid to form H2O2 and CO2, and 
then eliminate it via a similar process. Additionally, induced H2O2 could mediate plant 
defense responses through signaling cascades and interactions with cellulose in the cell 
wall, enhancing cell wall stability during stress conditions (Zhu et al., 2007). 

In this study, we also found enhanced expression levels of 2-Cys peroxiredoxin 
BAS1 (spot 22), which participates in the removal of ROS, antioxidant defenses, and 
redox signaling under stress conditions. 2-Cys peroxiredoxin BAS1 is a kind of typical 
cysteine peroxidase-reducing protein found in plant chloroplasts and was primarily 
cloned from Arabidopsis thaliana. Additionally, 2-Cys peroxiredoxin BAS1 content in 
mesophyll cells was found to be higher than that of vascular sheath cells. This is 
because mesophyll cells use linear photosynthetic electron transfer methods, leading to 
the generation of higher ROS content than sheath cells, and therefore accumulating 
higher redoxin protein levels in mesophyll cells (Baier and Dietz, 1997). In addition to 
H2O2 reduction, 2-Cys peroxiredoxin BAS1 can also reduce peroxide and peroxide 
nitroso. In this study, we found that the expression of 2-Cys peroxiredoxin BAS1 was 
upregulated, indicating a stress-related role in D. minor var. amoenus. 

We also found a new expression of ferritin-1 (spot 10). Iron (Fe) atoms easily gain 
and lose electrons, which can lead to intense reactions when combined with oxygen 
atoms or other toxic substances. In plants, ferritins are located in the protoplast and are 
capable of forming a holographic surface that includes more than 4,500 Fe atoms. This 
structure indicates that ferritins play an important role in maintaining the balance of Fe 
atoms and protecting Fe-mediated oxidative reactions (Bournier et al., 2013). Four 
multi-gene families encoding ferritins were found in Arabidopsis, among which ferritin-
1 was the strongest response protein under iron stress. Under such conditions, ferritin-1 
increased significantly from the transcriptional level to the final protein level in 
Arabidopsis, indicating that the ferritin-1 protein might also respond to abiotic stresses 
(Petit et al., 2001). In this study, ferritin-1 was newly expressed under drought 
conditions, suggesting a putative role in water deficit responses. Detailed information 
related to the different responses of this protein to drought-stress and iron-stress 
conditions requires further investigation. 

Conclusion 

This study provides an initial analysis of physiological and proteomic responses in 
leaves of the bamboo species, D. minor var. amoenus, under drought stress. Notably, the 
effects of mild drought stress on photosynthesis and chlorophyll fluorescence were 
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lower than that of severe drought stress in this bamboo species, owing to compensation 
by other biological pathways. Severe drought stress causes leaf stomatal closure and 
accumulation of ROS, leading to physical damage to cell structure, while non-stomatal 
limitation factors assume leading roles in leaf photosynthesis and seriously affect the 
normal growth of plants. Analysis of stress response proteins revealed annotations of 23 
upregulated, 13 downregulated, and 4 newly expressed proteins. Bioinformatics 
analysis showed that these differentially expressed proteins were related to 
photosynthesis, energy metabolism, and stress response, indicating the involvement of 
these proteins in response to drought stress in D. minor var. amoenus. The result of GO 
and KEGG classification analysis showed those differentially expressed proteins were 
related to photosynthesis, energy metabolism, and stress response, indicating the 
involvement of these proteins in response to drought stress in D. minor var. amoenus. 
Notably, the new expression of Ferritin-1, which reduces oxidative reactions, was 
studied Thus, there is a need to study the mechanism of Ferritin-1 in bamboo species 
under drought stress further. Taken together, these studies increase the understanding of 
response mechanisms of bamboo species under drought stress. Additionally, this study 
provides foundational information and an experimental basis for exploring drought 
resistance candidate genes among bamboo species. 
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APPENDIX 

 

 
 

Figure A1. Map showing the bamboo coastal sandy protection areas of Dongshan Island (left) 
and Bamboo Research Institute of the Fujian Agriculture and Forestry University, Fuzhou, 

China (right) 

 
Table A1. Changes in soil water content (SWC) and leaf water potential (LWP) under 
drought stress 

Stress (days) 
SWC (%) LWP (MPa) 

Treatment Control Treatment Control 

0 30.867 ± 1.858 f 30.867 ± 1.858 a -1.143 ± 0.101 h -1.237 ± 0.075 a 

5 22.267 ± 1.498 e 30.567 ± 2.793 a -2.037 ± 0.097 g -1.05 ± 0.105 a 

10 14.2 ± 0.9 d 32.433 ± 3.889 a -2.853 ± 0.078 f -1.237 ± 0.095 a 

15 6.267 ± 0.896 c 37.733 ± 0.252 b -3.35 ± 0.325 e -1.043 ± 0.196 a 

20 4.6 ± 0.436 c 31.867 ± 2.346 a -3.983 ± 0.123 d -1.207 ± 0.195 a 

23 2.633 ± 0.85 b 30.967 ± 1.38 a -4.427 ± 0.165 c -1.087 ± 0.12 a 

26 0.833 ± 0.058 a 31.5 ± 0.954 a -4.93 ± 0.229 b -1.213 ± 0.112 a 

30 0.433 ± 0.058 a 32.9 ± 1.572 a -5.65 ± 0.161 a -1.187 ± 0.11 a 

Measurements were conducted at each sampling time over the treatment. Each value represent means ± standard error of three 
replicate experiments. Data denoted by the same letter did not differ at significant levels (P < 0.05) according to Duncan’s 
multiple range test 

 
 
Table A2. Correlation coefficients between photosynthetic parameters, SWC and LWP 

 LWP SWC Pn Gs Ci Tr PWUE 

SWC 0.985**       

Pn 0.899** 0.904**      

Gs 0.921** 0.910** 0.953**     

Ci 0.170 0.167 0.196 0.274    

Tr 0.910** 0.908** 0.914** 0.962** 0.302   

PWUE 0.195 0.220 0.375 0.180 -0.613** 0.076  

LS -0.170 -0.167 -0.196 -0.274 -1.000** -0.302 0.613** 

Parameters include net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), intercellular CO2 
concentration (Ci), water use efficiency (PWUE), soil water content (SWC) and leaf water potential (LWP). ** Correlation is 
significant at the 0.01 significance level 
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Table A3. Differential protein spots identified by MALDI-TOF-MS under drought stress 

Sample 
spot 

Corresponding 
target 

Protein name Accession NO. Sources 
Theor 
MW 

pI 
Peptide 
matches 

C.I.% 

1 M19 Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (plastid) gi|817525241 Neohouzeaua sp. Clark & Attigala 1712 52851.5 6.3299 16 100 

2 M20 Hypothetical protein OsJ_35814 gi|125579068 Oryza sativa Japonica Group 19485.9 8.87 9 100 

3 M21 Hypothetical protein OsI_38046 gi|125536346 Oryza sativa Japonica Group 19708 9.04 9 100 

4 M22 Ribulose bisphosphate carboxylase small chain, chloroplastic gi|122234140 Oryza sativa Japonica Group 19633.9 9.04 9 100 

5 M23 RuBisCO small subunit C gi|158513174 Oryza sativa Indica Group 19633.9 9.04 7 100 

6 M24 Oxygen-evolving enhancer protein 1, chloroplastic gi|474352688 Triticum urartu 34407.4 5.75 10 100 

7 N1 Hypothetical protein gi|226506316 Zea mays 24474.4 4.99 6 100 

9 N3 Hypothetical protein OsJ_01921 gi|125570526 Oryza sativa Japonica Group 34839.7 6.1 10 100 

10 N4 Ferritin-1, chloroplastic-like gi|514807458 Setaria italica 27984.2 5.67 4 100 

12 N6 Uncharacterized protein V4W9U6_9ROSI Citrus clementina 42274.6 9 15 95.617 

13 N7 Hypothetical protein OsJ_01921 gi|125570526 Oryza sativa Japonica 34839.7 6.1 7 100 

14 N8 Transcription factor-related family protein B9H470_POPTR Populus trichocarpa 66182.6 6.25 21 97.77 

16 N10 Ribosome-recycling factor, chloroplastic gi|474043078 Triticum urartu 24755.2 8.92 5 100 

17 N11 Uncharacterized protein W5BGE9_WHEAT Triticum aestivum 40596.1 9.03 7 96.716 

18 N12 Ribulose bisphosphate carboxylase/oxygenase activase gi|109940135 Oryza sativa Japonica Group 51421.4 5.4299 14 100 

19 N13 Hypothetical protein OsJ_01921 gi|125570526 Oryza sativa Japonica Group 34839.7 6.1 4 100 

20 N14 Hypothetical protein OsI_25003 gi|218199135 Oryza sativa Indica Group 108971.8 6.04 25 96.175 

21 N15 Extra-large guanine nucleotide-binding protein 3-like isoform X2 gi|514817425 Setaria italica 70472.4 5.43 17 95.716 

22 N16 2-Cys peroxiredoxin BAS1, chloroplastic gi|514713083 Setaria italica 28032.5 5.97 5 99.785 

23 N17 Oxygen-evolving enhancer protein 2, chloroplastic gi|474077556 Triticum urartu 25485.8 8.94 7 100 

26 N20 Eukaryotic translation initiation factor 3 subunit A gi|514774931 Setaria italica 114747.4 9.27 15 90.854 

29 N23 Calcium-dependent protein kinase, isoform AK1 gi|728449015 Arundo donax 2282 12 5 94.457 

30 N24 Chain A, The Crystal Structure of Psbp gi|767259516 Zea Mays 20117.2 5.96 5 100 

31 O1 Malate dehydrogenase, cytoplasmic gi|514816242 Setaria italica 35461.1 5.76 9 100 

32 O2 Predicted protein A9T5M7_PHYPA Physcomitrella patens subsp. 141967.7 6.28 31 98.102 

33 O3 Fructose-bisphosphate aldolase gi|514804765 Setaria italica 41808.5 6.08 13 100 

34 O4 rca1 gi|728675519 Arundo donax 44304.1 5.5 7 100 

35 O5 Flavin-containing monooxygenase A0A059AY33_EUCGR Eucalyptus grandis 42130.6 8.77 18 98.908 

37 O7 Hypothetical protein OsI_28915 gi|218201012 Oryza sativa Indica Group 26987.8 8.76 6 96.668 

38 O8 Glutathione S-transferase DHAR3, chloroplastic gi|514762575 Setaria italica 28944.1 7.68 7 98.992 

39 O9 Cytochrome b6-f complex iron-sulfur subunit, chloroplastic gi|475511555 Aegilops tauschii 23711 8.47 5 100 

40 O10 Germin-like protein 8-14 gi|475618322 Aegilops tauschii 25959.6 8.43 3 99.887 

41 O11 ATP synthase CF1 beta subunit (plastid) gi|817524800 Bambusa arnhemica 53879.2 5.4699 26 100 

The differentially expressed proteins were calculated according to statistically significant changes between samples using SPSS software by ANOVA-test (abundance variation at least 2-fold, p < 0.05). The 
sample spot represents the number of proteins assigned in Figures 5 and 6. Theor MW and pI values shown are the theoretical and experimental values. C.I.%, which is the Mascot score of the in-solution 
digestion protocol. Accession number and Protein name are assigned according to the NCBInr-protein sequence database 
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Abstract. Climate and topography both have a paramount role in defining tree species distribution. Global 
warming had increased the risk of climatic influences on the sustainability of subtropical pine forests. The 
radial growth (Rg) allows to understand the long term variation in climate change at different temporal and 
spatial scales. Here, we analyzed 144 Rg chronologies from 48 different sites in a subtropical pine forest in 
the Murree Hills of Pakistan. The results showed a strong non-linear relationship of annual precipitation 
(PPT) and annual mean air temperature (Ta) with Rg. The results further indicated that previous and present 
summer precipitation imposed a positive impact on the Rg (p < 0.05). The previous summer Ta showed a 
significant negative effect on Rg while positively correlated during current July. The growth response 
analysis indicated that Rg was often limited by variation in soil moisture associated with lower PPT and 
higher Ta. Moreover, the dependency of Rg on PPT and Ta varied along growing degree days (GDD >5oC), 
at different elevations. Our findings provide a remarkable evidence that the annual Rg of P. roxburghii 
species appeared to be progressively limited by the effect of climate warming and varied spatially. 
Keywords: air temperature, chronologies, growing degree days, Murree hills, precipitation 

Introduction 

An amplification in global earth surface temperature from 1880 to 2012, was observed 
at 0.85oC and the period from 1983 to 2012 was supposed to be the warmest thirty years 
since last fourteen centuries in the Northern latitudes (IPCC, 2014). How these climatic 
variations will dramatically affect terrestrial ecosystems is far from understood (Ma et al., 
2012). Among these terrestrial ecosystems the major subtropical pine forest is 
predominantly distributed across indo-pacific south-western Himalayan region (Sheikh, 
1993). The structure and function of forests are subject to be change by climate warming 
which also enhances the risk of severity in biotic and abiotic feedbacks i.e., wild fires 
droughts and insect outbreaks (Allen et al., 2010; Kasischke and Stocks, 2012; Price et 

mailto:tianshanzha@bjfu.edu.cn
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al., 2013). Consequently, it is important to know the response of pine species to increasing 
climate change for accurate prediction of potential variations in subtropical pine forests. 

Previous studies revealed that tree ring analysis provides a high resolution proxy to 
reform past climatic variation change (Esper et al., 2002; Cook et al., 2004; D’Arrigo et 
al., 2008), which helps in comprehend the association between tree growth and climatic 
variables (Hughes et al., 2010; Speer, 2010). Climatic parameters and tree growth depicts 
a linear relationship calibrated by traditional statistical functions and it remains consistent 
through time period (Jones et al., 2009; Tolwinski-Ward et al., 2011). In contrast, various 
studies have shown the presence of nonlinear and unstable relationships among tree 
growth and meteorological variables due to climate warming (Visser et al., 2010; Zhang 
and Wilmking, 2010). In particular, it has been revealed that pine species has shown a 
nonlinear relationship with climate variability (Lloyd et al., 2013; Saeed et al., 2016). The 
white spruce growth pattern showed lessened sensitivity to temperature in high altitudes 
(Porter and Pisaric, 2011; Lloyd et al., 2013), pointing out the divergence concern 
(D’Arrigo et al., 2008). The influence of climatic variables on tree ring growth might tend 
to vary along altitudinal gradients in climate and growth relationship for temporal 
changes. Therefore, long term temporal scale radial growth analysis is required to 
evidently state how tree-rings responds to environmental variables. 

Many hydrometeorological factors influence the tree growth among which the 
available soil water contents and air temperature are the key variables (Schweingruber, 
1996). Therefore, ring series of long-lived trees have ability to record long-term multi-
year variation in climatic circumstances (Olano et al., 2012). Tree species may respond 
to climatic fluctuations in more complex ways due to the nature of complex physiology 
(Drew et al., 2013; Zang et al., 2014). Furthermore, temporal instability between tree 
growth and climate mediates their response patterns due to changes in constraining factors 
(Briffa et al., 2002; Leburgeois et al., 2012). 

Climate enforces dual adversity on subsistence and evolution of many trees and shrubs 
i.e., erratic, unpredictable rain and associated extreme summer droughts (Valladares et 
al., 2014). The effect of drought varied along altitudinal gradient (Altman et al., 2017). 
Dramatic shifting behavior in forest ecosystems may not be happened only by direct 
response to climatic variations but usually associated to disturbances caused by climate 
change (Ghazoul et al., 2015). As climatic conditions varied continuously, the occurrence, 
impact and severity of disturbances on forest ecosystems are tend to increase globally 
(Flannigan et al., 2009; Turner, 2010; Seidl et al., 2014) and significantly modify the 
forest growth, structure, function, and successional trajectories (McCullough et al., 1998). 
Climatic change resulting variation in precipitation and temperature patterns, however 
such variations does not exhibit uniform pattern over entire year. Consequently, these 
limiting factors have relative importance in modulating the response of tree ring 
formation to climate change, caused predictions more difficult. 

Many researches have documented the species-specific response of growth parameters 
to climatic variations, although they are subjected to same environmental conditions 
(Fekedulegn et al., 2003; Maxime and Hendrik, 2011). During the growing season, the 
growth of Oak was influenced by precipitation rates and not by temperature (Bednarz and 
Ptak, 1990) and suffered during water deficit conditions, but could not under plentiful 
water availability (Pilcher and Gray, 1982). In contrast, during the 20th and 21st centuries 
the positive radial growth of Beech species was observed with increasing temperature 
(Maxime and Hendrik, 2011) that was observed to be closely associated to scarce soil 
water condition (Bouriaud et al., 2004). Another studies have reported the strong 
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possibility of Sycamore to largely decline in England, being more sensitive to water 
shortage during dry periods (Lemoine et al., 2001; Tissier et al., 2004). The responses of 
pine species to climate variation has been investigated in several Mediterranean and 
subtropical forest ecosystems. However, climate growth relationship of P. roxburghii in 
subtropical forests of Pakistan is still poorly understood. 

In current study, to deeply insight on the species future persistence, we inspected the 
long-term continuing variation in the relationship stability between climate and growth 
of a subtropical Chir pine species (P. roxburghii). This model plant, considered as a 
representative species of subtropical pine zone and being significant to its functioning 
(Sheikh, 1993). It is uncertain that how long-term variation in climatic drivers would 
affect the tree growth of mature P. roxburghii over the previous century. 

This study provides a fundamental prospective to forecast the species performance and 
sustainability, under the consequences of global warming. In particular, we sought to 
understand what kind of relationship between climate and growth is revealed by 
P. roxburghii at long-term scale and meanwhile the correlation is stable or not. We 
examined a complex network of tree radial ring-increment chronologies from 48 pine 
locations in the subtropical pine forest along different elevations in Murree Hills, 
Pakistan. We hypothesized that the impact of climatic factors on radial growth (Rg) of 
P. roxburghii might be varied along different elevations. The main objectives are: (1) to 
address the response of Rg to climatic variations by computing the domino effect of 
traditional linear and nonlinear functions; and (2) to explore the potential temporal 
variation in Rg along growing degree days (GDD), and different elevations. 

Methods 

Study area 

The present study was conducted in Murree Hills of Pakistan (33° 47′ 15″ to 
33° 54′ 47″ N and from 73° 16′ 54″ to 73° 29′ 18″ E) in September 2015 (Fig. 1). The 
study area is dominant representative part of Subtropical Chir pine forest zone (Conifer 
specialist group, 1996) about 33 km North-East of Islamabad, the country's capital place. 
The elevation range from 939 to 1873 m a. s. l. Mean monthly air temperature of the 
region varies gently, 35°C to 50°C in summer and 0 to 2°C in winter. Mean monthly 
relative humidity is 70 percent or above (Sheikh, 1993). While mean annual rainfall is 
around 1140 mm per year (Nizami et al., 2012). The main soil type is loamy with a 
variable composition of clay, sand, and silt. The sedimentary rocks are in comprises of 
sandstones, limestone, shales, and marls (Sheikh, 1993). The area is naturally dominated 
by stand of Pinus roxburghii (chir), managed under Punjab shelterwood silviculture 
system. The other related tree species are Pinus wallichiana (kail), Pyrus pashia 
(batangi), and Quercus incana (rhin). The understory vegetation contains grasses and 
shrubs i.e., Dodonaea viscosa (sanatha), Carissa spinarum (granda), Myrsine africana 
(khukhal), Capparis decidua (karir), Adhatoda vasica (Bahekar), cannabis sativa (Bang) 
and Berberis lycium species (sumblu). 

Climate variables 

Meteorological data was continuously collected from the meteorological station 
situated near the study site from 1995-2015. The climate variables used in this study 
includes, monthly and annual total precipitation, monthly and annual mean temperature, 
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and growing degree days (GDD > 5oC). Continuous measurements of daily precipitation 
were monitored by tipping bucket rain gauges (TE525MM) and air temperature with 
HMP45C probes (HMP155A, Vaisala). The annual total precipitation was summed from 
the preceding September to the current August of each year. The climate of the region is 
subtropical, and is defined by hot, dry and long summer seasons while gentle mild, wet 
winters (CWB, 2006). In the study period, mean annual temperature varied considerably. 
 

Figure 1. Location of study sites (48 P. roxburghii stand), sampled tree and fresh tree ring core 
of pinus roxburghii in Murree Hills Pakistan. Sampled tree is indicated by red arrow 

 
 
Radial growth data 

Trees were randomly sampled in the month of September during 2015 by following 
simple random sampling method. An average of three Pinus roxburghii trees were 
sampled from each site and 48 sites were sampled. The trees were cored with Pressler’s 
increment borer (diameter 5 mm) at 1.3 m above the tree base. Each of increment cores 
was carefully wrapped and stored in polythene bags. In the laboratory, the cores were 
pasted to wooden boards, and polished after drying with successively finer grits of 
sandpaper (up to 600 grid) to create clearly visible tree ring sequences. All tree ring 
chronologies were visually cross-dated at 1st, then tree-rings of each core were counted 
under a dissecting microscope with 20x magnification and also by using a Velmex tree 
ring computing system having 0.001 mm resolution. COFECHA was used in the 
verification process of visual cross dating (Holmes, 1983). In addition, in order to date 
the trees centuries, half centuries, and decades were marked with lead pencil. Ring-widths 
were measured by hand using the computer program Measure J2X, a measuring table, 
and a microscope with 40x magnification. Rings were measured for their seasonal (dark 
and light bands separately) and annual growth. The standardized ring chronologies more 
often contains variation like natural or biological persistence. Residual chronologies were 
developed and less frequency persistence were removed using an autoregressive (AR) 
model. It considered as a bi weight dynamic approach to reduce the effect of outliers. In 
total, 48 Chir pine simple, residual and mean ring-width chronologies were prepared 
using R software (Bunn, 2008). The prepared chronologies were finalized by rechecking 
the ring series showing potential errors and corrected if dating miscalculation was 
happened (Holmes, 1986). 



Iqbal et al.: Spatiotemporal variation and climate change impact on radial growth Chir pine in a subtropical pine forest in Pakistan 
- 4843 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):4839-4855. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_48394855 
© 2020, ALÖKI Kft., Budapest, Hungary 

Climate-growth analysis 

The relationship between climate and growth was evaluated by comparing tree ring 
chronologies to the climatic factors by using traditional nonlinear models and correlation 
analysis. Precipitation and air temperature of preceding to present growing season (May 
of previous year to August of current year) were tested. The significance of Pearson’s 
correlation values was determined and the reliability of data was enhanced by 
bootstrapping method. The linear and nonlinear regression functions were fitted to 
represent the magnitude of variation in the correlation coefficients along growing degree 
days (GDD > 5oC) and different elevations. To analyze the growth response of 
P. roxburghii to climatic factors a multi linear mixed model was practiced, given below: 
 

 Wij = β0 + β1xij + µi1 + µi2xij + εij (Eq.1) 

 
where Wij and xij denotes the tree ring chronologies and climatic factors for year i and 
site j; µi1 and µi2 are the intercept and slope values; β0 and β1 are the stable effects; εij are 
site errors, µi1, µi2 and εij are assumed to be independent. The parameters of linear mixed 
model were estimated (Bates et al., 2014) using the Matlab software (ver. R2017a, 
MathWorks Inc., USA). 

Results 

Variation in climatic factors 

Seasonal variation in major climatic variables air temperature and precipitation were 
shown in Fig. 2. The long term (1995-2015) minimum, maximum, and mean air 
temperature from 1995-2015 were close to zero in winters and reached to seasonal 
maximum values during mid-summer period and peaked in June or July (Fig. 2a). The 
precipitation presented a clear seasonal trend generally varied with timing and amount 
(Fig. 2b). Winter and early springs were usually with little precipitation and the time 
period between July and August received most of the annual rainfall. 
 

Figure 2. Seasonal variation in (a) monthly mean minimum and maximum temperature (b) total 
monthly precipitation and cumulative precipitation during 1995-2015 
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Long term variation in temperature and precipitation during the 20-year period were 
shown in Fig. 3. The annual maximum and minimum temperature ranged between 
25.2-27.8oC and 12.8-14.7oC during 1995-2015. The variation in mean temperature was 
evident to be almost similar to the minimum temperature. The annual mean temperature 
was highest as 21.0°C, and lowest as 19.2°C, during 1999 and 1995, respectively 
(Fig. 3b). In addition, the slope pattern representing minimum and mean air temperature 
was steeper in comparison to the maximum temperature. The inter-annual mean values 
during 1995-2015 were 26.5 ± 0.57, 13.4 ± 0.39 and 20.90 ± 0.37°C for maximum, 
minimum and mean temperature respectively (Fig. 3a,b, Table 1). The variation was 
observed greater in minimum than maximum and mean temperatures with coefficient of 
variation 2.8, 2.01 and 1.85%, respectively. The inter-annual variation in annual total 
precipitation depicts an overall increasing trend whereas it varied markedly between 20 
years (Fig. 3b). A great variation range between 590.8-1650 mm yr-1 was evident in the 
study area. The highest precipitation received in 2006 and lowest in 2000. Generally, the 
time period during 1999-2000 received lowest annual precipitation (Fig. 3b). The twenty-
year inter-annual mean value of precipitation was 1190.7 ± 257.48 mm with 21% 
coefficient of variation (Table 1). 
 

Figure 3. Temporal variation in (a) maximum and minimum air temperature (b) precipitation 
and mean air temperature (c) tree radial growth (Rg) of P. roxburghii from 1995-2015. The 

dotted lines in b and c represents degree of slope 
 
 

Table 1. Inter-annual variability in maximum, minimum, mean air temperature and total 
Precipitation over 1995-2015 

Variables Temperature Precipitation 

 Max Min Mean Mean 

20 years average 26.5 13.4 20.90 1190.7 

Standard deviation 0.57 0.39 0.37 257.48 

Coefficient of variation (%) 2.8 2.01 1.85 21 
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Statistical parameters of Rg 

The constructed chronologies based on 48 P. roxburghii radial growth ring-series 
(each point was average of three replicates at one site) followed a time span length ranged 
between 33-91 years (Table 2). The two oldest trees had 104 rings. The maximum tree 
radial growth (Rg) was observed in 2004, 2009, and 2014 (2.065, 2.12, and 2.07 mm, 
respectively) while the smallest or depressed radial growth was 2.01 mm in 2000 and 
2.04 mm in 2012 (Fig. 3c). The inter-annual mean Rg was 2.06 mm (±0.022) with 1.06% 
coefficient of variation during 1995–2015, which constitute both early and late wood 
formation (Fig. 3c). The annual sensitivity (slope) of the Rg was 0.19. Moreover, the years 
showing no ring formation (missing ring) or fused rings were few since last 20 years and 
there were no absent rings in last 10 years. Contrary an insignificant rise of 0.05 mm in 
ring widths was observed. 
 

Table 2. Relative information of the site variables and standard chronologies of P. roxburghii. 
Elev. and std. stands for elevation and standard deviation, respectively 

Site Elev. 
Radial 

growth 
Std. Age Site Elev. 

Radial 

growth 
Std. Age 

No. (m) (mm) (mm) (Yr.) No. (m) (mm) (mm) (Yr.) 

T1 1840 2.5 0.406 80 T 25 1380 2.8 0.32 73 

T 2 1800 2 0.65 60 T 26 1360 2.6 0.286 78 

T 3 1750 2.25 0.536 75 T 27 1340 3 0.392 66 

T 4 1790 2.5 0.71 36 T 28 1320 2.7 0.554 64 

T 5 1780 2.25 0.174 47 T 29 1300 2.7 0.144 56 

T 6 1700 2.5 0.39 60 T 30 1280 2.25 0.315 53 

T 7 1720 2.25 0.51 44 T 31 1260 2 0.25 61 

T 8 1720 2.5 0.393 72 T 32 1240 2.75 0.55 65 

T 9 1600 2.75 0.401 69 T 33 1220 2.75 0.174 58 

T 10 1620 2 0.54 58 T 34 1200 2.25 0.35 47 

T 11 1550 2.75 0.311 91 T 35 1180 2 0.25 48 

T 12 1640 2.75 0.363 77 T 36 1160 2.3 0.047 59 

T 13 1610 2.5 0.585 66 T 37 1140 2.9 0.233 59 

T 14 1500 2.75 0.439 66 T 38 1130 2.6 0.266 55 

T 15 1400 2.75 0.257 72 T 39 1120 2.75 0.161 74 

T 16 1560 2 0.392 54 T 40 1100 2.3 0.4 75 

T 17 1480 2.3 0.554 64 T 41 1090 2.4 0.021 55 

T 18 1520 2.7 0.693 50 T 42 1080 2.7 0.286 62 

T 19 1500 2.5 0.8 61 T 43 1070 2.5 0.392 67 

T 20 1480 2.9 0.576 78 T 44 1050 2.3 0.554 71 

T 21 1460 2.4 0.45 41 T 45 1030 2.5 0.144 74 

T 22 1440 3.1 0.619 55 T 46 1020 1.9 0.315 82 

T 23 1420 3.3 0.35 63 T 47 1000 2.55 0.25 69 

T 24 1400 2.4 0.508 65 T 48 980 2.2 0.052 56 
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Long-term climate–growth relationship 

Fig. 3c revealed that inter annual variation in Rg clearly followed the variation pattern 
in precipitation and temperature, as clear rise in Rg was observed in 2004, 2005 and 2009 
followed by moderate precipitation amount. Whereas significant depressions in Rg during 
2000, 2001 and 2012 were clearly related with low precipitation and high temperature. In 
contrast, the three largest precipitation years did not exhibit any significant rise in ring 
widths (Fig. 3b,c). In fact, the ring widths formation was lower than average, with year 
of extreme precipitation (such as 2006 and 2010). Subsequently our findings highlighted 
a baseline effect, below which the Rg tend to be increased until attaining the baseline 
point. The Rg showed no discernable trend above from baseline effect with further 
precipitation. Though, it appears that low Rg (~2.01 mm) coincided with precipitation 
range between 690-900 mm. The larger Rg (2.1 mm and over) was supported by moderate 
precipitation levels of 950-1100 mm while large precipitation 1200 mm or above have 
adverse effects on annual growth (Fig. 3b,c). The results therefore point out that moderate 
precipitation causing larger Rg, compared to smaller and larger precipitation events 
resulting in reduced growth. The results are further supported by regression analysis in 
Figure 4a. 
 

Figure 4. Relationships between radial growth and major climatic drivers (a) precipitation and 
(b) temperature. Solid red lines are linear and blue lines are quadratic fitting between radial 

growth increement and the relevant variables. Each data point represents is annual mean from 
1995-2015 

 
 

The tree Rg less influenced by mean annual temperature than precipitation (Fig. 4a,b, 
Table 3; based on Eq.1). Rg increased with increasing precipitation and temperature, then 
leveled off and gradually decreased showing 0.32 and 0.39 coefficient of determination 
respectively. Mean monthly precipitation and temperature also controls the Rg 
(Fig. 5a-d). Correlation coefficient values revealed that previous year precipitation from 
June-August was especially important for tree Rg (p < 0.01, Fig. 5a) and the association 
progressively weakened (p = 0.05) and turned into negative from October-December. 
The Rg often negatively correlated (p < 0.05) with preceding summer temperature of May 
and August (R2 = -0.36 and -0.68, respectively) and positively correlated with October 
and January (R2 = 0.45 Fig. 5b). In contrast, precipitation and temperature of current July 
showed strong positive control on Rg (P < 0.05; Fig. 5c and d, Table 3). 
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Table 3. Estimations of the response of radial ring-width of P. roxburghii to the total monthly 
precipitation, and mean monthly air temperature from May-Dec of preceding year and from 
Jan-Aug of current year by linear mixed models (Eq.1). One and two asterisk indicate p < 
0.05, and p < 0.01, respectively. SE is the standard error 

Variables Precipitation Temperature 

 Month Estimation SE value t stats Month Estimation SE value t stats 

Previous 

year 

May 0.06* 0.026 3.19 May -0.17* 0.024 -2.15 

June 0.13 0.025 1.362 June -0.85 0.021 -1.05 

July 0.22** 0.026 4.53 July -0.31* 0.021 -2.42 

August 0.37* 0.024 8.0 August -0.22* 0.023 -5.78 

September 0.056* 0.024 3.64 September -0.29* 0.023 -2.81 

October -0.038* 0.025 -2.24 October 0.48* 0.023 3.55 

November 0.018 0.024 0.743 November 0.26 0.023 1.73 

December -0.001 0.026 -0.049 December 0.51* 0.023 2.65 

Current 

year 

January 0.043 0.027 0.62 January 0.10* 0.020 2.3 

February 0.089 0.024 0.93 February -0.07 0.020 -0.31 

March -0.057 0.022 -0.61 March -0.19* 0.021 -1.5 

April -0.087 0.022 -0.85 April 0.28** 0.021 2.74 

May 0.16 0.025* 4.80 May 0.32 0.021 0.87 

June 0.247 0.022* 6.72 June -0.097* 0.022 -1.54 

July 0.43 0.024** 1.79 July 0.27* 0.023 2.95 

August 0.068 0.023 2.77 August 0.085 0.021 2.63 

 
 

Figure 5. Bootstrap correlations coefficients calculated among radial growth of P. roxburghii 
and major climatic factors i.e., monthly total precipitation of (a) preceding year from May-Jan; 
(c) current year from Jan-Sep, and monthly mean temperature of (b) preceding year from May-

Jan; (d) current year from Jan-Sep in 1995–2015. One and two asterisks (*, **) denotes 
significance level at 95 and 99 % confidence (p < 0.05, p < 0.01) respectively 
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Variation in climate-growth relationship along growing degree days (GDD > 5ºC) and 

different elevations 

The coefficient of determination between Rg at 48 sites and total monthly precipitation 
of current summer decreased with increasing elevation (Fig. 6a, p < 0.05). In relation to 
elevation, P. roxburghii showed a robust dependency of Rg to mean summer temperature. 
The significant positive relationships between Rg and summer temperature was observed 
for higher elevations (> 1300 m), while below ~1300 m the relationships became negative 
(Fig. 6b). The correlations of previous and current summer precipitation with radial 
growth showed similar increasing trend but slightly differed in magnitude at high GDDs 
(Fig. 6c, p = 0.018, 0.025, respectively). In comparison, with increasing GDD, the 
influence of current and preceding summer temperatures on trees radial growth 
progressively declined and became negative above ~900 GDD (Fig. 6d, p = 0.041, 0.039, 
respectively). 
 

Figure 6. Variability in correlation coefficients of radial growth with (a) total monthly 
precipitation and (b) mean monthly temperature of current summer along increasing elevation; 

(c) total monthly precipitation and (d) mean monthly temperature of preceding (blue) and 
current summer (grey); with growing degree days (GDD > 5◦C). The colored range shows 95% 

confidence level 
 
 

The response curves in Fig. 7 showed radial growth responses to variation in 
temperature and soil moisture. Results indicated that radial growth affected by 
temperature were progressively increased and peaked its maximum in summer (July) and 
followed by zero effect in cold winter. Based on temperature and available soil water 
effected response curves, the Rg in 28 sites were mainly controlled by available soil water 
contents associated with precipitation (e.g., SN. 3-6 in Fig. 7), 9 sites were limited by 
temperature (e.g., SN. 7, in Fig. 7), and 11 sites were not affected by both variables (e.g., 
SN. 1, 2, 8, in Fig. 7). Therefore, 48 Rg trends could be grouped into 3 categories i.e., 
trend I (was related to soil water controlled), trend II (temperature controlled), and trend 
III (not controlled by both). The radial growth and three patterns were all significant 
(P < 0.05). The response curves showed the growth of P. roxburghii was observed to be 
frequently controlled by soil moisture that is directly related to precipitation and fewer by 
temperature, though varied among different sites. 



Iqbal et al.: Spatiotemporal variation and climate change impact on radial growth Chir pine in a subtropical pine forest in Pakistan 
- 4849 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):4839-4855. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_48394855 
© 2020, ALÖKI Kft., Budapest, Hungary 

 

Figure 7. Seasonal variation showing by growth response curves of temperature (the solid) and 
moisture level (dashed lines). The label I represents moisture controlled, II temperature 

controlled and III does not controlled by any of two variables. Each response graph shows the 
growth pattern at each site (n=48) 

 
 
Discussions 

Temporal variation in Rg and its controlling mechanisms 

In comparison to global average temperature, the rise was observed by 0.74°C at local 
levels during 1906-2005 (IPCC, 2007). This study indicated that the mean maximum and 
minimum temperature increases with 0.60 and 1.27°C, respectively, over long temporal 
scale (1995-2015). The results showed high variation in precipitation ranging between 
590.8-1650 mmy-1 with significant rise of 21% in study area (Fig. 3b). The findings are 
in lined with previous results concluded by Grunewald et al. (2009) and Liu et al. (2010). 

Previous research documented that several factors affect the tree radial growth 
characteristics, most of them are tree age and site specific related to management 
operations, however air temperature, precipitation and solar radiations were marked as 
broader climatic drivers (Yeh and Wensel, 2000). Our results showed that moderate 
precipitation range could produce larger ring growth and lower precipitation resulting 
smaller Rg (Fig. 3c). These findings are in line with previous researches which suggests 
that the years producing narrow rings were mainly due to low precipitation levels 
(Bouriaud et al., 2004; Morecroft et al., 2008). Previous researches have demonstrated 
the similar effects of precipitation and temperature on radial growth and ring width 
characteristics. It has been found that the annual radial growth (diameter increment) was 
more often influenced by the effect of growing season precipitation and temperature and 
also months preceding that season in Pinus sylvestris, Abies alba, Picea abies, Picea 
sitchensis, Pseudotsuga menziesii (Feliksik and Wilczynski, 2009). According to Khan et 
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al. (2013) radial growth of Cedrus deodara was found being a function of precipitation 
and temperature in Chitral-Hindukush, Pakistan. 

Precipitation limits the growth rate of trees in many ecosystems more than temperature 
(Cherubini et al., 2003). However, the winter cold was key limiting factor mainly for tree 
species habitat in mountainous environment (Leburgeois et al., 2012; Martin-Benito et 
al., 2013) and for evergreen species (Granda et al., 2013). The regression results specified 
that the summer temperature of preceding year exerted high negative effect on Rg of 
P. roxburghii, whereas the temperature of preceding autumn and winter (Oct-Jan) had 
positive influence on the Rg (p <0.05, Fig. 5b). In summer season, when temperature 
increases to its maximum, the rate of evapotranspiration becomes high, which results in 
soil water shortages (Huang et al., 2010), thus become less responsive to temperature. 
The previous year temperature control was in lined to carryover effect explained by Fritts 
(2001) and Rammig et al. (2015) that, the deficient nutrient stored during preceding year 
marked a substantial influence on following year growth. Equally, high temperature in 
preceding year had inhibit the photosynthesis that impose a decline in growth formation 
of tree in the subsequent year owing to the inadequate carbohydrates storage. On the other 
hand, high autumn and winter temperatures favors the growth rate of following year 
(Fig. 5d) by increasing the size and subsistence of buds and thus, the acclimation ability 
of plant (Weber et al., 2007). Another reason might include, after dormant winter period, 
a warm end could gently accelerate the cambial reactivation and helps in earlier leaf out, 
which eventually prolong the period of wood formation (Sanz‐Pérez et al., 2009; Viera et 
al., 2014). 

The previous year precipitation showed positive and significant impacts on the Rg 
(Fig. 5a). Preceding year precipitation is also important to boost radial growth formation 
in many species (Di Filippo et al., 2010). Soil water recharge during autumn and winter 
precipitation, when growth of P. roxburghii remain dormant, appears to be a vital element 
effecting tree growth rate in the subsequent growth season. This phenomenon found to be 
an indispensable reserve for commencement of cambial activity and early wood 
production (Granda et al., 2013; Martin-Benito et al., 2013). During current growing 
period, tree Rg was more usual positive relationship with May and June precipitation 
(Fig. 5c) and revealed a negative correlation with temperature (Fig. 5d). Sufficient 
precipitation could positively effect on radial growth through making an improvement in 
xylem cell production and lessen the water stress in an area (Deslauriers et al., 2016). 
Consequently, this phenomenon favors the positive response of radial growth to 
precipitation in both preceding and present growing season. 

Inclusively, these findings suggest that precipitation and temperature of previous and 
current growing seasons are the primary controlling factors for growth rate of Chir pine. 
Prior to the commencement of cold in winter, the species might complete photosynthesis 
process to stock energy thus execute a positive influence on the tree Rg similar to various 
evergreen conifers (Miyazawa and Kikuzawa, 2005). Consequently, the temperature of 
previous year October-December was positively correlated with Rg (Table 3, Fig. 5b). 
Previous studies showed the strong effect of previous summer climate variables on radial 
growth (Teets et al., 2018). 

Spatial variation in the climate growth relationship with GDDs 

Results specified that the Rg in P. roxburghii was more probably to down regulated by 
warmer summer temperature which suggests a higher dependency of tree Rg to summer 
temperature in context of elevation gradient (Fig. 6b). Over the past decades, the 
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significant increasing trend in global temperature (IPCC, 2007) and 0.56-0.78°C in 
various forests of Pakistan was reported by Bukhari and Bajwa (2011). We also found 
that, warmer summers boosted the radial growth above ~1300 m but reduced it below this 
elevation (Fig. 6b). A winter with warmer end might prevent the soft tissues of tree i.e., 
roots and buds damage by freezing stress, in higher altitudes (Miller-Rushing and 
Primack, 2008). Correlation analyses specified the variation in climate–growth 
relationships with increasing elevation (Huo et al., 2017). The relationship between Rg 
and precipitation weakened with increasing elevation (Fig. 6a), due to the snow effect at 
higher elevation. A rise in precipitation can quickly reduce the environmental stress and 
stimulate the radial growth during water-deficit conditions at lower elevation and turn the 
relationship positive (Deslauriers et al., 2016). As a consequence, trees in the southern 
sites often grew in a dry and hot atmospheric conditions, so radial growth positively 
respond and being more sensitive to the increase of precipitation. Subsequently, the Rg 
was limited by temperature owing to increasing GDD and decreasing precipitation 
(Fig. 6c,d). Similar findings have been observed for silver fir species decreasing at the 
southern edge, likely as a consequence of the cumulative influence of severe drought 
(Linares and Camarero, 2010). Moreover, white spruce in Western Canada has also been 
reported by similar variation (Chen et al., 2017). 

The results specified the monthly variation in the response of radial growth to climatic 
variables i.e., temperature and soil moisture at fortyeight sites (Fig. 7). The response 
curves can detect the signals of temperature influencing or moisture limiting effect on 
radial growth of P. roxburghii in the subtropical pine forest. For instance, the radial 
growth was limited by soil moisture in 28 sites and few sites were limited by temperature. 
The eleven sites were similarly effected by temperature and moisture (Fig. 7). The non-
significant effect in eleven sits suggested that the Rg was neither restricted by precipitation 
nor by temperature, meanwhile could be influenced by some other site-specific factors 
(Gewehr et al., 2014). In addition, other site-specific factors such as micro environmental 
circumstances and species competition (Huang et al., 2013) may be crucial for tree growth 
determining at these pine sites. 

Conclusion 

Annual temperature and precipitation were the dominant limiting factor for the Rg of 
P. roxburghii. Summer precipitation (June-August) of previous and current year was most 
important for tree Rg. The previous summer temperature imposed negative impact on Rg 
while positive in current July. The Rg was more often limited by soil moisture associated 
with lower precipitation and high temperature. The control of precipitation was seen to 
be more significant at lower elevation (<1300 m). However, Rg showed clear dependency 
on summer temperature when elevation ranged above 1300 m. The approaches employed 
in this study for unstable temporal responses and nonlinear dependency of P. roxburghii 
to climate drivers, are related to manage and predict the effects of a substantially varied 
landscape. It also has the potential to forecast future resource outcomes from these 
forested ecosystems and vulnerability of other forests by using a combination of process-
based and global circulation models. In addition, tree sensitivity to site specific climatic 
variables might useful to expect climate change to decrease stand growth. Due to 
continuous increase in global climate change, it is suggested that continuous large scale 
measurements are required to address the temperature and moisture induced variation in 
climate-growth analysis for sustainable forest management. 
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Abstract. This study aimed to investigate the beneficial effects of elevated CO2 levels and nitrogen 
fertilization on the nitrogen distribution in a cotton-soil system in China, using CO2 obtained as an 
industrial byproduct. A semi-open-top artificial climate chamber was used to investigate the effects of 
ambient CO2 concentration (360 μmol·mol–1, Xinjiang) and elevated CO2 concentrations (540 and 
720 μmol·mol–1) and application of nitrogen (N) fertilizer (0, 150, 300, and 450 kg·hm–2) on cotton 
growth and available N distribution in the cotton–soil system. The results showed that the cotton biomass 
was positively influenced by the increase in CO2 concentration and N application. The total N content in 
the cotton significantly increased with N application, and this increase was more significant with CO2 540 
treatment compared with CO2 720 treatment. The N accumulation in buds and bolls was the highest, 
followed by leaves and then stems; it was the lowest in the roots. When the CO2 concentration was 
elevated to 540 μmol·mol–1, the soil NO3

––N content decreased significantly. The soil NH4
+–N content 

slightly increased with 0 and 150 kg·hm–2 N application. When the CO2 concentration was elevated to 
720 μmol·mol–1, the soil NO3

––N content still decreased and the soil NH4
+–N content increased. Overall, 

when the CO2 concentration was elevated, the application of 300 kg·hm–2 N fertilizer significantly 
increased the cotton biomass and the total N content. It also promoted the absorption of soil N, especially 
that of NO3

––N. The findings provided practical guides for N application in the context of elevated CO2 
concentration in cotton fields. 
Keywords: elevated CO2 concentration, nitrogen fertilizer application, cotton growth, biomass, plant 
total N content, soil NO3

––N, soil NH4
+–N 

Introduction 

The massive emission of industrial CO2 has become promoting global warming (Guo 
et al., 2013). It is expected that the atmospheric CO2 concentration will approach 
1100 μmol·mol–1 (ppm) by the end of the 21st century (IPCC, 2014). Doubling of the 
concentration of CO2 in the atmosphere affects not only climate, but also the 
agroecological environment (Ainsworth et al., 2005; Kimbal et al., 2016). Current 
climate projections indicate that the atmosphere on the earth’s surface fluctuating more 
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frequently, and extreme weather such as hyperthermia, drought and extreme cold will 
appear more frequently (NOAA-ESRL, 2018). The industrial emission CO2 storage 
technology is becoming more and more mature, but the rational reuse method and the 
related utilization quantity are still in the bottle-neck period. The reuse of industrial 
emission CO2 has been the focus of climate and environment research groups (Liu et al., 
2018). 

CO2 is an important raw material for plant photosynthesis. It has been proven that a 
certain amount of CO2 supplied could increase the biomass and economic yield of C3 
and C4 plants (Morgan et al., 2001; Leakey et al., 2009). N is an important component 
of plant proteins and chlorophyll. Thus, the N addition has both direct and indirect 
effects on photosynthesis, respiration, and other metabolism pathways, affecting the 
distribution of N nutrients in plant-soil system. Studies have found that the 
photosynthetic capacity and plant biomass significantly increase under elevated CO2 
and N additions (Fang et al., 2000; Xu et al., 2003; Leakey et al., 2011; José et al., 
2016); this in turn promotes the absorption and metabolism of N in plants (Bloom et al., 
2002; Mitchell et al., 2018). Research by Pitelka (1994) showed that an elevated CO2 
concentration was conducive to the accumulation of carbohydrates in plant tissues, thus 
reducing the N content of plants. Recently Other studies (Talbot et al., 2000; Kimball et 
al., 2001; Dong et al., 2002; Lyu et al., 2015; Cai et al., 2016; Broughton et al., 2017a) 
have showed that C/N values in cotton, wheat, corn, and rice increased to different 
degrees under doubled CO2 concentration, with a decrease in N content in the roots of 
leguminous plants, but an increase in the N content of the aboveground parts (Yang, 
2002; Fitzgerald et al., 2005). It might be that legumes utilized rhizobia to fix N from 
the air to supplement their N needs to support their rapid growth under high CO2 
concentration. Xu et al. (2004) reported that CO2 doubling reduced the N content of 
Caragana korshinskii and Hedysarum laeve leaves by 10.4% and 5.06%, respectively. 
However, in different ecosystems, the distribution and absorption of N in different parts 
of the plant under high CO2 concentration is related to the photosynthetic pathways of 
the plant itself, the supply of exogenous N nutrients, the nutrient status of the soil itself, 
and the amount of N absorbed (Oberbauer et al., 1986; Grunzweig et al., 2001; Charles 
et al., 2019). Therefore, following increases in CO2 concentration, exogenous N 
nutrition could compensate for increased plant growth and metabolism (Stitt et al., 
1999; Johnson, 2000; Yang, 2002; Zhang, 2002). It is known that a shortage of N limits 
the production of CO2

 (Larigauderie et al., 1998; Joel et al., 2001). Under low N 
conditions, the photosynthetic rates under high CO2 concentration is lower than under 
normal CO2 concentration. Further research revealed that increasing the availability and 
simultaneous supply of N source can prevent this photosynthetic adaptation (Guo et al., 
2006; Mitchell, 2018). 

There has been a significant focus of research on the response and adaptation of 
plants in different ecosystems under elevated CO2 concentration and different N 
application and the research objects mainly focuse on horticultural plants, rice, wheat 
and forest. Cotton is a typical C3 plant, and empirical and modeling studies (Morgan et 
al., 2007; Zhang et al., 2017; Broughton et al., 2017b; Li et al., 2020) have shown that 
possible increase in sensitivity of the physiology and plant productivity to enhancing 
atmospheric CO2 concentration. These researches focused on the effect of CO2 
enrichment on cotton growth while the interaction mechanism of CO2 and N coupling 
on cotton ecosystem is not clear. Xinjiang is a major agricultural province and is the 
biggest commercial cotton production base in China. Cotton plays an irreplaceable role 
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in agricultural production and economy in China and Xinjiang. The latest statistical data 
(data source: National Climatic Data Center in China) and the current studies (Gao et 
al., 2015; Cui et al., 2019) have shown that the ambient CO2 concentration in 
background air was generally about ~330-372 ppm, which is far from meeting the 
photosynthetic demand of cotton, and elevated CO2 concentration can improve the light 
saturation point of cotton. 

The objective of this study focused on the impact of elevated CO2 and N fertilizer 
application in the Xinjiang cotton field ecosystem. The project used a semi-open top 
artificial climate chamber to investigate the response of cotton plants to increases in 
CO2 at different levels of N fertilizer application. The total N content of cotton plant 
and the distribution of NO3

–-N and NH4
+-N in rhizosphere soil were determined to 

reveal the response mechanisms of cotton and the soil to the CO2 and N interaction. 
Given that the response mechanism of cotton is used to determine the optimal N 
application level under elevated CO2 concentrations in cotton canopy, our results would 
be beneficial to guide the optimal application of N fertilizers in cotton fields under the 
high CO2 concentration. Meanwhile, the findings of this study provided a technical 
scheme for the rational utilization of industrial CO2 emission. It also provided a 
scientific basis for accurately predicting the terrestrial ecosystem response and crops 
yield potential model in the context of elevated CO2 concentration, and simultaneously 
it will be of great significance to the healthy and sustainable development of China’s 
cotton industry. 

Materials and experimental methods 

Research area 

The experiment was carried out in 2016-2018 in a semi-open-top artificial climate 
chamber at the Xinjiang Academy of Agricultural Sciences in China (N44°18’.288, 
E85°59.961’). Our previous studies (Yin et al., 2011; Gao et al., 2015; Yin et al., 2016) 
have found that the CO2 concentration at surface boundary layer in cotton field was 
generally about ~330-360 ppm from 10 a.m. to 6 p.m. Xinjiang is a typical continental 
arid climate, the annual precipitation in this area is ~125.0-207.7 mm, the annual 
evaporation is 1946 mm, the annual average temperature is ~7.5-8.2 °C, the annual 
sunshine hours are 2526-2874 h, with the sunshine hours in the growing season being 
~1900-2000 h, and the total radiation of light per year is next to that of Qinghai-Tibet 
Plateau. The frost-free period is about ~160 days, and the accumulated temperature 
of ≥ 10 °C is ~3570-3729 °C. The basic physical and chemical properties of the soil 
used in the study are shown in Table 1. Cotton was planted on April 15 and harvested 
on September 30. 

 
Table 1. Physical and chemical properties of the soil used in the study 

Soil type 
Soil 

texture 

Soil layer 

(cm) 

Organic 

matter 

(g·kg–1) 

Alkaline hydrolysis 

nitrogen 

(mg·kg–1) 

Available P 

(g·kg–1) 

Available K 

(g·kg–1) 
pH 

Gray 
desert soil 

Medium 
loam 

0-20 6.94 41 21 99 8.3 

20-40 5.73 33 14 103 8.1 
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Test materials 

The test crop was cotton and the variety was Xinluzao 33, the density was 
22.5 millon plant per ha; the fertilizer used was urea (CO(NH2)2), with a measured N 
content of 46%; CO2 was sourced from a gas cylinder supplied by the Shihezi Tiangang 
acetylene plant. 

 
Test device 

The experimental set up a semi-closed open top artificial climate chamber, 
surrounded by a light-transmissive plastic film (blue film in a greenhouse), with a film 
height of 1.5 m (Fig. 1A). The outside of the gas chamber was connected to a CO2 gas 
cylinder and CO2 was administered via drip irrigation belt that ran inside the chamber 
(Fig. 1B). When the cotton entered the flowering period, which was the most vigorous 
stage of cotton growing, CO2 was released from 12:00 to 15:00 (the illumination is 
strongest in Xinjiang) daily via the drip irrigation belt. The gas input was controlled by 
a CO2 decompression flow valve, and the internal concentration was measured in real 
time through a portable infrared CO2 concentration detector (AT-B-CO2, Beijing Antai 
Jihua Technology Co., Ltd.) with S-type distribution. 

 

  
A      B 

Figure 1. (A) Semi-closed open top artificial climate chamber. (B) CO2 gas cylinder and 
pressure reducing valve 

 
 

Experimental design 

The test was carried out in a split zone design. Three CO2 concentration levels were used: 
360 μmol·mol–1 (CK, Xinjiang background level), 540 μmol·mol–1 (1.5 times higher than the 
background level)  and 720 μmol·mol–1 (two times higher than the background level) 
(referred to as CO2 360, CO2 540 and CO2 720, respectively). Four levels of application N (0, 150, 
300, and 450 kg·hm–2; referred to as N0, N150, N300, and N450, respectively) were used for each 
CO2 concentration based on the results of previous studies and local fertilization levels. The 
moderate water and fertilizer conditions in the northern cotton area of Xinjiang required 300 
kg of pure nitrogen to determine the N concentration gradient for this study (Yin et al., 2010, 
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2011). The CO2 concentration was the main treatment, and the N fertilizer was the secondary 
treatment. There were 12 treatments, each repeated three times, over a total of 36 plots. Each 
the plot area was 42 m2 (2.8 m × 15 m). The main treatment plots were separated by median 
intervals and whereas the secondary treatment plots were next to each other. 

N fertilizer was applied in the form of analytical grade urea, and the phosphorus and 
potassium fertilizers were applied as KH2PO4 (K2O≥33.9%, P2O5≥51.5%). The fertilization 
measures were based on the local field requirements: thus, 30% N fertilizer was applied 
initially, followed by 40% at the first time of watering and 30% at the second time of 
watering. 

The phosphate fertilizer (P2O5) dosage was 125 kg·hm–2, potassium fertilizer (K2O) 
dosage was 54 kg·hm–2, and both were used as base fertilizers. The N fertilizer was applied 
according to the proportion of base application 30%, application 40% for the first irrigation 
and application 30% at the second water drip, respectively. The times of irrigation was nine in 
the whole growth period. Treatments with increased CO2 concentrations began at the start of 
the cotton flowering period (July 18), under the conditions of optimal light intensity (from 
~12:00 h to 15:00 h). The drip irrigation capillary system was used to inject CO2 gas into the 
chamber until the desired CO2 concentration was reached. N fertilizer was applied 
simultaneously with the water droplets to achieve the simultaneous application of carbon and 
N. The other field management measures (e.g., verticillium wilt control, topping and so on) 
were the same as used generally in cotton fields. 

 
Test indicators and analysis methods 

On 18 August (after 30 days of CO2 gas addition), three points were selected from each 
treatment plot according to Z pattern and the size of each point was 2.8 m × 2 m. Ten healthy 
cotton plants were selected from each point and divided into their aboveground and 
belowground tissues, which were then heated in an over at 105 °C for 30 min and then dried 
at 80 °C for 24 h. The dry weight was then determined. After smashing and sieving, 10 mg of 
the plant sample was measured by using the standard Kjeldahl method. In each cotton plant 
sampling point, it was used that tubular auger (the length of auger is 1 m, bit depth is 20 cm 
and diameter is 3 cm) to collect fresh soil at the depth of ~0–20 cm and ~20–40 cm soil layer; 
1 mol·L-1 KCl 50 mL was added to 10 g of the fresh soil sample and then shaken for 30 min. 
The suspension was then filtered through filter paper, and the nitrate nitrogen (NO3

––N) and 
ammonium nitrogen (NH4

+–N) in the soil were using a Continuous Flow Analytical System 
(CFA). Soil moisture was determined by the drying method. 

SPSS 19.0 was used to analyze the data using ANOVA and P value test significance tests. 
The functional relationship between CO2 concentration and N application level was 
constructed by using Sigmaplot 12.5 and Excel 2007 to analyze the gradient changes in total 
N and soil NH4

+–N and NO3
––N content. The datas in chart were the anverage of 2016–2018 

year. 

Results and analysis 

Effects of elevated CO2 concentration and N fertilizer application on cotton biomass 

In this study, dry matter weight was adopted to analyse the changes in cotton biomass. 
ANOVA showed that the biomass of cotton organs and the whole plant was significantly 
affected by CO2 concentration, N application and the interaction of CO2 and N (Table 2). In 
general, the biomass of buds and bolls, stems, and the whole plant was increased significantly 
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with CO2 concentration elevation, whereas the biomass of leaves and roots in CO2 540 
concentration was higher than that in CO2 720 concentration. 

Gao and Guo (2003) reported that elevated CO2 concentrations could also promote the 
biomass increase in desert plant, and the roots, stems, and leaves responded differently to 
elevated CO2 concentrations. Some studies indicated that the initially promotion effect high 
concentration CO2 on plant would gradually disappear as time going by (Chen, 2005). At the 
same CO2 concentration, the biomass of different cotton organs increased with N fertilizer 
application increasing, with more significant increases occurring at the higher N application 
levels, which was consistent with the results of some researchers (Zhang et al., 1999; Stitt et 
al., 1999). Overall, at the flowering and boll-forming stages, the biomass of buds and bolls 
was the highest, followed by leaves, and lowest in stems and roots, indicating the transport of 
nutrients from the roots to reproductive organs. 

The results also showed that the effect of elevated CO2 concentrations on cotton biomass 
was closely related to the supply of mineral nutrients. When atmospheric CO2 concentrations 
elevated from 350 μmol·mol–1 to 700 μmol·mol–1, the crop yield and biomass could increase 
by 24–25% (Kimball, 2016), but this response would be lower in the case of water and 
nutrients deficiency (Oechel, 1994). Therefore, when considering the growth–promoting 
effects of elevated CO2 concentrations on plant growth, it is necessary to ensure the 
appropriate timing of fertilizer application (Roser et al., 1999; Yang et al., 2007; Coskun et 
al., 2016; Zhang et al., 2017). 

 
Table 2. Changes in the biomass of cotton in response to elevated atmospheric CO2 and N 
application (g) 

CO2 

concentration 

(μmol‧mol–1) 

N fertilizer 

application 

(mg·kg–1) 

Cotton organ 

Leaf Stem Bud and boll Root Total plant 

CO2 360 

N0 11.64±0.09 d 7.23±0.09 d 16.77±0.07 cd 4.07±0.16 c 39.68±0.23 d 

N150 13.66±0.46 c 8.22±0.10 c 17.77±0.11 c 4.83±0.06 b 44.48±0.39 c 

N300 14.29±0.15 b 9.10±0.09 b 18.85±0.05 b 5.09±0.07 ab 47.33±0.24 ab 

N450 16.36±0.08 a  10.23±0.07 a 20.11±0.12 a 5.70±0.05 a 51.34±0.25 a 

Average 13.99±1.87 8.69±0.16  18.38±1.47 4.92±0.65 45.96±4.98 

CO2 540 

N0 12.27±0.15 d 8.41±0.15 d 16.86±0.07 d 4.94±0.07 d 42.48±0.05 d 

N150 13.78±0.09 c 9.96±0.03 c 18.24±0.31 c 5.38±0.05 c 47.36±0.38 c 

N300 15.91±0.14 b 10.22±0.08 b 20.42±0.57 b 6.19±0.05 ab 52.74±0.51 b 

N450 17.38±0.12 a 11.17±0.08 a 22.11±0.22 a 6.56±0.09 a 57.22±0.43 a 

Average 14.83±2.10 9.94±1.04 19.41±2.49 5.77±0.70 49.95±6.07 

CO2 720 

N0 12.02±0.05 d 9.13±0.04 c 17.15±0.10 d 4.95±0.09 b 43.30±0.06 d 

N150 13.75±0.06 c 10.96±0.06 b 19.98±0.04 c 5.18±0.10 b 49.87±0.14 c 

N300 14.42±0.16 b  11.35±0.09 a 22.22±0.59 b 5.58±0.15 ab 53.57±0.64 b 

N450 16.69±0.17 a 11.75±0.48 a 23.71±0.21 a 5.99±0.05 a 58.14±0.80 a 

Average 14.23±2.17 10.79±1.07 20.77±2.38 5.43±0.42 51.22±6.14 

Sources of variation 

CO2 ** ** ** * ** 

N ** ** ** * ** 

CO2 * N * * ** NS ** 

Different letters in the same column indicated significant difference among treatments at 0.05 level. ** 
indicated P < 0.01, * indicated P < 0.05, NS indicated no significant difference at 0.05 level 
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Effects of elevated CO2 concentration and N fertilizer application on the total N 

content in different organs of cotton 

The changes in total N content of leaves are shown in Figure 2A. Leaves are 
important photosynthetic organs for photosynthesis and the major source for 
carbohydrates. Elevated CO2 concentrations are hypothesized to be beneficial to 
photosynthesis and respiration in leaves (Oberbauer et al., 1986; Wang et al., 2011; 
Zhang et al., 2016), which is also likely to affect nutrient absorption by the leaves. 
Analysis of variance showed that elevated CO2 concentration, N fertilizer application 
and the interaction of CO2 concentration and N fertilizer could significantly increase the 
total N content in leaves (P = 0.005, 0.000 and 0.002, respectively). In the same CO2 

concentration treatment, the total N content in leaves increased significantly with 
increasing N fertilizer application (P = 0.012). At the same N level, the total N content 
in leaves in the CO2 720 treatment group was higher than that in the CO2 540 treatment 
group, but there was no significant difference. Under high CO2 concentrations, C3 plants 
were able to adapt their photosynthesis under low N conditions (Zhou et al., 2006; Xia 
et al., 2019). These results indicated that when the CO2 concentration was elevated to 
between 540 and 720 μmol‧mol–1, it promoted the N absorption and utilization by 
leaves. The effect of elevating CO2 concentration on the N demand resulting from 
increased growth was compensated by increasing N fertilizer application. Previous 
researches also showed that N nutrition delays the senescence of mature leaves and 
improves the adaptability of plant to adverse conditions (Zhang et al., 2002). 

 Changes in total N content in buds and bolls are shown in Figure 2B. This result 
showed that elevated CO2 concentration and N fertilizer application had significant 
effects on the total N content in buds and bolls (F = 19.13 and 29.10, respectively), and 
this was also significant in terms of the interaction between CO2 concentration and N 
fertilizer (F = 2.89). Under ambient CO2 conditions, the total N content in buds and 
bolls showed a significant positive correlation with N fertilizer application dosages. 
When the CO2 concentration was elevated by 0.5 and 1.0 times, the total N content in 
buds and bolls significantly increased, and this was more significant in the CO2 540 

treatment group. Compared with CO2 360 treatment, when the CO2 concentration was 
elevated to 540 μmol‧mol-1, the total N content in buds and bolls at N0, N150, N300, and 
N450 level increased by 12.57%, 13.41%, 28.42% and 17.50% respectively; when the 
CO2 concentration was elevated to 720 μmol‧mol–1, the total N content in buds and 
bolls showed had no significant changes at N0 and N150 level, but increased by 14.75% 
and 12.50% at N300 and N450 level, respectively. In general, of the different CO2-N 
combination treatments, the total N content in buds and bolls was the highest in CO2 540-
N300 treatment group. 

Changes in total N content in stems are shown in Figure 2C. The total N content in 
stems increased with the increasing of N fertilizer application in each CO2 concentration 
treatment. Compared with ambient CO2 concentration treatment group, the total N 
content in stems increased significantly when CO2 concentration was elevated to 
540 μmol‧mol-1 (P = 0.703), although there was no significant change when CO2 

concentration was elevated to 720 μmol‧mol–1 (P = 0.53). This suggested that when the 

atmospheric CO2 concentration was elevated to 540 μmol‧mol–1, N fertilizer application 
was more beneficial to promote the N nutrition increasing in stems. 

Changes in total N content in roots are shown in Figure 2D. There were no 
significant differences in total N content in roots among the different CO2 concentration 
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treatments (P = 0.051). In ambient CO2 concentration treatment, the total N content in 
roots increased with increasing N fertilizer application dosages (P = 0.016). When the 
CO2 concentration was elevated to 540 μmol‧mol–1 and 720 μmol‧mol–1, the interaction 
of CO2 concentration and N fertilizer application had significant effect on N content in 
roots and the total N content at N300 was lower than that at N150 level. 
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Figure 2. Effects of elevated CO2 and N fertilizer application on the total N distribution in 
cotton leaf (A), bud and boll (B), stem (C), and root (D). Different lowercase letters in the 

column indicated significant difference among different N treatments at P < 0.05. Different 
capital letters in the column indicate significant difference among different CO2 treatments at 

p < 0.05 
 
 
In general, different combinations of CO2 concentration and N fertilizer had 

significant effects on N absorption and utilization of different cotton organs. The total N 
content in buds and bolls was the highest, followed by leaves, then was in stems, being 
lowest was in roots. This was probably because the combination of elevated CO2 
concentrations and N fertilizer applications promoted the photosynthesis and growth 
metabolism of the aboveground tissues of cotton, which then needed to absorb nutrition 
from belowground tissues to support increase. Thus, N nutrients were transported to the 
buds, bolls and other vegetative organs of cotton via the roots and stems to meet the 
nutritional needs of reproductive growth (Hu et al., 2006; Wang et al., 2010; Yin et al., 
2011). 

The effects of elevated CO2 concentration and N fertilizer application on total N in 
the whole cotton plant are shown in Table 3. When the CO2 concentration was elevated 
by 0.5 times and 1.0 times, the total N content in whole cotton plant increased 
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significantly compared with the ambient CO2 concentration, this increasing effect was 
more significant in CO2 540 treatment. That indicated the CO2 concentration was elevated 
to 720 μmol‧mol–1 and above would restrict N nutrient utilization by the cotton. Under 
the same CO2 concentration treatment, the total N content in the whole plant increased 
with the N fertilizer application dosages, which was consistent with the general 
fertilization effect. Meantime, the interaction of elevated CO2 concentration and N 
fertilizer application did have a significant effect on the total N content in the whole 
cotton plant (P = 0.008). 

This suggests that when the atmospheric CO2 concentration is elevated to ~540-
720 μmol‧mol–1, which promotes the N nutrient absorption and accumulation in cotton 
plant, it would be necessary to increase the application of external N fertilizer to 
compensate for the nutrient absorption by the plants caused by the increasing CO2 
concentration. 

 
Table 3. The total N content in the whole cotton plant under different CO2 and N treatments (%) 

Treatments N0 N150 N300 N450 

CO2 360 4.11 ± 0.20 dC 4.63 ± 0.12 cC 4.82 ± 0.04 bB 5.08 ± 0.21 aC 

CO2 540 4.83 ± 0.17 dA 5.08 ± 0.12 cA 5.35 ± 0.40 bA 5.65 ± 0.17 aA 

CO2 720 4.56 ± 0.11 dB 4.97 ± 0.25 cAB 5.28 ± 0.06 abA 5.45 ± 0.23 aAB 

The different lowercase letters in the same row indicated significant differences among different N 
treatments at P < 0.05. The same capital letters in the same column indicate no significant differences 
among different CO2 treatments at P < 0.05 

 
 

Effects of elevated CO2 concentration and N fertilizer application on root soil NO3
––N 

content in cotton fields 

The response of NO3
––N content to different CO2 and N fertilizer treatments varied 

in the ~0–20 cm and ~20–40 cm soil layers, as shown in Figure 3A and B, respectively. 
Soil NO3

––N content decreased significantly with increasing CO2 concentrations and 
this decrease was more significant at the CO2 540 level than that at the CO2 720 level. The 
interaction of elevated CO2 concentration and N fertilizer application had a significant 
effect on the NO3

––N content in the ~0–20 cm soil layer and ~20–40 cm soil layer 
(P = 0.032 and 0.000, respectively). 

In ambient CO2 concentration, the NO3
-–N content in ~0–20 cm soil layer 

significantly increased with increasing N fertilizer application (P = 0.001). When the 
CO2 concentration was elevated to 540 μmol‧mol–1, the soil NO3

-–N content showed no 
significant difference between different N application dosages (P = 0.420), although it 
was lowest at the N300 level. When the CO2 concentration was elevated to 
720 μmol‧mol–1, the soil NO3

-–N content increased with the increase in N fertilizer 
application (P = 0.040). 

At the same N fertilizer application level, the soil NO3
-–N content in root layer 

decreased significantly in proportion to the elevated CO2 concentrations. Compared 
with the ambient CO2 concentration, in the CO2 540 concentration treatment group, the 
soil NO3

-–N content decreased by 25.90%, 25.05%, 47.77% and 37.38% at N0, N150, 
N300, and N450 level, respectively; in the CO2 720 concentration treatment group, the soil 
NO3

-–N content decreased by 6.94%, 4.52%, 18.31% and 19.30% at N0, N150, N300 and 
N450 level, respectively. The NO3

-–N content at the N300 and N450 levels was 
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significantly lower than at N0 and N150 level under elevated CO2 concentrations. In a 
general, in the interaction treatment groups of CO2 concentration and N fertilizer, the 
soil NO3

-–N content was lowest in CO2 540–N300 treatment group. Other studies reported 
that, at high N application levels, the soil NO3

––N content decreased significantly under 
elevated CO2 concentrations and N fertilizer application, mainly due to N application 
significantly promoted the growth and metabolism of the plants (Mauney et al., 1994; 
Ma et al., 2004; Liu et al., 2018), increasing NO3

––N absorption by plants from soil, 
thus affecting the soil N nutrients conditions. In addition, an anaerobic environment was 
formed by the drip irrigation system, inhibiting soil-nitrifying microbial activity and 
reducing the soil NO3

––N content. The reduction in the soil NO3
––N content in the CO2 

540 concentration treatment  was greater than that in the CO2 720 concentration treatment; 
this suggests that the level of CO2 enrichment was too high. If this negatively impacted 
the ability of cotton to adapt to higher levels of CO2 then this would inhibit the 
absorption of soil nutrients by the plants. 

The soil NO3
––N content decreased with the soil depth increasing. In the ~20–40 cm 

soil layer, the changes in NO3
––N content were the same as in the ~0–20 cm soil layer 

among different CO2 concentrations and N fertilizer treatments; however, the increasing 
trends in NO3

––N content were more significant in the ~0–20 cm soil layer, given the 
interaction effects between the increasing CO2 concentration and N fertilizer 
application. 

 
Effects of elevated CO2 concentration and N fertilizer application on root soil NH4

+–
N content in cotton fields 

The soil NH4
+–N content varied significantly under different CO2 concentration and 

N fertilizer treatments as shown in Figure 3C and D. ANOVA analysis showed that 
elevated CO2 concentration, N fertilizer application and the interaction of CO2 and N all 
had significant effects on NH4

+–N content in the ~0–20 cm soil layer (F = 176.7, 98.06, 
and 9.925, respectively) and in the ~20–40 cm soil layer (F = 191.784, 65.150, and 
6.270, respectively). 

In the ~0–20 cm soil layer, in the ambient CO2 concentration, the NH4
+–N content 

significantly increased with increasing N fertilizer addition (P = 0.000), and this was 
more significant at the N300 and N450 levels. Compared with the ambient CO2 
concentration, the NH4

+–N content showed a slightly increase at the N0 and N150 levels 
when the CO2 concentration was elevated to 540 μmol‧mol–1, but a decrease at the N300 
and N450 levels (reduced by 16.40% and 17.94%, respectively). This suggests that the 
interaction of CO2 concentration and the high N fertilizer application could significant 
promote the NH4

+–N nutrition absorption by cotton plants. This was consistent with the 
trends also recorded in the total N content in cotton plants (Table 3). When the CO2 
concentration was elevated to 720 μmol‧mol–1, the soil NH4

+–N content was 
significantly increased with increasing N fertilizer application. This was consistent with 
previous studies on other plants, such as wheat, Phoebe bournei and rice (Bloom et al., 
2002; Han et al., 2003; Liu et al., 2018). In rice–wheat rotation farmland ecosystems, 
following an increase in CO2 concentration, soil ammonia-oxidizing bacteria decreased, 
as did the nitrification activity of the dominant strain, whereas the soil NH4

+–N mass 
fraction increased (Lin et al., 2005). This trend was similar to the soil NO3

––N content; 
overall, the soil NH4+–N content in the CO2 540–N150 and CO2 540–N300 treatment groups 
was lower than that in other CO2–N treatment groups. 
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Compared with the ~0–20 cm soil layer, the NH4
+–N content  in the ~20–40 cm soil 

increased, but not significantly. The soil NH4
+–N content increased with increasing CO2 

concentration in the ~20–40 cm soil layer (P = 0.000). When the CO2 concentration was 
elevated, the soil NH4

+–N content was increased in proportion to the N application 
dosage. 

 

Figure 3. Effects of elevated CO2 concentration and nitrogen fertilizer application on NO3
––N 

content (A, B) and NH4
+–N  content (C, D) in cotton field soil. Different lowercase letters in the 

column indicated significant differences among different N treatments at P < 0.05. Different 
capital letters in the column indicate significant differences among different CO2 treatments at 

P < 0.05 

Discussion 

Studies have shown that elevated CO2 concentration could promote the growth and N 
absorption of plants (Dijkstra et al., 2010; Xiao et al., 2017). Under the condition of 
enhancing CO2 concentration, photosynthetic adaptation of C3 plants mainly occurs 
under the condition of low N conditions (Stitt et al.,1999; Wang et al., 2015). Further 
research demonstrated that improvement in the availability of N sources and 
synchronous supply capacity can prevent the occurrence of adaptation (Mitchell et al., 
2018). 

The effect of elevated atmospheric CO2 concentration on N uptake by plants is 
related to atmospheric CO2 concentration, plant species and the form of absorbed N as 
well as other factors. Studies have demonstrated that cotton, wheat, corn, rice and other 
crops have various degrees of C/N elevation in the body under the high concentration of 
CO2 and the N content of plants decreased (Lee et al., 2013), while, there was no change 
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in legumes (Dong et al., 2002; Wang et al., 2010). This may be attributed to the fact that 
legume plants have rhizobia, which can fix N element from the air and supplement the 
requirement of N nutrition for rapid growth of plants under high CO2 concentration 
rather than the absence of such functions in non-leguminous plants. 

Previous research reported that when the CO2 concentration was elevated to ~500–
700 μmol‧mol–1, higher N fertilizer application promoted the N nutrition absorption and 
transformation by plants (Xu, 2012). In this study, there was also significant effect on 
cotton growth and N absorption when CO2 concentration enrichment and N fertilizer 
application. As the atmospheric CO2 concentration enriched, the biomass and N 
nutrition accumulation in the cotton increased, whereas the available N content in soil 
was decreased; this trend was most significant with the high N fertilizer application 
under a CO2 540 concentration. Deiglmayr et al. (2004) had found that soil N availability 
was reduced by elevated CO2, the increase in plant growth may only be possible when 
plants increase their available nitrogen uptake. Analyzing the correlation between the 
changes in N content in cotton and soil under different CO2–N combination treatments 
showed that high N fertilizer application was beneficial to the absorption and utilization 
of soil N in cotton field, especially NO3

––N. Changes in the N content of soil are related 
to the forms of soil inorganic N in different regions. For example, the soil N in northern 
China mainly occurs in the form of NO3

––N; thus, cotton grown in northern regions 
shows the selective absorption of NO3

––N (Hu et al., 2006; Liu, 2010). In addition, an 
anaerobic environment is formed by coated cultivation, and hyperthermia and drought 
environments are caused by CO2 concentrations enrichment, which will affect the 
activity of nitrifying microorganisms in farmland soil, which could also reduce soil the 
NO3

––N content (Chen et al., 2002; Wang et al., 2010). 

Conclusions 

The results showed that the increase in cotton growth was positively influenced by 
the increase in N application with increasing CO2 concentration, which was most 
significant at CO2 540 concentration treatment. During the flowering and boll-forming 
stages, the biomass was highest in the buds, followed by leaves, stems, and roots. When 
the CO2 concentration was elevated, the total N content in the cotton plant was 
significant increased with the N fertilizer application increasing, and this increase effect 
was more significant in the CO2 540 treatment than that in CO2 720 treatment. The total N 
accumulation content in buds and bolls was the highest, followed by leaves and then 
stems, being lowest in the roots. The changes in soil NO3

––N and NH4
+–N content were 

also significant with the interaction of CO2 concentration enrichment and N fertilizer 
application. When the CO2 concentration was elevated to 540 μmol·mol–1, the soil NO3

–

–N content decreased significantly, the soil NH4
+–N content slightly increased with 0 

and 150 kg·hm–2 N application. When the CO2 concentration was elevated to 
720 μmol·mol–1, the soil NO3

––N content still decreased and the soil NH4
+–N content 

increased. 
Overall, when CO2 concentration was elevated to ~540–720 μmol‧mol–1, the 

application of 300 kg·hm–2 N fertilizer significantly increased the cotton biomass and 
the total N content. It also promoted the absorption of soil N, especially of NO3

––N. 
This suggests that when N fertilizer supplied effectively, the atmospheric CO2 
concentration enrichment could promote the photosynthesis and growth metabolism of 
cotton, which also increase the absorption and utilization of soil N nutrients by the 
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plants. Thus, as literature suggests that the N fertilizer application to Xinjiang cotton 
fields in the future should be increased when atmospheric CO2 concentration 
enrichment. However, the impact of CO2 concentration and N nutrients on cotton 
growth and available N utilization are governed by complicated physiological and 
ecological processes. Thus, the interaction of CO2 concentration and N fertilizer 
requires further verification, as do the mechanisms involved in the impacts of elevated 
CO2 concentration on different forms of N transformation and utilization in cotton–
cropping systems. 
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Abstract. A series of high-temperature combined anaerobic digestion tests with different mass ratios were 
carried out using chicken manure and straw with a high C/N ratio as the raw materials. The changing trends 
of CODs, CODr, CODs/CODr and VFAs and the concentration of each component were analyzed during 
the high-temperature anaerobic digestion of chicken manure and straw using a sequencing batch reactor. The 
results showed that the CODT of the fermentation broth decreased significantly in the first 15 days, and the 
values of CODT decreased from 3584.45, 3132.28, 3355.45 and 2987.39 mg/L in the initial stage to 1756.28, 
1532.45, 1607.28 and 1528.33 mg/L, respectively. The degradation rates of CODT15 were 51.06, 55.09, 
52.11 and 48.84%, respectively. At the end of the reaction (50 d), the values of the four groups of CODT 
were 1223.10, 903.21, 1095.39 and 1333.46 mg/L, respectively. As the reaction proceeded to the seventh 
day, the maximum concentration, the VFAs of the digestive fluids from R1, R2, R3, and R7 were 3032.39, 
3346.75, 3245.12 and 2794.03 mg/L, respectively. As the reaction completed, (50 d), the VFAs of the 
digestive fluids were 1558.34, 1547.37 and 1335.58 mg/L, respectively, in which the contents of formic 
acid, acetic acid, propionic acid, lactic acid, and butyric acid were 9.19-9.97%, 20.58-22.13%, 15.74-
18.44%, 22.86-25.50% and 25.56-30.02%, respectively. 
Keywords: chicken manure, co-anaerobic digestion, biodegradability, gas properties 

Introduction 

In recent years, the development of animal husbandry in China has led to a total 
annual production of livestock manure exceeding 2 billion tons (Chu et al., 2010). The 
inappropriate treatment of these manures will negatively affect the living environment 
(Li et al., 2016). Crop straw and livestock manure are the two most important types of 
biomass resources in China. For the anaerobic digestion of chicken manure and straw, 
existing studies mainly focuses on the treatment of raw materials (Linke, 2006; Naranjo 
et al., 2011; den Boer et al., 2012), improvement of reactor and medium-temperature 
anaerobic fermentation (Duan et al., 2016), and regulation of nutrients (Tauseef et al., 
2013; Nasir et al., 2012; Jiménez et al., 2003). Nutrient regulation can be controlled by 
adding chemical reagents such as urea and ammonium bicarbonate, as well as mixing 
various raw materials. Based on the physical and biochemical characteristics of 
different raw materials, such as water content, carbon to nitrogen ratio and refractory or 
perishability, it can properly optimize the fluidization characteristics and nutrient 
structure of the fermentation material, and avoid acid suppression of perishable 
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materials by using the appropriate proportion. The previous studies focused on the gas 
production characteristics of rice straw and chicken manure with different mass ratios 
under medium-temperature conditions. However, the parameter changes in a combined 
anaerobic digestion process under high-temperature conditions were not analyzed. 

In this study, a self-designed bio-reactor for the anaerobic methanogenic reaction 
was used. The high-temperature combined anaerobic digestion tests with different mass 
ratios were carried out using livestock manure, i.e., chicken manure and straw with high 
C/N as the raw materials. The changing trend of soluble chemical oxygen demand 
(CODs), total chemical oxygen demand (CODT), CODs/CODT and volatile fatty acids 
(VFAs) and the concentration of each component were analyzed during high-
temperature anaerobic digestion of chicken manure and straw using a sequencing batch 
reactor. This work will provide the basis for the mixing of raw materials for combined 
high-temperature dry fermentation process and further engineering application. 

Materials and method 

Experimental materials and inoculum 

Chicken manure in the experiment came from a chicken farm in Beipiao County, 
Chaoyang City, Liaoning Province, China. After careful screening to remove impurities, 
such as stones, chicken manure collected for 3 days in a row was sent to the laboratory 
directly and kept at 4 °C in refrigerator. After intensive mixing in the laboratory, the 
collected chicken manure was used as the experimental material for high temperature 
anaerobic digestion. The extra 500 kg of the material was packaged as 1 kg bags and 
frozen in refrigerator for a further experiment of continuous high temperature dry 
fermentation of chicken manure (Chen et al., 2016). Stalks used in the experiments, 
which were from a farm in Shenbei new district, Shenyang City, Liaoning Province, 
were shipped to the laboratory and cut and ground to 80 mesh. 

The inoculated microorganisms in the experiments were from anaerobic digested 
mud in a northern waste water treatment factory in Shenyang City, Liaoning Province, 
China. The inoculated active mud was transferred to an airtight plastic container and its 
temperature decreased to room temperature of about 20 °C or so during the 
transportation process, whereas the inoculated mud still maintained active. In the 
laboratory, the inoculated mud was cultivated and acclimatized at 55 °C. The acquired 
5 L of active mud was transferred to a 25 L air-tight plastic bag for acclimatization. 
After 3 d cultivation at constant 55 °C, 2.5 kg of fresh chicken manure, which was taken 
in advance and kept at room temperature, was added into active mud after 
acclimatization for 10 d cultivation. In addition, 5 kg of fresh chicken manure kept at 
room temperature was acclimatized and cultivated for 10 d for a further use. Dry 
material masses of chicken manure, stalks, and inoculated mud were determined after 
heating in air dry oven for 24 h at constant temperature of 105 °C (Duan et al., 2018). 
The organic content was determined after 4 h heating in the muffle furnace at constant 
550 °C. Main parameters of the wet basic state of chicken manure, stalks, and active 
mud are shown in Table 1. 

 
Experimental equipment 

A small scale biological and chemical reactor for anaerobic fermentation, which was 
designed by us, was used in the high temperature anaerobic experiments with cattle 
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manure and stalks and is shown in Figure 1. The whole system was composed of two 1-
L round wide-mouth bottles and one 1-L volumetric bottle, which were used for the 
apparatus for the digestion reaction of kitchen waste, the apparatus for the biogas 
collection, and the apparatus for water drainage, respectively. All apparatuses were 
connected with rubber tubes with anti-aging treatment to form a set of air-tight 
apparatuses. Air-tightness should be guaranteed in the connections. pH of the digested 
liquor was determined with the digital acidometer with accuracy of ± 0.01. The 
composition of biogas was determined by gas chromatography (Shimadzu in Japan, 
GC-4B). 

 
Table 1. Main parameters of the wet basic state of chicken manure, stalks, and active mud 

Parameters TS/% VS/% pH TC/% TN/% 

Chicken manure 27.29 23.33 6.33 46.07 4.73 

Stalks 91.44 86.50 6.89 50.02 0.88 

Active mud 18.12 8.36 7.41 -- -- 

 
 

1-controller, 2-heating rod, 3-water bath, 4-sample reactor, 5-gas bottle, 6-gas 

bottle, 7-discharging bottle, 8-gas tube, 9-determination tube, 10-thermometer  

Figure 1. The experimental apparatus for high temperature anaerobic digestion 
 
 

Experimental scheme 

The methane production experiment with chicken manure and stalks used 24 1-L air-
tight wide-mouth bottles as anaerobic digestion reactors and was conducted as eight 
groups with three replicates for each group. The average of the three experiments was 
reported. Except the experiment with R0 group, which received only 300 ml of 
inoculated mud, which was acclimatized without any other sample, the experiments 
with other seven groups received 60 g samples besides the inoculum of the same 
concentration and volume. The material ratios for high temperature anaerobic digestion 
of chicken manure and stalks (m/m, %) are shown in Table 2. 

The addition of a 50 g sample in the experiment mainly considered the volume 
loading of the digester. Organic acids produced by decomposition of too much material 
would decrease pH of the digested liquor. The resultant acid inhibition would influence 
the production of biogas. The volume of 1 L was set with distilled water in experiments 
with 8 groups. Reactors were sealed up with glass cement and put into electric-heated 
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thermostatic water bath for constant cultivation for 50 d at 55 °C. The digested liquor 
was extracted with injector and put back into the reactor after pH determination with the 
digital acidometer with the determination frequency of one time per day. When pH 
values were below 6.8-7.2, NaHCO3 was chosen as the regulation agent to maintain pH 
of the digested liquor above 6.8. 

 
Table 2. The material ratios for high temperature anaerobic digestion of chicken manure 
and stalks (m/m, %) 

 R1 R2 R3 R4 R5 R6 R7 

Chicken manure 100 97 95 90 80 70 0 

Stalk 0 3 5 10 20 30 100 

 
 

Analytic method 

Measurement of COD concentration 

In a 250 mL conical beaker, 10 mL of potassium dichromate was pipetted and 
100 ml of distilled water was added. Subsequently, 30 ml of concentrated sulfuric acid 
was incorporated using the measuring cylinder. After cooling, 3 drops of the ferrous 
iron indicator was added and titrated with ammonium ferrous sulfate standard solution 
until the yellow solution changed into bluish-green and finally to reddish-brown. All 
test materials were set up in three parallel test groups (Zhang et al., 2017). 

 
Volatile fatty acids (VFAs) 

Volatile fatty acid content was determined by detecting volatile organic acid (Cl-C5) 
using gas chromatography. The column size was HP-5, 30 m × 0.25 mm × 0.25 um, and 
a flame ionization detector was used. Nitrogen was used as the carrier gas, and the flow 
rate was kept at 50 mL/min. The injector temperature was set at 300 °C, and the 
detector temperature was 230 °C. The sample was filtered through a 0.45 um filter. 
From the filtered sample, I mL was taken and the pH was adjusted using formic acid 
(6 mol/L) to ensure pH < 6 for chromatographic determination (Hu et al., 2018). 

 
Data processing 

All the physical and chemical indicators in the tests were measured by setting three 
parallel tests. Data were tested for significance (p = 0.05) and correlation was analyzed 
using one-way ANOVA and multiple comparisons using SPSS v.18.0 (IBM Corp., 
Armonk, NY, USA). All data plots were drawn using Origin-8.0. The differences 
between treatments and physical and chemical indicators during the test were analyzed 
using least significance difference (p < 0.05) (Naranjo et al., 2011). 

Results and discussion 

COD concentration change during high-temperature anaerobic digestion using a 

sequencing batch reactor 

Figure 2 shows the trends of CODS, CODT and CODS/CODT during the sequential 
batch high-temperature anaerobic digestion of representative chicken manure and straw 
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in R1, R2, R3, and R7 groups. In the initial stage (1 d), the values of CODT in R1, R2, 
and R3 were 3584.45-3356.45 mg/L, while the value of CODT in R7 pure straw batch 
high-temperature anaerobic digestion was lower, i.e., 2987.39 mg/L. The reason is that 
the base of R7 is pure straw. Compared to R1 that contained pure chicken manure, R2 
and R3 contained 97 and 95% chicken manure base, respectively. Straw is rich in the 
cellulose-hemicellulose-lignin component. Owing to the dense crystalline structure of 
cellulose, hemicellulose and lignin, these materials were difficult to break down. 
Therefore, the CODT value of R7 was lower than the other three groups of base. During 
the 50-day high-temperature digestion process, the CODT of the fermentation broth of 
the four groups showed a decreasing trend as a whole. This can be attributed to the 
high-temperature conditions during the process, in which the bacteria of hydrolysis 
acidification degraded the fermentation substrate to provide nutrient intermediates for 
the subsequent physiological metabolism of methanogenic microorganisms. 
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Figure 2. Trends of CODS, CODT and CODS/CODT during sequential batch high-temperature 
anaerobic digestion of chicken manure and straw 

 
 
The methanogenic microorganisms used the organic acid produced in the 

acidification stage to produce biogas, which led to a general decline in the CODT of the 
fermentation broth of the four groups of tests. The degradation rates of CODT15 at 1-
15 d were 51.06, 55.09, 52.11 and 48.84%. These rates were much higher than those in 
later days (16-50 d), which were 14.86, 18.44, 15.25 and 6.52%. This was mainly 
because the first 15 days of the initial reaction was the fastest stage of the high-
temperature anaerobic digestion process. At this stage, the organic matter in the four 
experimental groups was mostly starch and protein, which are easy to break down. The 
high-temperature condition also facilitated hydrolysis and acidification, producing 
degradable organic matter such as monose, fatty acids and amino acids, causing pH to 
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decrease. The decrease in pH further promoted hydrolysis and acidification of refractory 
organic matter in the base. On the seventh day, the pH of the digestive juice was 
adjusted by adding 4 g sodium bicarbonate (NaHCO3) as the regulator to keep the pH 
above 6.8. After adding sodium bicarbonate (NaHCO3), the increased pH of the four 
groups of biogas slurry promoted methanogens to convert organic acids into methane 
and carbon dioxide. As the reaction finished (50 d), the CODT values of the four groups 
were 1223.10, 903.21, 1095.39 and 1333.46 mg/L, respectively. The degradation rates 
of CODT50 were 65.92, 73.53, 67.36 and 55.36%. 

Two main reasons account for the lower degradation rate of CODT in the later stage. 
The first was the change of the base component of the high-temperature digestive juice. 
The degradable organic matter was rapidly broken down by methanogens under high-
temperature conditions. The residual organic matter was mainly refractory organic 
matter, and the main component was cellulose-hemicellulose-lignin with a dense 
physical structure. It is difficult for the enzyme molecule and the water molecule to 
enter the interior and cause a hydrolysis reaction. Such substance is biodegradable, but 
the process takes a long time. The second was that the biochemical reaction of the 
fermentation broth was slowed down at the later stage due to the accumulation of 
metabolites. It was found that in the high-temperature anaerobic fermentation process of 
chicken manure and straw, the hydrolysis and acidification rate of organic matter 
remarkably increased at 55 °C. This led to the formation of more metabolites during the 
physiological metabolism process. The accumulation of metabolites had a certain 
inhibitory effect on the reproduction and metabolism of acid-producing methanogens in 
the later stage. Therefore, the degradation rate of CODT in the later stage showed a 
downward trend, which was much lower than the degradation rate of CODT in the first 
15 days. 

The value of CODS at the initial stage of high-temperature anaerobic digestion 
solution for R7 was 724.39 mg/L, which was lower than the CODS values of R1, R2 and 
R3 (974.25-886.33 mg/L). The reason is that in the R7 base, the content of straw was 
high and the content of starch and protein in straw was low. Since the cellulose-
hemicellulose-lignin component is naturally difficult to hydrolyze, the content of 
insoluble organic matter was high, resulting in the lower CODs of R7 high-temperature 
anaerobic digestion liquid at the initial stage (1 d). As the high-temperature digestion 
proceeded, the CODS values of the four groups of high-temperature anaerobic digestion 
liquids for R1, R2, R3 and R7 all increased and reached the peak when the reaction 
proceeded to the seventh day. The values of the four groups of CODs were 1245.33, 
1345.69, 1311.28 and 959.89 mg/L, respectively. This is because the organic matter in 
the base of the four groups of fermentation broth was decomposed by the hydrolysis and 
acidification bacteria, and the insoluble macromolecular organic matter was hydrolyzed 
and acidified into small organic acids. The decrease in pH further facilitated the 
hydrolysis and acidification of the refractory organic matter, and dissolved in water, 
leading to an increase in the CODs of the four groups of fermentation broth (den Boer et 
al., 2012). As the reaction progressed, the CODs showed a declining trend for two 
reasons. The first is that the dissolved COD was utilized by methanogens to convert to 
carbon dioxide and methane. The second is that the relative content of dissolved COD 
was reduced as the concentration of total organic matter decreased. Therefore, the 
CODs showed a downward trend in the later stage. At the end of the reaction (50 d), the 
values of the four groups of CODs were 345.66, 317.89, 325.33 and 403.28 mg/L, 
respectively. 
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With the high-temperature digestion reaction, the ratio of CODS/CODT in the high-
temperature anaerobic digestion liquid of R1, R2, R3 and R7 all increased. During this 
period, the organic matter in the fermentation liquid was hydrolyzed and acidified, and 
the macromolecule was insoluble in water, which led to an increase in the CODs 
concentration. However, the CODT concentration decreased as the reaction progressed, 
and thus the ratio of CODS/CODT increased. The reaction reached the peak on the 
seventh day, and the Should this be CODS/CODT ratios of the four groups of 
fermentation broth were 46.34, 54.78, 51.14 and 41.43%, respectively. The 
CODS/CODT ratio decreased with the reaction because the methanogens decomposed 
CODs, which hastened the decreasing rate of dissolved COD and thus led to a decrease 
in the CODS/CODT ratio. At the end of the reaction (50 d), the CODS/CODT ratios of 
the four groups were 28.26, 35.20, 29.70, and 30.24%, respectively. 

 
Correlation study between VFAs and each component in sequential batch high-

temperature anaerobic digestion 

Figure 3 shows the variation trend of VFAs and concentration of each component in 
sequential batch high-temperature anaerobic digestion of chicken manure and straw. In 
this section, four representative experimental data of R1, R2, R3 and R7 were selected 
for analysis. The values of VFAs in the initial stage (1 d) were 2063.84, 1950.4, 
1875.32 and 1661.66 mg/L, respectively. In total VFAs, the fraction of formic acid, 
acetic acid, propionic acid, lactic acid and butyric acid were R1: 8.64, 30.75, 15.37, 
22.94 and 22.30%, respectively; R2: 8.03, 31.41, 15.60, 23.36 and 21.60%, 
respectively; R3: 7.69, 30.84, 16.01, 23.52 and 21.94%, respectively; and R7: 7.42, 
32.69, 16.44, 21.36 and 22.08%, respectively. As the high-temperature anaerobic 
digestion proceeded, formic acid, acetic acid, propionic acid, lactic acid, butyric acid, 
and total VFAs all increased. The values reached the maximum peak on the seventh day 
of the reaction. The VFAs values of R1, R2, R3 and R7 were 3032.39, 3346.75, 3455.12 
and 2794.03 mg/L, respectively. Among these digestive juices, the contents of formic 
acid, acetic acid, propionic acid, lactic acid and butyric acid were 9.81-10.27%, 26.28-
27.28%, 16.05-17.87%, 21.59-23.13%, and 22.70-25.26%, respectively. The stage when 
pH decreased corresponded to the stage when VFAs concentration increased, while the 
stage when pH increased corresponded to the stage when VFAs concentration 
decreased. The pH in the pH reaction system had a corresponding relationship with the 
change of volatile acid content, i.e., the pH value decreased while the VFA 
concentration increased, and the VFA concentration reached the maximum value as the 
pH value reached the minimum; the pH value increased while the VFA concentration 
decreased. In the test and actual production, the change in the pH value can reflect the 
value of VFA concentration, controlling the acidizing process macroscopically (Duan et 
al., 2016). Subsequently, the VFAs of the digestive juices of the four experimental 
groups decreased. When the reaction was completed (50 d), the VFAs of the 
experimental digestive fluids of R1, R2, R3 and R7 were 1564.6, 1558.34, 1547.37 and 
1335.58 mg/L, respectively. The contents of formic acid, acetic acid, propionic acid, 
lactic acid, and butyric acid were 9.19-9.97%, 20.58-22.13%, 15.74-18.44%, 22.86-
25.50% and 25.56-30.02%, respectively. 

The concentration of VFAs during the sequential batch high-temperature anaerobic 
digestion of chicken manure and straw was determined by the rate of production and 
consumption of formic acid, acetic acid, propionic acid, butyric acid and lactic acid. As 
the high-temperature anaerobic digestion proceeded, formic acid, acetic acid, propionic 
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acid, lactic acid, butyric acid and total VFAs all increased. On the seventh day of the 
reaction, the presence of peak value was due to the use of base. For R1, R2 and R3, the 
content of chicken manure was high, of which the degradable organic matter was 
converted to small organic acid. However, at this stage, the methanogens were still in 
the period of adaptation, and the biological metabolic activity was not strong. The 
enzymatic reaction rate was slow, and the production rate of VFAs was greater than the 
metabolic rate, resulting in a decrease in the pH of the system (Yang et al., 2017). The 
pH drop further inhibited the activity of the methanogens, leading to the maximum of 
VFAs concentration on the seventh day, i.e., 3032.39, 3346.75 and 3245.12 mg/L, 
which showed the highest content of acetic acid, lactic acid and butyric acid. In the R4 
experiment, pure straw was used as the base material, and the dense structure of the 
straw made hydrolysis reaction difficult (Zhou et al., 2016, 2018, 2019). Therefore, the 
produced content of small organic acid was relatively low, and the VFAs concentration 
reached 1335.58 mg/L on the seventh day. 
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Figure 3. Trends of VFAs and concentration of various components during sequential batch 
high temperature anaerobic digestion of chicken manure and straw 
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The main reason for the decline of VFAs in the digestive juices of the later four 
groups was that the pH of the digestive juice was adjusted by adding sodium 
bicarbonate (NaHCO3) on the seventh day (Zhang et al., 2011). The methanogens in 
anaerobic digestion then began to adapt, and the suitable pH value also increased the 
anaerobic biochemical enzymatic reaction rate. This promoted the degradation of acetic 
acid, lactic acid and butyric acid-based VFAs, and led to the further increase in pH. 
When the reaction was completed (50 d), the values of VFAs in the digestive juice of 
R1, R2 R3 and R7 were 1564.6, 1558.34, 1547.37 and 1335.58 mg/L, respectively. 
Among these digestive juices, the contents of formic acid, acetic acid, propionic acid, 
lactic acid and butyric acid were 9.19-9.97%, 20.58-22.13% and 15.74-18.44%, 22.86-
25.50% and 25.56-30.02%, respectively. 

Conclusions 

(1) The CODT of the fermentation broth of R1, R2, R3 and R7 showed a downward 
trend. The CODT of the fermentation broth showed a significant downward trend in the 
first 15 days, and CODT values decreased from 3584.45, 3132.28, 3355.45 and 
2987.39 mg/L at the initial stage to 1756.28, 1532.45, 1607.28 and 1528.33 mg/L. The 
degradation rates of CODT 15 were 51.06, 55.09, 52.11 and 48.84%. At the end of the 
reaction (50 d), the values of the four groups of CODT were 1223.10, 903.21, 1095.39 
and 1333.46 mg/L, and the degradation rates of CODT50 were 65.92, 73.53, 67.36 and 
55.36%. 

(2) The VFAs values in the initial stage of reaction (1d) of R1, R2, R3 and R4 were 
2063.84, 1950.4, 1875.32 and 1166.66 mg/L, respectively. As the high temperature 
anaerobic digestion proceeded, formic acid, acetic acid, propionic acid, lactic acid, 
butyric acid and total VFAs all increased. As the reaction proceeded to the seventh day, 
the maximum concentration, the VFAs of the digestive fluids from R1, R2, R3 and R7, 
were 3032.39, 3346.75, 3245.12 and 2794.03 mg/L, respectively. At the end of the 
reaction (50 d), the VFAs of the four groups of experimental digestive juices were 
1564.6, 1558.34, 1547.37, and 1335.58 mg/L, respectively. Among these digestive 
juices, the contents of formic acid, acetic acid, propionic acid, lactic acid, and butyric 
acid were 9.19-9.97%, 20.58-22.13%, 15.74-18.44%, 22.86-25.50% and 25.56-30.02%, 
respectively. 
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Abstract. Dry fermentation has many advantages, such as lower water consumption, high biogas 
production rates, and low costs. In this paper, chicken manure and straw were combined for dry 
fermentation at the high temperature of 55 ± 0.2 ℃, and the changes of the production rate, pH, VFAs 
concentration, and other parameters of the dry fermentation process were analyzed. The results showed 
that during the stable period, continuous digestion was realized, and the TS content exceeded 20% in 
agreement with the characteristics of dry fermentation. In this stage, the TS content, biogas production 
rate, methane concentration, and pH were relatively stable. The VFAs content increased with the increase 
of the loading frequency. At the end of the stable period, the TS contents in high-temperature dry 
fermentation systems R1, R2, R3, and R4 increased to 21.38 ± 0.85, 22.33 ± 1.98, 23.096 ± 1.23, and 
27.69 ± 2.99%, respectively. The biogas production rates maintained at 2.17‒2.33, 2.40‒2.63, 2.20‒2.44, 
and 0.75‒0.90 m3/(m3•d), respectively. The methane contents in biogas stabilized at 53.33‒57.22, 
64.34‒68.88, 61.18‒66.37, and 51.32‒55.45%, respectively. The systems were stable in operation, should 
rather be “as were the pH values and daily gas output. The HRT was determined to be 20 days. 
Keywords: chicken manure, co-fermentation, high temperature, anaerobic fermentation mechanism 

Introduction 

Compared to anaerobic digestion or wet fermentation, dry fermentation has the 
characteristics of less water consumption, highbiogas production rates, low costs, etc. 
Nevertheless, dry fermentation is difficult to start, and the parameters of the process are 
difficult to adjust (Chu et al., 2010; Li et al., 2016; Linke, 2006). Moreover, concentrated 
ammonia and toxic metabolites inhibit the fermentation process. Thesedrawbacks limit 
popularization of the dry fermentation technology. In the past two years, encouraged by 
valorization of biomass resources to avoid the energy crisis, the dry fermentation 
technique for organic waste attracted more attention due to its advantages. In Western 
European countries, such as Germany, the dry fermentation technology for biogas 
production from domestic waste has been developed, especially for market-oriented 
applications (Zhang and Jahng, 2012; Chen et al., 2008; Duan et al., 2016). In 2000, the 
dry fermentation capacity of European domestic waste accounted for 54% of the total 
fermentation capacity (Tauseef et al., 2013). From 2006 to 2011, the proportion of dry 
fermentation in newly built anaerobic fermentation units for domestic waste further 
increased to 63% (Nasir et al., 2012). To date, dry fermentation is prevalently conducted 
at medium temperatures, and the feedstock is mainly kitchen waste. Few reports have 
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been made on the high-temperature dry fermentation technology using livestock and 
poultry manure, chicken manure, and straw. The commercial applications of dry 
anaerobic fermentation mainly consume domestic waste instead of livestock and poultry 
manure. This is because the nitrogen content in livestock and poultry manure is very high 
and suppresses fermentation, and ammonia very easily accumulates in the dry 
fermentation process. Therefore, in this paper, straw was added to regulate the C/N ratio 
in the high-temperature dry fermentation of livestock and poultry manure to shorten HRT 
and improve the total solid content (TS) in the fermentation liquid above 20%. This 
technique targets direct feeding and discharging and stable biogas production. The high-
temperature fermentation of chicken manure and straw represents a viable technical 
scheme for valorization of livestock and poultry manure and straw. 

Experimental materials and scheme 

Materials and sludge for inoculation 

Chicken manure in the experiment came from a chicken farm in Beipiao County, 
Chaoyang City, Liaoning Province, China. 100 kg chicken manure was collected and 
after careful screening to remove impurities, such as stone, chicken manure collected 
for continuous 3 d was sent to the laboratory directly and kept at 4 °C in refrigerator 
(Jiménez et al., 2003; Yeoung, 2005). After intensive mixing in the laboratory, the 
collected chicken manure was used as the experimental material for high temperature 
anaerobic digestion. The extra 500 kg of the material was packaged as 1 kg bags and 
frozen in refrigerator for a further experiment of continuous high temperature dry 
fermentation of chicken manure. Stalks used in the experiments, which were from a 
farm in Shenbei new district, Shenyang City, Liaoning Province, were shipped to the 
laboratory and cut and ground to 80 mesh. 

The inoculated microorganisms in the experiments were from anaerobic digested 
mud in a northern waste water treatment factory in Shenyang City, Liaoning Province, 
China. The inoculated active mud was transferred to an airtight plastic container and its 
temperature decreased to room temperature of about 20 °C or so during the 
transportation process (Rundberget et al., 2004; Wang et al., 2018; Zhang et al., 2017), 
whereas the inoculated mud still maintained active. In the laboratory, the inoculated 
mud was cultivated and acclimatized at 55 °C. The acquired 5 L of active mud was 
transferred to a 25 L air-tight plastic bag for acclimatization. After 3 d cultivation at 
constant 55 °C, 2.5 kg of fresh chicken manure, which was taken in advance and kept at 
room temperature, was added into active mud after acclimatization for 10 d cultivation 
(Hu et al., 2018; Naranjo et al., 2011). In addition, 5 kg of fresh chicken manure kept at 
room temperature was acclimatized and cultivated for 10 d for a further use. Dry 
material masses of chicken manure, stalks, and inoculated mud were determined after 
heating in air dry oven for 24 h at constant temperature of 105 °C (den Boer et al., 
2012). The organic content was determined after 4 h heating in the muffle furnace at 
constant 550 °C (Duan et al., 2016). Main parameters of the wet basic state of chicken 
manure, stalks, and active mud are shown in Table 1. 

 
Apparatus and methods 

The high-temperature dry fermentation using chicken manure and straw was carried 
out on the basis of the previous experiment. A 4×30-liter anaerobic bioreactor (Baoxing, 
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Shanghai) was used. The reactor content was stirred regularly through a central 
controller. Based on the results of the previous experiment, the feedstock with straw 
mass ratios of 0, 3, 5, and 100% was prepared. During the start-up stage of high-
temperature dry fermentation, 3 L of anaerobic sludge for inoculation, cultivated in 
Shenyang North Sewage Treatment Plant, was mixed with 3 kg of the feedstock, and 
then the mixture was placed into the feeding tank of the bioreactor, which was equipped 
with an air inlet and outlet. N2 was introduced for 5 min. After oxygen was discharged 
from the outlet, the feeding valve was opened for the addition of feedstock into the 
bioreactor. In the experiment, fresh feedstock was added from the top of the bioreactor 
after spent materials were discharged from the bottom of the bioreactor. For 
fermentation, the volume of materials was set to 20 L with water, and the temperature 
was adjusted to 55 ± 0.2 °C (García-Ochoa et al., 1999). During the experiment, 
NaHCO3 was added to maintain pH of the digestion liquid above 6.8. When the system 
reached a stable state, hydraulic retention time (HRT) was shortened from 200 to 20 
days to increase the total solid content (TS) to higher than 20%. Direct feeding and 
discharging and stable biogas production continued until the high-temperature dry 
fermentation was completed. In the last stage of the experiment, HRT was further 
shortened to 10 days for a destructive experiment to study the inhibition effect of the 
high TS content on the dry fermentation process. In the experiment, the biogas 
production rate, pH, volatile organic acids (VFAs) concentrations, and other parameters 
of the system were monitored, and the changes and relations of these parameters were 
analyzed. All the experiments were conducted twice, and the average values were 
adopted as valid data. 

 
Table 1. Main parameters of the wet basic state of chicken manure, stalks, and active mud 

Parameters TS:/% VS/% pH TC/% TN/% 

Chicken manure 27.29 23.33 6.33 46.07 4.73 

Stalks 91.44 86.50 6.89 50.02 0.88 

Active mud 18.12 8.36 7.41 -- -- 

TS: Total substance; VS: volatile substance; TC: total carton; TN: total nitrogen 

Results and discussion 

Characteristics of biogas production by the high-temperature dry fermentation 

Figures 1-4 show the changes of biogas production rates, methane production rates, 
and methane contents in reactors R1‒4. According to the changes of the loading 
frequency, biogas production rate, TS concentration, pH, and VFAs concentration, the 
whole process of high-temperature dry fermentation was divided into four periods: 
adaptation period (20 days, from day 1 to 20), fast-start period (30 days, from day 20 to 
50), stable period (70 days, from day 51 to 120), and overload period (20 days, from 
day 121 to 140). The changes in biogas production rates and relevant parameters in each 
stage were closely related to the loading frequency. In the adaptation stage, the 
microorganisms did not completely adapt to the dry fermentation system, and the 
feedstock amount was small, leading to a low biogas production rate. After the short 
start-up stage, the system became stable. The temperature and biogas production rate 
reached high levels. When the fermentation reached the overload stage, in the excess of 
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feedstock, the shredded straw expanded due to the high temperature and water uptake, 
inhibiting the reactions. 

In the adaptation period (20 days, from day 1 to 20), 1 kg of feedstock was loaded at 
the interval of 10 days without discharging. At the same time, 10 g of sodium 
bicarbonate (NaHCO3) was added to prohibit acidification and reaction inhibition. On 
the first day of the adaptation period, the TS contents in bioreactors R1‒4 were 
5.8 ± 0.25, 6.12 ± 0.65, 6.51 ± 0.55, and 6.99 ± 0.87%, and the biogas production rates 
were as low as 0.15 ± 0.06, 0.09 ± 0.02, 0.08 ± 0.04, and 0.01 ± 0.02 m3/(m3•d), 
respectively. In the first 10 days (day 1 to 10) of the adaptation period, the main reason 
for the decrease of TS concentrations in R1‒4 was that the feedstock was loaded only 
once, and the biochemical reactions took place in the same way as in the previous 
experiments. In the high-temperature dry fermentation, hydrolysis-acidification 
microorganisms degraded organic matter in R1‒4 reactors to produce organic acids, a 
small portion of which was digested by anaerobic methanogenic bacteria to yield 
biogas. Thereby, the TS contents in this stage decreased gradually. On day 10, the TS 
content decreased to 4.77 ± 0.16, 5.42 ± 0.56, 5.79 ± 0.77, and 6.51 ± 0.24%, 
respectively. During the adaptation period, the biogas production rate increased 
gradually. The anaerobic active sludge for inoculation required a period to adapt to the 
high-temperature anaerobic digestion system. The initial stage of the reaction was 
similar to a stagnant stage. During the adaptation period, the anaerobic microorganisms 
could not grow and reproduce themselves immediately because the growth and 
reproduction could not occur until enzymes for metabolism of nutrients were formed 
after a while in the fermentation system. The number of anaerobic microorganisms 
increased along with the process of digestion, and the biogas production rate increased. 
On day 10, the biogas production rates in reactors R1‒4 were 0.33 ± 0.04, 0.61 ± 0.14, 
0.51 ± 0.07, and 0.14 ± 0.03 m3/(m3•d), respectively. In this stage, feedstock was loaded 
at the interval of 10 days without discharging, so the HRT (day 1‒20) was 200 days. 
The methane contents in reactors R1‒4 increased from 38.45, 39.33, 40.21, and 29.31% 
on the first day to 47.21, 60.33, 54.35, and 45.33% on the 20th day because the number 
of anaerobic microorganisms increased with the improvement of adaptation to the high-
temperature fermentation system. 10 g of sodium bicarbonate added elevated pH, thus 
improving the activity of metabolism of methanogenic bacteria and biogas production 
and increasing the biogas production rate. During this period, because the feedstock in 
R4 was only straw, the hydrolysis reaction was inhibited, and acidification took place 
slowly, so the biogas production rate and methane concentration were significantly 
lower than those of the other systems with different types of feedstock. To sum up, the 
process in this stage was similar to that in the previous experiment. 

During the fast start-up period (30 days, from day 21 to 50), generally speaking, the 
TS contents in R1‒4 reactors increased because the feedstock was only added without 
discharging during this period. The HRT (day 21‒40) and HRT (day 41‒50) was 60 and 
40 days, respectively. During this period, the adaptation of anaerobic microorganisms to 
the high-temperature digestion was enhanced, and the growth rate of microorganisms 
increased to the maximum. The numbers of hydrolysis-acidification and methanogenic 
bacteria increased in geometric progression, but the feedstock was only added without 
discharging, so the feeding rate was higher than the metabolic decomposition rate by 
microorganisms, resulting in the increase of TS concentration. At the end of this fast 
start-up period (day 50), the TS content increased to 16.77 ± 0.65, 18.24 ± 0.29, 
19.35 ± 1.08, and 21.44 ± 1.45%, respectively. During the fast start-up period, the 
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biogas production rates in reactors R1‒4 were related to the loading frequency. The 
production rates increased first and then decreased on each loading day. The reason is 
that in these days, the easily degradable organic matter in the added materials could be 
rapidly utilized by the anaerobic microbial community that had adapted to the high-
temperature fermentation system, and hydrolysis-acidification and methanation 
processes occurred in these days, so the biogas production rates were high. Afterwards, 
the organic residue in straw degraded very slowly, leading to the decrease of biogas 
production rates. The biogas production rates in reactors R1‒4 increased from 
0.78 ± 0.09, 0.97 ± 0.11, 0.91 ± 0.12, and 0.34 ± 0.20 m3/(m3•d) on day 21 to 
1.71 ± 0.12, 2.14 ± 0.18, 2.01 ± 0.08, and 0.73 ± 0.07 m3/(m3•d) in R 1, 2, 3 and 4 on 
day 50. The methane concentrations in biogas produced by high-temperature 
fermentation in R1‒4 slightly increased. The reason is that the TS contents in the fast 
start-up stage increased, and the number of hydrolysis-acidification microorganisms 
also increased exponentially with the improvement of adaptation, promoting the 
hydrolysis-acidification process. The adaptation of methanogens to high-temperature 
anaerobic digestion was slow, and the activity of methanogens increased after the 
adaptation period that continued for 20 days. The addition of 10 g of sodium 
bicarbonate (NaHCO3) maintained the pH of the systems at the level of 6.8 to improve 
the metabolism activity of methanogens and to enhance the utilization of organic acids 
in the fermentation liquid to increase the methane concentrations in biogas. On day 50, 
the methane contents in biogas in reactors R1‒4 were 52.31, 66.25, 61.25, and 53.33%, 
respectively. 

During the stable period (70 days, from day 51 to 120), the TS contents 
continuously increased. The reason is that in this period, the feedstock was added and 
waste was discharged every day. Because the feedstock added contained straw, the 
shredded straw expanded in the high-temperature fermentation systems and floated in 
the upper layers of CSTR reactors. Although the systems were stirred before 
discharging, some straw still floated, and the proportion of straw in the materials 
discharged was relatively small, leading to the gradual increase of TS concentrations 
in these systems. On day 120, the TS contents increased to 21.38 ± 0.85, 22.33 ± 1.98, 
23.096 ± 1.23, and 27.69 ± 2.99%, respectively. During this period, the biogas 
production rates in reactors R1-4 maintained at 2.17‒2.33, 2.40‒2.63, 2.20‒2.44, and 
0.75‒0.90 m3/(m3•d) in R 1, 2, 3 and 4. The biogas production rate in reactor R2 was 
the highest because the C/N ratio in chicken manure and straw was 9.34 and 57.04, 
respectively. Compared to the reactor R1 containing pure chicken manure, the content 
of straw in R2 was increased by 3%, so the carbon content and the C/N ratio in the 
feedstock of R2 were increased, promoting the physiological metabolic activity of the 
microbial community in the high-temperature dry fermentation process. In the 
fermentation process, a large amount of organic carbon was transformed into CH4 and 
CO2 by anaerobic microorganisms. On the other hand, nitrogen was only consumed in 
the physiological metabolism of microorganisms. When a certain proportion of carbon 
sources was transformed into methane and carbon dioxide, a certain amount of 
nitrogen was required to ensure formation of the anaerobic microbial community. The 
proportion of carbon and nitrogen sources should be appropriate. Therefore, R2 
showed the highest biogas production rate of 2.40‒2.63 m3/(m3•d). The methane 
concentrations in biogas produced in the high-temperature fermentation reactors R1‒4 
were relatively stable and maintained at levels of 53.33‒57.22, 64.34‒68.88, 
61.18‒66.37, and 51.32‒55.45% in R 1, 2, 3 and 4, respectively. The reason is that 
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along with the high-temperature fermentation process, the organic substrate in these 
CSTR reactors was continuously supplied, and the hydrolysis-acidification 
microorganisms in these systems were balanced with methanogenic microorganisms. 
The former hydrolyzed and acidified the organic substrate supplied to produce organic 
acids, which were converted into methane by the methanogens that had adapted to the 
high-temperature fermentation systems. Therefore, these systems could stably produce 
biogas without the adjustment of pH, and the organic acids could be directly 
converted into methane and carbon dioxide. Therefore, the methane concentrations in 
biogas during this stage were the highest. Feeding and discharging could be realized 
each day, and 1 kg of feedstock was added each time. The HRT (day 51‒120) was 20 
days, and the system was stably operated. 
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Figure 1. Changes in the biogas production rate, methane production rate, and methane 
concentration in the high-temperature dry fermentation reactor R1 
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Figure 2. Changes in the biogas production rate, methane production rate, and methane 
concentration in the high-temperature dry fermentation reactor R2 
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Figure 3. Changes in the biogas production rate, methane production rate, and methane 
concentration in the high-temperature dry fermentation reactor R3 

 
 

0 20 40 60 80 100 120 140

0.0

0.2

0.4

0.6

0.8

1.0

 

 Biogas volume  yield

 Methane volume  yield

 CH
4
 concertration

Time/Days

0

10

20

30

40

50

60

70

M
e
th

a
n
e
 v

o
lu

m
e
 y

ie
ld

/m
3
.m

-3
.d

-1

 

0.0

0.2

0.4

0.6

0.8

1.0

B
io

g
a
s
 v

o
lu

m
e
 y

ie
ld

/m
3
.m

-3
.d

-1

C
H

4
c
o
n
c
e
rt

ra
ti
o
n
/%

 

 

Figure 4. Changes in the biogas production rate, methane production rate, and methane 
concentration in the high-temperature dry fermentation reactor R4 

 
 
During the overload period (20 days, from day 121‒140), the TS concentrations in 

these systems significantly increased. The main reason is that when the amount of 
feedstock was increased, especially in reactors R2, R3, and R4 with straw as the 
feedstock, the large amounts of shredded straw absorbed water and expanded rapidly at 
high temperatures. This straw aggregated in the upper layer of CSTR reactors. Although 
the mixtures were vigorously stirred before discharging, the straw aggregated was 
difficult to discharge. As a result, the composition of these systems changed, and the 
proportions of straw increased due to the retention. In the last stage, the straw expanded 
was hard to stir and discharge, resulting in the decrease of the biogas production rate. 
And the chicken manure and straw were directly discharged without biochemical 
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decomposition. Except R1, reactors R2, R3, and R4 did not yield biogas anymore, and 
the high-temperature dry fermentation was terminated. 

 
Correlations between pH, TS and VFAs concentrations in the high-temperature dry 

fermentation 

As shown in Figures 5-8, the changes in pH, TS and VFAs concentrations in the 
high-temperature dry fermentation reactors R1‒4 show that the TS concentrations were 
positively correlated with the VFAs concentrations in all reactors. The pH was regulated 
with NaHCO3 and maintained above 6.8 after 20 days of the adaptation period, which 
was favorable to the metabolic activity of methanogens. In the overload stage, with the 
further increase of the TS concentration, the acidification was inhibited, and the pH 
decreased. The reactions in reactors R1‒4 were terminated. 

In reactors R1‒4, the pH decreased from day 1 to 10 of the adaptation period. The 
main reason is that the feedstock was loaded only once in the first 10 days, and the 
principles of biochemical reactions were similar to those in the previous experiments. 
During the high-temperature dry fermentation, hydrolysis-acidification microorganisms 
decomposed organic matter in reactors R1‒4 to produce organic acids, resulting in the 
decline of pH in these high-temperature dry fermentation systems. However, the activity 
of methanogens converting organic acids into methane was relatively low, and the 
adaptation period of methanogens to the high-temperature dry fermentation systems was 
longer than that of the hydrolysis-acidification microorganisms. The decrease of pH 
further inhibited the metabolism of methanogens and weakened the utilization of 
organic acids. The pH declined gradually during the adaptation period (day 1‒10), and 
the pH on day 10 was 6.11 ± 0.35, 5.39 ± 0.41, 5.45 ± 0.21, and 6.75 ± 0.21 in R 1, 2, 3 
and 4, respectively. Among these four reactors, the pH in R2 declined to the lowest 
value, and the pH in R4 was the highest. The main reason is that the compositions of 
feedstock were different. In detail, the feedstock in R1, R2, R3, and R4 was pure 
chicken manure, chicken manure containing 3% straw, chicken manure containing 5% 
straw, and pure straw, respectively. Straw consists of cellulose, hemicellulose, and 
lignin, which have dense textures, greatly hampering the access of hydrolases into their 
internal structures and inhibiting hydrolysis reactions in R4. In contrast, the content of 
straw in R2 was as low as 3%, so the access of hydrolases was not impeded. 
Furthermore, the content of carbon in the feedstock of R2 was elevated and thus, the 
C/N ratio was adjusted to promote the physiological metabolism activity of the 
microbial community in the high-temperature dry fermentation process (Pontes and 
Pinto, 2006; Linke, 2006; Feng et al., 2013; Lu et al., 2012). 

From day 21, the feedstock was added without discharging. In detail, from day 21 to 
40, 1 kg of the feedstock was added at the interval of three days; from day 41 to 50, 
1 kg of the feedstock was added at the interval of two days. At this stage, sodium 
bicarbonate (NaHCO3) was not added, and hence the pH during the high-temperature 
dry fermentation in R1‒4 declined from 6.65 ± 0.11, 6.53 ± 0.32, 6.58 ± 0.19, and 
6.54 ± 0.32 on day 21 to 6.45 ± 0.14, 6.29 ± 0.25, 6.31 ± 0.41, and 6.39 ± 0.23 on day 
50. In this stage, the VFAs concentrations increased with the increase of TS 
concentrations and reached 39.87 ± 2.21, 48.22 ± 2.89, 41.77 ± 2.68, and 
11.23 ± 0.78 g/L, respectively in R 1, 2, 3 and 4, on day 50. The pH in the fast start-up 
period of high-temperature dry fermentation still decreased. The main reason is that 
after the adaptation stage, the metabolic activity of hydrolysis-acidification 
microorganisms in the high-temperature dry fermentation significantly improved, and 
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the methanogenic microorganisms had long generation time, and the adaptation of 
methanogenic microorganisms was slower than that of hydrolysis-acidification 
microorganisms (Zheng et al., 2018; Luo and Li, 2018; Fan et al., 2008). Therefore, the 
microbial community grew unevenly, and the activity of hydrolysis-acidification 
microorganisms was higher than that of methanogenic bacteria, resulting in the decrease 
of pH and increase of VFAs concentration (Hua and Yong, 2009; Zheng et al., 2018). 
On the 50th day, the pH decreased to 6.45 ± 0.14, 6.29 ± 0.25, 6.31 ± 0.41, and 
6.39 ± 0.23, and the VFAs content increased to 39.87 ± 2.21, 48.22 ± 2.89, 
41.77 ± 2.68, and 11.23 ± 0.78 g/L in R 1, 2, 3 and 4. 
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Figure 5. Changes in pH, TS and VFAs concentrations in reactor R1 
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Figure 6. Changes in pH, TS and VFAs concentrations in reactor R2 
 
 
From day 51, the feedstock was added and discharged every day. In detail, 1 L of the 

fermentation liquid was discharged first, and then 1 kg of the feedstock was added to 
the CSTR reactors. The volume of each system was increased to 1 L with water. The TS 
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concentrations in these systems continued to increase from 18.80 ± 0.98, 20.15 ± 0.38, 
20.99 ± 0.98, and 23.33 ± 1.54% on the 51st day to 21.38 ± 0.85, 22.33 ± 1.98, 
23.096 ± 1.23, and 27.69 ± 2.99% on the 120th day in R 1, 2, 3 and 4, respectively. 
Only on the 51st day, 20 g of sodium bicarbonate (NaHCO3) was added to adjust the pH 
of the fermentation liquid to above 6.8. Afterwards, the pH of the high-temperature dry 
fermentation systems self-stabilized between 6.6‒6.93, and the systems ran stably. 
During the stable period, the concentrations of VFAs were positively correlated with the 
concentrations of TS and increased to 56.45 ± 2.98, 71.11 ± 5.25, 69.33 ± 3.99, and 
22.08 ± 2.21 g/L, respectively, on day 120. 
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Figure 7. Changes in pH, TS and VFAs concentrations in reactor R3 
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Figure 8. Changes in pH, TS and VFAs concentrations in reactor R4 
 
 
In the stable period, feedstock was added and discharged from R1‒4 every day. Only 

on the 51st day, the pH of the fermentation liquid was adjusted to above 6.8. 
Afterwards, the systems ran stably without pH adjustment. The main reason is that the 



Li et al.: Characteristics of biogas production via high-temperature dry fermentation of chicken manure and straw 
- 4893 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):4883-4895. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_48834895 
© 2020, ALÖKI Kft., Budapest, Hungary 

metabolic activity of methanogenic bacteria was enhanced, and the high-temperature 
fermentation microorganisms grew evenly after the adaptation and fast start-up period. 
After the pH adjustment on day 51, the metabolic activity of methanogens was 
enhanced, and the organic acids generated from hydrolysis and acidification were 
directly consumed by methanogens to give methane. Therefore, the concentrations of 
organic acids increased in this stage, and the pH of these systems did not decline and 
kept constant between 6.6 and 6.93 because of the balance between the microorganisms 
(Luo and Li, 2018; Fan et al., 2008). 

During the overload period, with higher amount of feedstock loaded, the TS 
concentrations in R1‒4 increased significantly, resulting in a difficult discharge and 
decrease of pH. VFAs could not be metabolized because the reactions were inhibited, 
resulting in the increase of VFAs contents to 92.37 ± 4.59, 128.32 ± 7.32, 
118.79 ± 6.33, and 23.88 ± 1.36 g/L in R 1, 2, 3 and 4 at the end of the reactions. 
Except that the biogas production rate in R1 was 0.7 ± 0.02 m3/(m3•d), biogas was not 
produced in reactors R2, R3, and R4. The main reason for the stagnation of high-
temperature dry fermentation is that when the amount of feedstock loaded was 
increased, especially in reactors R2, R3, and R4 with straw as the feedstock, the large 
amounts of shredded straw absorbed water and expanded rapidly at high temperatures. 
This straw aggregated in the upper layer of CSTR reactors. Although the mixtures 
were violently stirred before discharging, the straw aggregated was difficult to 
discharge, resulting in the changes of the composition in these systems. The 
proportions of straw increased due to the retention of straw. In the last stage, the straw 
expanded was hard to stir and discharge. The systems were obviously rancid, which 
was sensed during the discharge process (Zhou et al., 2019). The accumulation of 
organic acids led to the decrease of pH in the systems, so the chicken manure and 
straw were directly discharged without biochemical degradation. Except R1, biogas 
was not produced in reactors R2, R3, and R4, and the high-temperature dry 
fermentation was terminated (Yang et al., 2017). 

Conclusion 

(1) In the adaptation period (20 days, from day 1 to 20), along with the loading with 
feedstock, the TS and VFAs concentrations, biogas production rates, and pH of the 
systems decreased, and the ammonia concentrations increased. At the end of the 
adaptation period, the biogas production rate in R1, R2, R3, and R4 was as low as 
0.78 ± 0.096, 0.97 ± 0.11, 0.91 ± 0.12, and 0.34 ± 0.20 m3/(m3•d), respectively. The 
concentrations of methane in biogas increased to 47.21, 60.33, 54.35, and 45.33% on 
the 20th day, and HRT (day 1‒20) was 200 days. 

(2) During the fast start-up period (30 days, from day 21 to 50), semi-continuous 
anaerobic digestion took place. The TS concentration, biogas production rate, methane 
concentration, and VFAs concentration in reactor R2 increased with the increase of the 
loading frequency. At the end of the fast start-up period, the biogas production rate in 
reactors R1‒3 and R4 was 1.71 ± 0.12, 2.14 ± 0.18, 2.01 ± 0.08, and 
0.73 ± 0.07 m3/(m3•d) in R 1, 2, 3 and 4, respectively. The methane concentrations in 
biogas increased to 52.31, 66.25, 61.25, and 53.33% on the 50th day. During the fast 
start-up period, the reactors were instable in operation, and the discharging and feeding 
could not be realized every day. The HRT (day 21‒40) and HRT (day 41‒50) values 
were 60 and 40 days, respectively. 
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(3) During the stable period (70 days, from day 51 to 120), continuous digestion was 
realized, and the TS concentrations exceeded 20%, in accordance with dry fermentation. 
In the stable period, the TS concentrations, biogas production rates, methane 
concentrations, pH, and other parameters in the reactors were relatively stable. At the 
end of the stable period, the concentration of TS in reactors R1‒3 and R4 increased to 
21.38 ± 0.85, 22.33 ± 1.98, 23.096 ± 1.23, and 27.69 ± 2.99%, respectively. The biogas 
production rates maintained at 2.17‒2.33, 2.40‒2.63, 2.20‒2.44, and 
0.75‒0.90 m3/(m3•d), and the concentrations of methane in biogas maintained at levels 
of 53.33‒57.22, 64.34‒68.88, 61.18‒66.37, and 51.32‒55.45% in R 1, 2, 3 and 4, 
respectively. The systems were stable in operation, and pH and daily biogas output were 
also stable and the HRT (day 51‒120) value was determined to be 20 days. 
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Abstract. Since 2007, a large-scare green macroalgae bloom of Ulva prolifera has occurred every year in 
the Yellow Sea, and satellite ocean color remote sensing monitoring of such event is an effective 
technical method with important application value. For the Moderate Resolution Imaging 
Spectroradiometer (MODIS), Geostationary Ocean Color Imager (GOCI), Sentinel-3 Ocean and Land 
Colour Instrument (OLCI), Landsat8 Operational Land Imager (OLI) and Gaofen satellite (GF1) 
multispectral satellite data of the study area, the bloom was monitored based on spectral band difference 
algorithms and band-ratio algorithms. In view of the threshold selection of the detection, the scaled algae 
index (SAI) is less sensitive to the environment and shows accurate stability. For the five satellite ocean 
color sensors, this study compared their ability to monitor algal bloom on spatial and temporal scales. On 
the spatial scale, quantitative results of each data are specifically compared. Low spatial resolution data 
was found to overestimate the blooming area. On the time scale, GOCI can best monitor the dynamic 
changes of bloom, and the composites of algae and sea surface wind shows the dynamic evolution of 
blooming event in the range from May to July 2017. 
Keywords: green tide, green macroalgae bloom, NDVI, Scaled Algae Index (SAI), Floating Algae Index 
(FAI) 

Introduction 

Ulva prolifera blooms (previously known as Enteromorpha prolifera) is defined as 
an ecological anomaly of massive green macroalgae exploding and accumulating under 
specific environmental conditions (Liang et al., 2008). In China, a large amount of 
waste on the vast coastal beaches of Jiangsu Province is thrown into the sea every 
spring, and the culture of the growing seaweed is polluted, which has spawned 
thousands of tons of U. prolifera (Hu et al., 2010b; Keesing et al., 2011; Naihao and 
Zhimeng, 2010). According to the Chinese marine bulletin, large-scale green algal 
blooms occur every year, often floating on the surface of scum, covered with biological 
or exudate beaches, with a range of up to 10,000 km2. The U. prolifera disaster will 
cause huge losses to China’s economy and will also cause damage to marine resources 
such as benthic animals, aquatic plants, and underwater resources (Liu et al., 2009; 
Shimada et al., 2008). 

Ocean color remote sensing is a passive measurement technique that utilizes visible 
and near-infrared bands. Compared with the surrounding seawater, the increase of algal 
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biomass leads to significant changes in satellite radiation. The law of light propagation 
is similar to that of common vegetation. There is a clear reflection peak near the green 
band at 555 nm and a distinct absorption peak near the red light at 680 nm. In the 
infrared band, the reflectance rises sharply to form a “red edge”. At 960 nm and 
1100 nm, there is an absorption peak due to water absorption (Xiao et al., 2017). With 
the increase of algal biomass, the reflectance of U. prolifera is shifted upward as a 
whole. Through the ocean color satellite data, we can obtain a series of bio-optical 
parameters such as chlorophyll concentration, sea surface temperature, fluorescence 
height, and seawater optical diffuse attenuation coefficient. In addition to the scientific 
data needed in these biogeochemical studies, ocean color remote sensing can provide 
near real-time monitoring of global organisms for more than 20 years. This long-term 
sequence data can be used to invert the evolution of floating algae and analyze time-
space transformation. 

Since the late 1970s, the increased demand for effective environmental monitoring 
for the coast has led to significant advances in the study of ocean color algorithms. 
Based on the difference between the spectrum of algae and surrounding seawater, 
various algorithms have been developed to help and monitor the blooms of U. prolifera. 
Depending on the specific spectral characteristics of U. prolifera, the algal patches and 
other features can be effectively classified by supervised or unsupervised classification; 
the spectral band difference algorithms and the band-ratio algorithms obtained by 
empirical model using in situ data sets such as chlorophyll and reflectivity is widely 
used in the detection of this events; the bio-optical model based on solid theoretical 
basis and strict equations is robust in algal classification applications. In 2008, Hu and 
He et al. analyzed the U. prolifera bloom along the coast of Qingdao during the 
Olympic Games using the Normalized Vegetation Index (NDVI) (Hu and He, 2008). In 
2009, Hu et al. proposed a Floating Algae Index (FAI) and explored the origin of 
floating algae using MODIS’s 2007-2013 data (Hu et al., 2010a; Hu, 2009). In 2016, 
Zhang Hailong et al. also proposed the Multispectral Green Tide Index (MGTI) based 
on GF/WFV (wide field-of-view) and HJ CCD (Huanjing satellite charge coupled 
device) data, and found that MGTI’s overall satellite detection results for China are 
good (Zhang et al., 2016). The qualitative detection of blooms by ocean color remote 
sensing has been developed more fully (Blondeau-Patissier et al., 2014). 

A wide variety of satellite sensors provide solid data support for blooms monitoring, 
and the use of multi-source data to monitor algae is becoming a research hotspot. Cui et 
al compared the ability of MODIS/Terra (EOS AM), HJ-1/CCD, Environmental 
Satellite (ENVISAT) Advanced Synthetic Aperture Radar (ASAR) data to detect 
massive green macroalgae bloom, and obtained the conclusion that spatial resolution is 
the main influence factor for the area of detection bloom (Cui et al., 2012). The remote 
sensing data of the ocean color satellites such as MODIS/Aqua (EOS PM), COMS 
(Communications, Ocean and Meteorological Satellite)/GOCI, Sentinel-3/OLCI, 
Landsat8/OLI and GF1/WFV used in this study have different spatial resolution, 
spectral resolution and time resolution, and also have difference with spatial coverage. 
What is the capability of these satellite sensors to monitor U. prolifera blooms? Which 
sensor has better performance for algal blooms detection? Is there a way to improve the 
performance of blooms detection? Is the effect monitored by different optical 
algorithms consistent? Based on the above five kinds of remote sensing data, this study 
analyzed the characteristics of the algorithm for qualitative monitoring, discussed the 
threshold selection of quantitative detection of U. prolifera blooms. We used the mixed 
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pixel decomposition for area statistics, and compared a variety of data to detect the 
performance of algae on the spatial and temporal scales. 

Materials 

Study area 

The Yellow Sea is located between the Chinese mainland and the Korean peninsula, 
with a latitude and longitude range of 32°N-37°N and 119°E-123°E. Habitually, the 
Yellow Sea is divided into two parts, the North Yellow Sea and the South Yellow Sea, 
with a line connecting the Chengshanjiao of Jiaodong Peninsula to the Changshanchuan 
of North Korea. The study area selected in this paper is located in the South Yellow Sea 
(e.g. Fig. 1). The sea area is rich in water mass, with coastal currents moving southward 
along the mainland, black tide branches entering through the Tsushima Strait, and 
Yangtze River freshwater flowing from the Yangtze River estuary to Jeju Island. 
According to the China’s marine bulletin, from May to July 2017, the U. prolifera 
disaster affected the sea area near the South Yellow Sea, and the coverage area and 
distribution area reached the maximum on June 19, which were 281 km2 and 29522 km2 
respectively. 

 

 

Figure 1. Overview of the study area, the lower right is an example of green U. prolifera bloom 
 
 

Data 

The important advances in the design techniques of the second and third generation 
ocean color satellite sensors have greatly improved the ocean color algorithm, and then 
the visualization of satellite images can accurately monitor blooms events such as U. 
prolifera bloom in coastal waters. In order to study the effect of the resolution on 
quantitative estimation of blooming area, this paper selects Aqua/MODIS with 1000 m 
resolution, COM/GOCI with 500 m resolution, sentinel-3/OLCI with 300 m resolution, 
Landsat8/OLI with 30 m resolution, GF1/WFV with a resolution of 16 m, five different 
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spatial resolution data, they also have different spectral resolutions (e.g. Table 1) (the 
five images are imaged on May 27, 2017). The surface wind speed at 0.25° horizontal 
resolution are obtained from the Advanced Microwave Scanning Radiometer for Earth 
Observing System (AMSR). The surface wind vectors at 0.25° horizontal resolution are 
obtained from the Cross Calibrated Multi-Platform (CCMP) which provides consistent, 
gap-free long-term timeseries of the surface wind vector analysis field from July 1987 
to May 2016. 

 
Table 1. Sensor property analysis 

Instrument Agency/spacecraft 
Spatial 

resolution (m) 
Width (km) 

Mission 

life 
Revisit time 

WFV GF1 16 
800 (Four-

Taiwan Union) 
2013-

present 
4 days 

OLI Landsat8 30 185 
2013-

present 
16 days 

OLCI ESA-Copernicus/Sentinel-3 300 1270 
2016-

present 
Less than 

2 days 

GOCI KIOST/COMS 500 2500 
2010-

present 
1 h 

MODIS NASA/Terra; Aqua 1000&500&200 2330 

1999-
present; 
2002-

present 

1 day 

 
 
Moderate Resolution Imaging Spectroradiometer (MODIS) is currently mounted on 

the Earth Observation System (EOS) Terra (AM) and Aqua (PM) satellites to transmit 
real-time data to the world via the X-band. Its main goal is to achieve a comprehensive 
view of solar radiation, the atmosphere, the ocean and the land from a single series of 
polar orbital space platforms. MODIS contains 36 bands, including 20 bands of visible 
light to short-wave infrared, 16 bands of thermal infrared, spatial resolution of 1-2 band 
of 250 m, 3-7 band of 500 m, and the remaining bands of 1000 m. The Geostationary 
Ocean Color Imager (GOCI) is the world’s first geostationary orbit satellite imaging 
sensor. The GOCI is loaded on the Communications, Ocean and Meteorological 
Satellite (COMS) of South Korea launched in June 2010 and operated by the Korea 
Ocean Satellite Center (KOSC) to observe or monitor the color of the water surrounding 
the Korean peninsula. The OLCI is mounted on the sentinel-3 satellite. The Sentinel-3 is 
a polar-orbit, multi-sensor satellite system that includes sensors and optical instruments 
and developed by the European Space Agency as part of the Copernicus Programme to 
better manage the environment and understand climate change. The OLI is mounted on 
the American Earth observation satellite Landsat8, which runs from a near-polar 
circular orbit synchronized with the sun to ensure imaging of moderate solar elevations 
in the mid-latitudes of the Northern Hemisphere. OLI uses push-broom sensors and uses 
NASA’s (National Aeronautics and Space Administration) technology in Advanced 
Land Imager sensors, which helps reduce moving parts and improve ground 
information. Four 16-m resolution multi-spectral cameras WFV are mounted on China’s 
GF1. Combined with multi-spectral, high spatial resolution and high temporal 
resolution optical remote sensing technology, it has promoted China’s satellite 
engineering. 
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Remote sensing images are usually recorded with dimensionless digitized Digital 
Number (DN) values, and the true reflectivity is required for the algal quantization 
calculation, so radiometric calibration and atmospheric correction are required. The 
purpose of radiometric calibration is to convert the DN value into radiance. The 
atmospheric correction is mainly to eliminate the influence of atmospheric molecules 
and aerosol scattering on the reflection of the ground object. Before performing these 
two steps, in order to eliminate terrestrial interference, land mask processing is first 
performed. Multi-data quantification of algal statistic requires regional matching and 
therefore requires precise geometric correction to obtain geographic information. 
Finally, when we analyzed the performance of each resolution data, we can choose good 
weather condition and the range of the same area covered by the blooming patches is: 
34°31’41” N -35°22’17” N, 120 °33’23”E- 122°14’14”E. 

Methods 

Qualitative analysis 

This section specifically discusses two optical methods of detection: the band-ratio 
algorithms and spectral band difference algorithms. 

The commonly used band ratio forms of blooming events have a ratio vegetation 
index RVI, a normalized vegetation index (NDVI; Rouse Jr et al., 1974), and a 
redeveloped enhanced vegetation index (EVI; Baret and Guyot, 1991), all of which 
utilize the “red edge” that appears in the near-infrared band of algae. The specific form 
is as follows: 

 

 /NIR RRVI R R=  (Eq.1) 
 

 ( ) / ( )NIR R NIR RNDVI R R R R= − +  (Eq.2) 
 

 1 2 3( ) / ( c )NIR R NIR R BEVI G R R R R c R c=  − +  −  +  (Eq.3) 
 

In Equations 1-3, RB, RR and RNIR are surface radiation in the blue, red and near 
infrared bands, respectively, c3 is the canopy background adjustment that handles the 
nonlinear, differential near-infrared, and red radiation transmission through the canopy. 
c1 and c2 are coefficients of the aerosol resistance term. It uses blue bands to correct the 
aerosol effects in the red band. The coefficients adopted in the MODIS-EVI algorithm 
are; c3 = 1, c1 = 6, c2 = 7.5, and G (gain factor) = 2.5. The range of NDVI is between -1 
and 1, and the pixels covered by the U. prolifera patches are usually positive, thus 
distinguishing them from the ocean pixels. 

The reflectance spectrum of a mixed pixel with algae changes significantly compared 
to the surrounding pure seawater. Compared to scattering, absorption varies more 
rapidly with wavelength, and two adjacent reflection spectral bands may have similar 
backscattering properties, but are significantly different in absorption, which can be 
quantified by spectral band differences. Different algorithms can be designed using 
spectral band differences. It is concluded that several algorithms for detecting algae 
have similar mathematical expressions. 

Hu et al. proposed the Floating Algae Index (FAI) for macroalgae (greater than 
4000 km2) based on MODIS data. FAI uses the estimation of the difference between 
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reflectance of near-infrared band and the linear baseline of red to short-wave infrared. 
Zhang Hailong et al. also proposed the Multispectral Green Tide Index (MGTI) based 
on GF/WFV and HJ/CCD data, defined as the difference between the reflectance of the 
green band and the linear baseline of the red to blue band. Fluorescence Line Height 
(FLH) and Maximum Chlorophyll Index (MCI; Gower et al., 2005) for red tide also 
have the same mathematical form (e.g. Eqs. 4-7). 

 

 
'

NIR NIRFAI R R= −  (Eq.4) 

 

 
' ( ) NIR R
NIR R SWIR R

SWIR R

R R R R
 
 

−
= + − 

−  (Eq.5) 

 

 
'

G GMGTI R R= −  (Eq.6) 

 

 
' ( ) G B
G G B R B

R B

R R R R R
 
 

−
= − + − 

−  (Eq.7) 

 
RB, RG, RR, RNIR, and RSWIR are the reflectance of blue, green, red, near-infrared, and 
short-wave infrared, respectively. For MODIS data, Hu et al. proposed λR = 645 nm, 
λNIR = 859 nm, λSWIR = 1240 nm. Since 1240 nm results in a lower baseline and a higher 
FAI value, 1240 nm instead of 1640 nm or 2130 nm is selected for MODIS data. 
According to GF-WFV data, Zhang Hailong et al. proposed λB = 475 nm, λG = 560 nm, 
λR = 660 nm. When the spectral band difference algorithms are applied to GOCI, 
Sentinel3 and Landsat8, the optimal replacement band is given through comparative 
analysis. 

 
Threshold selection 

Threshold selection is critical to the impact of green macroalgae bloom monitoring 
results. For any type of optical sensor, optical algorithms such as NDVI are more or less 
affected by atmospheric aerosols and turbid waters, and changes in environmental 
factors on satellite images can lead to irregularities in algorithmic results. 

When using traditional single thresholds for classification, because the sea water 
mass of the Yellow Sea is complex, the degree of turbidity is high, the NDVI values of 
many seawater pixels are positive, and they are classified as macroalgae pixels, so the 
region calculation with smaller thresholds contains incorrect seawater pixels, but if the 
threshold is too large, some algal patches with less biomass will not be detected. We 
framed two mixed areas (Region A, Region B, e.g. Fig. 2), and performed statistical 
histogram processing on the NDVI of the two areas, it obtained the bimodal image 
features (e.g. Fig. 3), which will be unfavorable to quantitative analysis, because it is 
difficult to choose a single threshold to determine the type of feature. We try to use an 
image processing algorithm to make the columnar statistics of the algorithm into a 
single peak shape to achieve semi-automatic threshold selection, which lays a good 
foundation for our area statistics. 

The Scaled Algae Index (SAI) is a semi-automatic image processing algorithm that 
removes the high variability of images (Garcia et al., 2013). The SAI algorithm is 
derived from normalized difference algae index (NDAI; Shi and Wang, 2009), based on 
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the algorithm results of the spectral band difference algorithms and the band-ratio 
algorithms obtained in Sections 3.1 and 3.2. By subtracting the local ocean pixel from 
the desired point, the ocean pixel is reduced to 0, algae pixels are positive. SAI takes the 
pixel on the optical algorithm result graph as the center, first selects the template size 
which match the odd-squared pixel region, performs the median convolution 
calculations in the spatial domain, and then subtracts the median image from the 
original algorithm image. (Note: terrestrial and cloud pixels are excluded from 
convolution calculations). 

After the SAI image processing, it was found that the histogram of the region A 
region B is centered at 0 and the peaks overlap (e.g. Fig. 3), eliminating the high 
variability of the image. Three pure ocean regions, a, b, and c were selected, and the 
mixed seawater region d were selected, and their histogram distributions were compared 
(e.g. Fig. 4). After the SAI, the pixel values of the seawater in the regions a, b, and c are 
balanced, so we can use the tail end of the ocean pixel statistical value as the threshold 
to extract the algae. For any type of optical image, using the SAI algorithm will reduce 
the variability of the environment, making the selection of a single threshold always 
more reliable, and the area results are always more stable and accurate. 

 
Mixed pixel decomposition 

When using the MODIS data of 1000 m resolution to detect the blooming event, the 
study area of the algal patches is small, and there is a large number of mixed pixels, which 
makes large errors based on low resolution data, leading to misjudgment of some features. 
This study attempts to use the mixed pixel decomposition (Li et al., 2007; Tan et al., 
2013) to calculate the blooming area on the basis of qualitatively classifying the algal 
pixels. The basic features are extracted from the pixels, and the proportion of the 
calculated features is called hyperspectral unmixing. The basic features are called 
endmembers, and the endmembers can be understood as pure pixels. The abundance is the 
proportion of each endmembers. In this paper, we choose two kinds of endmembers of U. 
prolifera and seawater. The maximum image size after SAI treatment is selected as the 
pure endmember of algae. The specific area calculation is divided into two steps. First, the 
pixels larger than the threshold in the image are designated as algae pixels, which are less 
than or equal to the threshold are specified as seawater pixels. The algae pixels are then 
scaled, and the abundance or scaling ration is limited by the largest pixels in the image. 

 

  (Eq.8) 

 
In Equation 8, Spiexl is the spatial resolution of the sensor (for example, Landsat8 is 
30*30 m2), SAIthreshold refers to the threshold obtained in Section 3.3, and MAX SAIalgae 
refers to the pixel value of the largest image after SAI processing. 

Results 

Influence of spatial resolution 

From the South Yellow Sea study area, randomly select 12 areas without clouds or less 
clouds (e.g. Table 2). The MODIS/Aqua, COMS/GOCI, Sentinel-3/OLCI, Landsat8/OLI 
and GF1/WFV images corresponding to the 12 sub-areas were subjected to atmospheric 
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correction, geometric correction, terrestrial mask, and cloud mask pretreatment, then 
NDVI and SAI threshold methods were used to extract bloom information. 

 

 

Figure 2. The distribution of region A (31°25′41″ N- 4°28′57″N, 122°40′30″ - 125°10′45″ E) 
and B (35°19′3″N - 34°29′2″N,120°39′20″E - 122°11′36″E) 

 
 

  

Figure 3. NDVI statistical image of region A and B (take GOCI as an example). Left: statistics 
without SAI. Right: statistics through SAI 

 
 

 

Figure 4. Distribution of region a (35°43′5″ N - 35°59′13″N, 120°24′31″E - 120°56′4″E), 
region b (34°33′4″N - 35°3′1″N, 119°52′59″E - 120°21′58″E), region c (34°13′59″N - 

34°37′36″N, 122°16′25″W - 122°34′56″W), region d (35°19′3″N - 34°29′2″N, 122°11′36″E - 
120°39′20″E) and threshold selection (take landsat8 as an example, to do histogram 

distribution of mixed patches and pure seawater patches) 
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Table 2. Distribution of 12 sub-areas 

 Longitude Latitude 

Region 1 120°53′50″-121°16′17 35°7′34″-35°20′31″ 

Region 2 120°53′37″-121°18′56″ 34°44′5″-34°50′99″ 

Region 3 121°28′17″-121°50′42″ 35°4′15″-35°10′30″ 

Region 4 121°49′29″-122°13′72″ 34°43′20″-35°6′41″ 

Region 5 121°9′57″-121°34′22″ 34°50′17″-34°59′12″ 

Region 6 121°25′3″-121°37′1″ 34°44′29″-34°53′55″ 

Region 7 121°27′28″-121°46′20″ 35°6′29″-35°22′20″ 

Region 8 121°10′6″-121°36′40″ 34°40′54″-34°51′25″ 

Region 9 121°20′27″-121°30′29″ 34°46′59″-35°7′28″ 

Region 10 121°43′57″-122°0′59″ 34°46′10″-34°55′26″ 

Region 11 120°48′22″-121°4′46″ 34°45′20″-34°55′7″ 

Region 12 121°31′48″-121°45′42″ 34°55′17″-35°1′27″ 

 
 
Table 3 compares the area of the algae in each of the 12 sub-areas detected by each 

optical sensor. We use the following form (e.g. Eq. 9) to compare the accuracy of 
different sensor algal detection areas: 

 

  (Eq.9) 

 
where S is the area statistics of each sensor detecting algae, Sm is the area “true value”, 
and the algorithm will take the result of GF1/WFV as the “true value”. The regression 
analysis of the area results of each sensor detection is shown in Figure 5. Based on the 
GF1 data of 16 m resolution, the average accuracy of algal area in different sub-areas 
extracted from landsat8 with a resolution of 30 m is 5.62%, and the statistical area was 
about 1.05 times that of GF1 result. The average precision of algal area in different sub-
areas extracted from Sentinel3 with 300 m resolution was 92.9%, and the statistical area 
was about 1.7 times that of GF1 result. The average precision of algal area in different 
sub-areas extracted from GOCI with a resolution of 500 m was 172.28%, and the 
statistical area was about 2.3 times that of GF1 result. The average precision of algal 
area in different sub-areas extracted from MODIS with 1000 m resolution is 253.28%, 
and the statistical area is about 3 times that of GF1 result. 

From the statistical results of the algal area in the 12 sub-regions of the Table 3, it 
can be seen that the spatial resolution of the satellite sensor is the main reason that 
affects the detection area of the green macroalgae bloom. The lower the spatial 
resolution, the higher the detection area. The 16 m resolution GF1 data is similar to the 
30 m resolution Landsat8 data inversion of the algae, and is also the closest to the real 
value. The 1000 m resolution MODIS data inversion has the largest area and the lowest 
precision, and the overestimated error is generated relative to the 16 m resolution GF1 
data. This overestimation problem can be mitigated by using mixed pixel 
decomposition, but it cannot be completely solved. In addition to spatial resolution, 
there are other factors that affect the detection area of bloom. There may be 
performance impact of the sensor itself, or due to the small difference in transit time 
between the various sensors. Due to the influence of environmental factors such as 
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wind, flow and temperature on the sea surface, the dynamic change of this event is 
large, and it is difficult to accurately register between different sensors. Smaller time 
differences may result in changes in the biomass of the algae or algal patches rise and 
fall, causing deviations in pixel recognition. 

 
Table 3. Algal statistical results of 12 sub-areas (km2) 

 Landsat8/OLI sentinel-3/OLCI COMS/GOCI Aqua/MODIS GF1/WFV 

Region 1 4.677 7.584 11.441 16.863 4.217 

Region 2 6.676 11.223 15.584 19.2183 6.226 

Region 3 3.287 6.553 9.618 12.229 3.045 

Region 4 3.582 6.537 10.708 14.437 3.395 

Region 5 7.951 13.387 15.101 23.484 7.353 

Region 6 2.783 6.568 9.301 10.290 2.730 

Region 7 4.415 7.442 11.478 17.290 4.273 

Region 8 8.088 13.328 15.588 21.729 8.085 

Region 9 8.179 12.061 15.650 20.568 7.542 

Region 10 2.887 6.874 8.016 9.586 2.731 

Region 11 4.612 7.093 11.475 14.233 4.286 

Region 12 2.717 5.620 9.129 10.219 2.698 

 
 

 

Figure 5. Regression analysis of each sensor and GF1 sub-areas. Landsat8 (blue), MODIS 
(green), GOCI (red), sentinel3 (yellow) 

 
 
We selected a small area and used MODIS/Aqua, COMS/GOCI, Sentinel-3/OLCI, 

Landsat8/OLI and GF1/WFV data to perform NDVI calculations. The results of qualitative 
bloom detection are shown in Figure 6. Compared with the results of five different spatial 
resolutions of algae, the MODIS data with 1000 m resolution can only roughly reflect the 
drift direction of this bloom. The 500 m resolution GOCI and 300 m resolution Sentinel-3 
data mostly show the jagged shape due to pixel mosaic. The Landsat8 data at 30 m 
resolution and the GF1 data at 16 m resolution can show a strip-like bloom drift path, 
showing more algae details. The higher the spatial resolution, the more detail the observable 
algal patches are, and the shape of the algal patches is more defined. 

 
Comparison of U. prolifera bloom detection algorithm 

The selection time was May 27, 2017, and the data of MODIS/Aqua, COMS/GOCI, 
Sentinel-3/OLCI, Landsat8/OLI, and GF1/WFV were used to invert the U. prolifera 
patches in the study area. Qualitative detection of blooming event used the spectral band 
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difference algorithms and the band-ratio algorithms. The band-ratio algorithm is 
represented by NDVI, and the spectral band difference algorithm is represented by FAI 
and MGTI. Only a few ocean color sensors have the spectral requirements to meet the 
algorithm. Sentinel-3/OLCI, GF1/WFV, COMS/GOCI and other sensor bands are 
limited, while MODIS/Auqa and Landsat8/OLI can provide more spectral segments, so 
Sentinel-3/OLCI, GF1/WFV, COMS/GOCI take the MGTI as an example when the 
spectral band difference algorithm is used. For the spectral band difference algorithm of 
MODIS/Auqa and Landsat8/OLI, FAI is taken as an example. 

 

 

Figure 6. From left to right, MODIS, GOCI, Sentinel3, Landsat8, GF1 NDVI detection results. 
Bloom (white), sea water (black) (35°10′47″N- 35°17′15″N, 120°55′41″E- 121°3′39″E) 

 
 
The results of the algal area of the study area calculated by each sensor are shown in 

Table 4. The spectral band difference algorithm of the single sensor is consistent with the 
area statistical result of the band-ratio algorithm, and the reliability of the extraction result is 
also confirmed to some extent. As shown in Figure 7, each sensor qualitatively detects the 
blooming distribution in the study area. Under the same sensor condition, the results of 
qualitative detection of algae by different optical algorithms are highly consistent. 
Compared with the band-ratio algorithm, the spectral band difference algorithm is less 
sensitive to observation conditions and environment, and can be seen through the “thin 
cloud”. 

 
U. prolifera bloom dynamic monitoring 

Different time intervals for repeated observations of fixed areas on the ground by 
different ocean color sensors, plus cloud cover and other factors will affect the continuous 
and effective detection of bloom. The time resolutions of the five satellite sensors are 
different. The revisit time of GF1 is 4 days, the revisit time of Landsat8 is 16 days, the 
revisit time of Sentinel3 is less than two days, the revisit time of GOCI is 1 h, and the revisit 
time of MODIS is 1 day. Finding the data of each sensor from May to July 2017, and 
drawing the dynamic bloom drift path, the results indicate that the GOCI data can better 
detect the dynamic drift of the bloom(e.g. Fig.8 (a) ), which most important reason is that it 
has the most valid data. The widths of MODIS, Sentinel3, and GOCI are large, and they can 
cover most areas where the algae, but MODIS and Sentinel3 have less available data 
compared with GOCI (e.g. Fig. 8 (b, c) ). Landsat8, GF1, and Sentinel3 have small time 
resolution and less available data (GF1, Landsat is not shown in the figure because the data 
volume is too small), and because GOCI is a geostationary orbit sensor, compared to the 
other four sensors, it eliminates the effect of orbital movement and can efficiently target 
areas of interest probe. Although the time resolution of MODIS data is large, it is not 
recommended to use it for dynamic monitoring of algae due to the impact of cloud coverage 
and low spatial resolution. 
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The cloudless GOCI image or GOCI images with few clouds in time range were selected 
from the Korean Ocean Satellite website. After preprocessing the images, the NDVI 
method was selected to extract the algal information. This study selected 6 days of yellow 
sea green algae bloom detection results on May 17, 2017, May 26, 2017, May 28, 2017, 
June 14, 2017, June 27, 2017 and July 12, 2017 for display. 

 

 
(a1) GF1/WFV NDVI results  (a2) GF1/WFV MGTI results 

 
(b1) Landsat8/OLI NDVI results  (b2) Landsat8/OLI FAI results 

 
(c1) sentinel3/OLCI NDVI results  (c2) sentinel3/OLCI MGTI results 

 
(d1) COM/GOCI NDVI results  (d2) COM/GOCI MGTI results 
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(e1) Aqua/MODIS NDVI results  (e2) Aqua/MODIS FAI results 

Figure 7. Qualitative monitoring results of each sensor 
 
 

 
(a) Dynamic drift distribution of bloom obtained from GOCI data 

 
(b) Dynamic drift distribution of bloom obtained from Sentinel3 data 

 
(c) Dynamic drift distribution of bloom obtained from Sentinel3 data 

Figure 8. U. prolifera distribution map from May to July 2017 obtained from GOCI, Sentinel3 
and MODIS respectively 



Zheng et al.: Quantitative Ulva prolifera bloom monitoring based on multi-source satellite ocean color remote sensing data 
- 4910 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):4897-4913. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_48974913 
© 2020, ALÖKI Kft., Budapest, Hungary 

Table 4. Statistical results of U. prolifera patches area in the study area 

Instrument Method Spatial resolution (m) Area statistics results (km2) 

GF1/WFV NDVI 16 40.939 

Landsat8/OLI NDVI 30 43.378 

Sentinel-3/OLCI NDVI 300 81.322 

COMS/GOCI NDVI 500 87.266 

Aqua/MODIS NDVI 1000 128.708 

GF1/WFV MGTI 16 41.549 

Landsat8/OLI FAI 30 43.399 

Sentinel-3/OLCI MGTI 300 80.547 

COMS/GOCI MGTI 500 83.903 

Aqua/MODIS FAI 1000 130.55 

 
 
The composites of algae and sea surface wind are shown in Figure 9, it indicates the 

numerical simulation of the sea surface wind has a high correlation with the movement of 
the macroalgae bloom. A green macroalgae bloom appeared in May and died in July, its 
drift path is roughly northward along the land.  
 

 

Figure 9. The map of the surface geostrophic current speed (color), velocities (vectors) and 
algae obtained from GOCI data (green) 
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It can be seen from Figure 9 that in May the bloom erupted and moved northward under the 
transport of prevailing wind (southerly and southeastern wind), that also proves that the 
prevailing wind is the main driving force for the movement of this event (Xing et al., 2009). 
Green macroalgae grows rapidly in mid-May, moves northward under the control of 
environmental factors, and gradually gathers in the waters near Lianyungang, from May 
26th to May 28th, the drift speed of the algae was very small and there was almost no drift, 
which also accorded with the wind direction. The biomass of algae has reached its 
maximum in mid-June, and it continues to move northward and spreads. In late June and 
early July, the wind was blowing towards the land, it gradually disappeared due to human 
fishing and other reasons. A comprehensive analysis of the distribution and the biomass can 
be found that they are all approximately normal distribution. The distribution of U. prolifera 
is first dispersed, then aggregated and redispersed, and the biomass of algae is first 
increased and then decreased. This is consistent with the process of emergence, 
development, outbreak, and extinction of U. prolifera. 

Discussion 

In the process of using optical algorithm to detect algae, cloud pixels will cause 
misjudgment. Cloud pixels are displayed as high values in both FAI and NDVI. If the 
pixel mosaic shape is just a thin strip, it may be misunderstood as a algae pixel. The 
current cloud concealing algorithm is very rich, but it does not distinguish the cloud 
pixel completely. The algorithm of the monitor algae, we can use the RGB image for 
cross-checking. 

More types of sensors and data assimilation methods should be used to establish 
relevant detection systems to deal with algal outbreaks and reduce the possibility of 
damage to the marine environment. In addition to optical remote sensing satellites, there 
are many other platforms that provide data for detecting U. prolifera blooms. In recent 
years, unmanned aerial vehicle (UAV) have become one of the important tools for 
obtaining high-resolution remote sensing data due to their small size, low operating cost 
and high flexibility. Some scholars have used UAV to conduct monitoring research on 
U. prolifera disasters. UAV observations can effectively compensate for the lack of 
spatial resolution and temporal resolution of traditional satellite remote sensing methods 
in blooming events monitoring. Optical data can detect algae suspended in the sea 
below a certain depth. Microwave cannot penetrate the sea surface, so it can only detect 
algal patches floating on the surface. However, microwave remote sensing is not 
affected by weather conditions and can penetrate the cloud. Microwave data such as 
SAR images are a good complement to all-weather monitoring of blooming events. 
Because the imaging mechanism of microwave image and optical image is different, we 
need a large number of simultaneous optical and microwave data analysis to obtain 
more accurate results of blooming events detection. 

Conclusion 

Since algal blooms is characterized by rapid growth, it is important to monitor 
potential algae bloom events early through satellite data. For qualitative monitoring of 
U. prolifera bloom, the use of optical algorithms for detection is reliable, and the results 
of the band-ratio algorithm and the spectral band difference algorithm are similar. It is 
important to accurately target the bands of green vegetation, the higher the spectral 
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resolution data, the better the qualitative algae patches. For quantitative monitoring of 
U. prolifera bloom, the results of low spatial resolution data detection of area are too 
large, which attempted to use the mixed pixel decomposition to calculate the area to 
weaken the overestimation phenomenon, but this overestimation cannot be eliminated. 
For effective monitoring and forecasting to save time, it is recommended to use high 
spatial resolution sensors, of course sensor revisit time (related to the detection time 
interval) and the width of the image (related to the detection range) are important. Sea 
surface wind determines the dynamic movement direction of algae. Using satellite data 
numerical simulation to monitor the state of sea surface wind can effectively monitor 
the drift of green macroalgae. 
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Abstract. While the effects of heavy metals on soil organisms are relatively well-documented, the effects 
of heavy metals caused by long-term sewage irrigation are poorly understood. Therefore, we collected 
two kinds of soil samples from a paddy field which was irrigated with sewage for more than 20 years 
(SIA) and the adjacent non-sewage irrigated land as control (NSIA) in Shaoguan, southern China, to 
assess the long-term effects of multiple metal mining activities on soil microbial biomass, nematode 
assemblages. The available Cu and Zn, and the total Cu, Zn, Pb and As contents in SIA were higher than 
those in NSIA area by 13.60, 7.69, 8.56, 2.35, 2.96 and 3.11 times on average. Heavy metals stimulated 
microbial biomass and nematode biomass consumption, which caused a shift in nematode groups, and the 
mean content of soil microbial biomass carbon (C) and nitrogen (N) in SIA drops by 25.76%, 11.10% 
compared to the NSIA. Organics showed a positive effect on soil microbial biomass C and N, with the 
same response for all types of nematodes, Available Cu and Zn, and the total Cu, Zn, Pb and As content 
in soils exhibited a negative effect on soil microbial biomass C and N, and each group of nematodes, 
which reveal that the microbial/nematode activities had been disrupted by the heavy metals. 
Keywords: long-running polymetallic mining activities, a paddy soil, mine sewage irrigation, heavy 
metals, soil microbial biomass, nematodes assemblages, effects, southern China 

Introduction 

Ore mining making a great contribution to the economy in China, 173 kinds of 
minerals have been discovered and a variety of metallic minerals (e.g. copper, zinc, 
lead, etc.) ranked first in the world till 2017 (China Mineral Resources, CMR, 2018). In 
Shaoguan, a municipality in Guangdong, southern China, polymetallic mining activities 
have provided livelihoods for local residents since the 1958’s in record (Chen, 2012). 

Exploitations of ore resource accelerate industrialization process of China and 
improved Chinese’s living standard, but it remains a momentous issue owing to 
incidences of health problems and environmental degradation (Cortes-Maramba et al., 
2006). Ore mining is related to the increasing of soil heavy metals in environment, in 
general, they are deposited in ore and harmless, yet destabilized heavy metals produced 
by extraction pose a tremendous threat due to their potential to bioaccumulate, resistant 
to degradation, last for long period, high in concealment and interfere with biological 
processes (Heikens et al., 2001). As a result of obsolete equipment, underdeveloped 
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technologies, unsubstantial environmental awareness etc., much tailing produced and 
end up in the soil, atmosphere or river (Getaneh et al., 2006; Martinez et al., 2018). 
According to statistics, in China, approximately 20,000,000 ha of arable land are 
polluted by heavy metal, accounting for 1/5 of total arable lands, including 3,300,000 ha 
of sewage irrigation farmland, especially in red-soil regions, where the soil is worst-
polluted (Wen et al., 2008). 

Mt. Dabao mine, an old large-scale region for copper exploit before Tang and Song 
dynasties, abandoned in 1465’s, reconstructed in May 1958 and completed in 1975 
(Chen, 2012). Ore mining of Mt. Dabao mine was mainly dominated by surface mining 
and supplemented by underground mining, where the ore is made up of pyrrhotite, 
pyrite, chalcopyrite, as well as minor components of galena, limonite, chalcocite, 
calaverite, sphalerite, and native bismuth in mineral deposits (Zhou et al., 2007). Since 
mining began in 1976, a large amount of acid mine drainages and mine wastes have 
generated without any proper treatment and dispersed downslope into the Hengshi 
River, which is mainly employed to irrigate agricultural land for vegetables and crops 
(Zhuang et al., 2009). Past investigations have demonstrated that about 83 villages, 
585×104 m2 paddy fields, and 21×104 m2 ponds were polluted owing to mining 
activities around the mine (Zhou et al., 2004). Until 2006, water diversion irrigation 
realized in Mt. Dabao mine, yet cumulative effects of heavy metals pollution and 
environmental ecological impact will last for a considerable time (Chen, 2012). In 
recent years, the researchers mostly concentrated on research polluted characteristics of 
soil (Zhou et al., 2007), water (Chen et al., 2007), plant (Zhuang et al., 2009, 2013), 
distribution (Liao et al., 2016; Li et al., 2009) and migration (Chen et al., 2015, 2018; 
Wang et al., 2019) of heavy metals, assessment of soil heavy metals contamination 
(Zhao et al., 2012; Shu et al., 2018) etc., few information is available either on 
nematodes structure or soil microbial mass of the mine sites. 

Soil microbial biomass is the source and library of nutrients available for plant 
growth (Thakura et al., 2019), drives substance conversion and nutrient circulation in 
soil, and represents active parts of soil nutrients, including soil biomass carbon and 
nitrogen (Singh et al., 2018). Nematodes, the most abundant and ubiquitous 
multicellular organisms in soil, which distributed widely, identified easily with sample 
structure, and play a critical role in soil functioning. Nematodes can regulates bacterial 
and fungal populations, impact the decomposition of organic matter and influence 
nitrogen-carbon cycle in soil (Chen et al., 1999; Ingham et al., 1985; Savin et al., 2001). 
Soil microbial biomass and nematode communities, the center among soil-based 
biological communities, a sensor to disturbance of soil ecosystem, are sensitive to 
environmental changes, and using its change trend to evaluate soil quality and pollution 
has been a hot spot in international researches in the field of different soil ecosystem, 
e.g. farmland, forest, grassland, wetland, etc. (Yang et al., 2018; Wu et al., 2019; 
Čerevková et al., 2020). Nevertheless, the change of soil microbial biomass and 
nematode communities are poorly understood in agricultural field ecosystem which was 
irrigated with sewage for more than 20 years in polymetallic mining areas. 

Our objectives were to (a) determine the extent of pollution, comprehensively that of 
Cu, Zn, Pb, and As (Wang et al., 2016) caused by sewage irrigation owing to 
polymetallic mining; (b) assess the long-term influences of metals pollution on the soil 
microbial and nematode communities; (c) infer the relationship among soil microbial 
biomass, nematode parameters and soil physicochemical factors following sewage 
irrigating. 
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Materials and methods 

Study sites and soil sampling 

The area of Mt. Dabao mine (113°40′~113°43′E，24°30′~24°36′N) is situated in the 
northern part of Guangdong, southern China. The region has a subtropical monsoon 
climate with an average annual temperature of 20.3 ℃ and precipitation of 1782.7 mm. 
Our sampling area is on both side of Hengshui River and predominantly covered with 
paddy (Fig. 1). Parts of the selected area have been subjected to sewage irrigation 
owing to polymetallic mining and processing upstream, while other areas irrigated with 
unpolluted water were uninfluenced and regarded as non-polluted control. The soils at 
study area are waterloggogenic paddy in gray brown, distributed fairly evenly 
throughout all sewage area and basically within sandy sticky clay loam to clay loam 
(Fig. 2). 
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Figure 1. Map of research plots at Dabaoshan polymetallic mine area 
 
 
Soil samplings were taken in March, 2006. The study area was divided into 6 

sampling areas-S1, S2, S3, S4, S5 and S6 (Table 1). 6 soil samplings, each consist of 3 
composite sampling, were randomly collected in excess of 10 m interdistance from each 
area. S4, S5 and S6 were situated in right of Hengshui River near Xiaba Village, which 
were irrigated with wastewater discharge from Mt. Dabao mining activities upstream, 
thus we a priori referred to them as ‘sewage irrigation’ area (SIA) as opposed to the 
‘non-sewage irrigation’ area (NSIA), S1, S2 and S3. 6 composite samples each consist 
of 1000 g (a composite of 3 samples combined), were obtained from the upper 10 cm 
using a wooden shovel. Soil samples were put into ziplocked plastic bags and sealed 
tightly in a preservation box until laboratory processing. From each soil samples, 500 g 



Zeng et al.: Effect of heavy metals on soil microbial biomass, and nematode trophic groups of a paddy soil affected by long-running 
polymetallic mining activities in Guangdong, southern China 

- 4918 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):4915-4927. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_49154927 
© 2020, ALÖKI Kft., Budapest, Hungary 

were stored in 4 °C and used to the measurement of soil microbial biomass and 
nematode communities, another were used for nutrients, soil characteristics and heavy 
metal analyses. 

 

Note: 

S： Sandy soil SCL： Sandy clay loam 

LS： Loamy sand CL： Clay loam 

SL： Sandy loam SICL： Silty clay loam  

SI： Silty soil SC： Sandy clay 

L： Loam SIC： Silty clay 

SIL： Silty loam  C： Clay 

 
●  Soil textures at various sampling points 
 

 

 

Figure 2. Triangle diagram of soil texture distribution at sampling points of Dabaoshan 
polymetallic mine area 

 
 

Soil properties 

Soil pH of the subsamples was measured in the soil suspension of a 1:2.5 soil: water 
mixture by PHS-25 (ISRIC, 1995). Soil water content (S.W.C) of the subsamples was 
detected gravimetrically as percentage of dry mass by drying the samples to a constant 
weight at 105 ℃. Soil organic matter (S.O.M) of the subsamples was measured by the 
Walkley–Black’s procedure (Nelson et al., 1982). Soil content of total N was obtained 
by the Kjeldahl method (Bremner et al., 1982) Soil content of available Cu and Zn were 
analyzed using an atomic adsorption spectrophotometer (AAS, jena vario). Soil content 
of Cu, Zn were determined using a flame atomic adsorption spectrophotometer (AAS, 
jena vario 6). Soil content of Pb was measured using graphite furnace atomic absorption 
spectrophotometer (GFAAs, Jena ZEENIT 60). Soil content of As was detected using a 
spectrophotometer (AFS-8230). 

 
Soil microbial 

Soil microbial biomass was analyzed using a chloroform fumigation- K2SO4 
extraction method. 50-g fresh soil subsamples were adjusted to 40% water-holding 
capacity and fumigated in a CHCl3-saturated atmosphere in a desiccator for 24 h at 
25 ℃ in the dark, CO2 released from cells lyse of soil microbial death was absorbed by 
sodium hydroxide solution. Then, the fumigated and corresponding nonfumigated 
(control) subsamples were transferred to 0.2-L glass jars and add 0.1 L K2SO4 

(0.5 mol·L-1), keep the soil suspension of a 1:4 soil:water mixture, vibrating (300 r·min-

1) at 25 ℃ for 30 min, filtrated and measured immediately or stored at -18 ℃. 
Soil microbial biomass (Cmic) was measured by Carbon- automatic analysis (Phoenix 

8000) and Cmic was calculated as 
 
 Cmic = [(CO2-C from fumigated soil) – (CO2-C from control sample)] / kc (Eq.1) 
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Extract sample nitrified with 0.2 ml CuSO4 (0.19 mol·L-1) and 5 ml H2SO4, then 
using Flow injection nitrogen analyzer (FIAStar 500) to determined soil microbial 
biomass (Nmic), and Nmic was calculated as 

 
 Nmic = [(NH4

+-N from fumigated soil) – (NH4
+-N from control sample)] / kc (Eq.2) 

 
by using kc of 0.45 (Zang et al.; 2015). 

Soil microbial C/N ratio can be used as indicator to evaluate the capability and 
effectiveness of nitrogen supply in soil (Xiao et al., 2003), and calculated as 

 
 C / N = Cmic / Nmic (Eq.3) 
 
The change of microbial quotient reflects the conversion efficiency of organic 

substances input into the soil to microbial biomass carbon, the greater it is, the faster the 
soil organic carbon circulates (Gao et al., 2015), and Qmic calculated as 

 
 Qmic = Cmic / TS.O.C (Eq.4) 
 
The conversion coefficient SOM and TS.O.C was 1.724 (Qiu et al., 2015). 
 

Nematodes 

In ecological studies, soil nematodes are usually divided into 5 trophic groups, 
usually Bacterivores (BF), Fungivores (FF), Plant-parasites (PP), Omnivores and 
Predators are considered as the mayor trophic habits (Chen et al., 2003; Hodda et al., 
1994; Porazinska et al., 1999; Nagy et al., 2004; Weiss et al., 1991). The nematode 
community was analyzed by absolute abundance of individuals 100 g-1 dry soil. 

 
Statistical analysis 

The data presented in this work are reported as oven-dried weight. All data in this 
work were subjected to statistical analysis of variance using the SPSS procedure (version 
18.0, IBM). The sampling data measured for normality using a Kruskal Wallis test 
(version 12, Statistica). Significant differences among soil samples were identified by one 
way analysis of variance (ANOVA) to detect the differences in soil concentration of 
heavy metals, soil conmicrobial biomass and soil nematodes assemblages among SIA and 
NSIA followed by Least Significant Difference (LSD) tests (P < 0.05), the relations 
between soil microbial biomass C & N and soil nematode community structure versus soil 
environmental factors were inferred by Spearman correlation. 

Results 

Effects of 20 years’ sewage irrigation on soil physical and chemical properties and 

heavy metal concentration in paddy fields 

There is a significant difference in soil pH between NSIA and SIA, and the soil of 
both areas is basically acidic, while the pH value of SIA is lower than that of NSIA 
(Table 1). In the case of permanent framing, sewage irrigation has no significant effect 
on soil organic matter, total nitrogen and soil water content. There are significant 
differences in available Cu and Zn, and the total Cu, Zn, Pb and As contents in the 
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0~10 cm deep soil of paddy fields between SIA and NSIA. The concentration of heavy 
metals ranged between 2.93-67.17 mg/kg for available Cu, 1.66-22.00 mg/kg for 
available Zn, 21.27-280.67 mg/kg for Cu, 68.47-315.00 mg/kg for Zn, 41.20-
212.67 mg/kg for Pb, 14.67-74.10 mg/kg for As. The available Cu and Zn, and the total 
Cu, Zn, Pb and As contents in paddy fields of SIA are higher than those in paddy fields 
of NSIA by 13.60, 7.69, 8.56, 2.35, 2.96 and 3.11 times on average. Soil in the SIA is 
stronger in acidity and suffers higher pollution overall. 

 
Table 1. Statistical summary of the general descriptive parameters and heavy metal 
contents. Mean values for SIA and NSIA 

Soil properties 
NSIA SIA 

S1 S2 S3 S4 S5 S6 

Basic soil properties       

pH 5.73 ± 0.12 a 5.42 ± 0.39 b 5.65 ± 0.20 a 5.71 ± 0.24 a 4.63 ± 0.30 c 4.75 ± 0.36 c 

S.W.C (%) 0.17 ± 0.00 a 0.20 ± 0.01 a 0.29 ± 0.02 a 0.34 ± 0.12 a 0.28 ± 0.08 a 0.30 ± 0.04 a 

S.O.M (g/kg) 22.3 ± 1.14 c 19.7 ± 2.43 d 28.6 ± 0.39 a 25.8 ± 0.38 b 27.0 ± 1.81 ab 21.5 ± 3.11 c 

N (g/kg) 1.22 ± 0.01 a 1.23 ± 0.10 a 1.61 ± 0.10 a 1.50 ± 0.42 a 1.44 ± 0.50 a 1.23 ± 0.13 a 

Available Cu (mg/kg) 3.06 ± 0.19 e 2.93 ± 0.31 e 5.59 ± 0.40 d 41.23 ± 21.34 c 49.17 ± 12.43 b 67.17 ± 14.67 a 

Available Zn (mg/kg) 2.66 ± 0.32 e 1.66 ± 0.14 f 2.97 ± 0.18 d 12.80 ± 8.50 c 21.26 ± 21.17 b 22.00 ± 7.79 a 

Heavy metals(mg/kg)       

Cu 21.27 ± 2.14 f 23.07 ± 1.86 e 34.33 ± 2.87 d 173.33 ± 56.37 c 219.00 ± 33.06 b 280.67 ± 23.35 a 

Zn 139.23 ± 68.21 d 68.47 ± 10.11 f 119.00 ± 1.00 e 206.67 ± 61.58 c 247.00 ± 85.16 b 315.00 ± 19.16 a 

Pb 61.67 ± 8.36 d 41.20 ± 16.18 f 47.87 ± 6.51 e 107.27 ± 25.54 c 126.67 ± 21.03 b 212.67 ± 22.48 a 

As 14.67 ± 0.64 f 16.77 ± 3.10 d 15.47 ± 2.30 e 20.53 ± 5.15 c 51.23 ± 16.55 b 74.10 ± 17.96 a 

Total soil sampling 18. Mean ± standard deviation, S.W.C soil water content, S.O.M soil organic matter, (a, b and c). Significant 
difference (p < 0.01) between 6 sampling sites 

 
 

Effect of 20 years’ sewage irrigation on soil biomass C and N in paddy fields 

In the NSIA and SIA, from Equation 1, the soil microbial biomass C content ranges 
in 740.3~1,600.3 mg/kg and 705.8~1093.3 mg/kg with a mean of 1,154.3 mg/kg and 
856.9 mg/kg respectively; from Equation 2, the soil microbial biomass N content ranges 
in 92.04~217.63 mg/kg and 141.83~167.14 mg/kg with a mean of 174.28 mg/kg and 
154.93 mg/kg respectively, and both the means and mathematical statistics suggest that 
there is a significant difference between heavy metals effects on soil microbial biomass 
C and N of paddy fields. From Equation 3, in the NSIA and SIA, the soil microbial 
biomass C/N ratio ranges in 0.34~1.74 and 0.42~0.77 with a mean of 0.87 and 0.56, 
respectively. From Equation 4, the soil microbial quotient ranges in 5.72~9.82 and 
5.16~6.98 with a mean of 8.40 and 5.93, respectively (Fig. 3). 

 
Effect of 20 years’ sewage irrigation on different groups of soil nematode in paddy 
fields 

There are significant differences in quantity of various soil nematodes between the 
SIA and NSIA (Fig. 4), the NSIA is 2.73 times of the SIA in quantity of soil nematodes, 
and the density of soil nematodes in both areas follows the rule below: 
bacterivores > plant parasites > predators > omnivores. The density of bacterivores, 
plant-parasites and fungivores in the NSIA are clearly higher than that in the SIA by 
2.44, 0.80 and 4.48 times respectively, but the quantity of omnivores and predators was 
not so different and that of fungivores changes greatly. 
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Figure 3. Characteristics of soil microbial biomass C and N, soil microbial C/N ratio, 
microbial quotient in SIA and NSIA. (Different lower-case letters refer to the level of 

significance 5% that the difference between standard samples reaches) 
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Figure 4. Characteristics of each type of nematodes in SIA and NSIA. (Note: Different lower-
case letters refer to the level of significance 5% that the difference between standard samples 

reaches) 
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Correlation analysis of soil microbial biomass C & N and nematode group structure 

versus soil environmental factors 

Soil microbial biomass C has significant positive correlation with organics and 
significant negative correlation with available Cu, and the total Zn, Pb contents; soil 
microbial biomass N has significant positive correlation with organics; bacterivores, 
fungivores and the total quantity of nematodes have extremely significant positive 
correlation with pH and extremely significant negative correlation with available Cu 
and Zn, and the total Cu, Zn, Pb and As contents; plant parasites has significant positive 
correlation with pH and extremely significant negative correlation with available Cu 
and Zn, and the total Cu, Zn, Pb and As contents (Table 2). 

 
Table 2. Correlation of soil microbial biomass C & N and soil nematode community 
structure versus soil environmental factors 

 pH Organics 
Total 

nitrogen 

Water 

content 

Available 

Cu 

Available 

Zn 
Cu Zn Pb As 

Soil microbial 
biomass C 

0.137 0.530* 0.121 0.033 -0.471* -0.397 -0.450 -0.509* -0.545* -0.358 

Soil microbial 
biomass N 

0.114 0.647* 0.126 0.177 -0.215 -0.240 -0.226 -0.214 -0.098 -0.118 

Bacterivores 0.622** -0.208 -0.024 -0.435 -0.951** -0.940** -0.952** -0.885** -0.824** -0.725** 

Plant parasites 0.475* -0.131 -0.012 -0.397 -0.894** -0.863** -0.889** -0.839** -0.773** -0.615** 

Fungivores 0.634** -0.164 -0.018 -0.425 -0.943** -0.932** -0.944** -0.858** -0.809** -0.719** 

Omnivores -0.276 -0.272 -0.032 -0.144 -0.241 -0.194 -0.222 -0.401 -0.258 0.006 

Predators 0.312 -0.099 -0.045 -0.251 -0.290 -0.308 -0.304 -0.041 -0.052 -0.104 

Total quantity 
of nematodes 

0.599** -0.200 -0.023 -0.433 -0.942** -0.928** -0.942** -0.874** -0.812** -0.704** 

* and ** means the significance at the level of 5% and 1% respectively, n = 18 

Discussion 

(1) Heavy metals that are resistant to degradation and difficult to migrate accumulate 
continually in soil and become permanent pollutants, not only change soil’s physical 
and chemical properties, affecting crops growth, but also enter human bodies via the 
food chain and endanger human health and life (Huang et al., 2018). The result of the 
research indicates that, after 20 years’ irrigation with mine sewage, the mean content of 
soil microbial biomass C in paddy fields of the SIA drops by 25.76% compared with the 
NSIA, and the mean content of soil microbial biomass N drops by 11.10%. These 
manifest that composite heavy metals of high contents have significantly affected soil 
microbial biomass C and N, because soil microbes in paddy fields of the mine area has 
long suffered intimidation of heavy metals, and composite heavy metals of high 
contents have led to changed size of soil microbial groups by destroying protein 
structure and functions as well as the integrity of cytomembranes, etc., thus affecting 
the form, growth, and development, and metabolism of microbes in soil (Leita et al., 
1995). The results from researches of Jiang et al. (2010) and Wang et al. (2003) on 
microbe communities in soil polluted by composite heavy metals also proved this. The 
reduction of microbial quotient due to the concentration of heavy metals indicates that 
the content of heavy metals in high concentration limits the circulation rate of organic 
carbon in soil, which may be correlated with the intimidation on microbial biomass 
imposed by heavy metals. Results from many researches demonstrate that as the 
concentration of heavy metals rise, the quantity of fungus with higher resistance in soil 
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increases, thus rendering the increase (Khan et al., 1998) of microbial biomass C/N 
ratio. Results from some researches prove, however, the decrease (Wang et al., 2003) of 
microbial biomass C/N ratio with increasing content of heavy metals. The result from 
this experiment is consistent with the research result of the latter, i.e. the effect of heavy 
metals in high concentration decreases soil microbial biomass C/N ratio (44%), which 
may be attributable to farming habits or multiple actions of composite heavy metals 
changed some functional groups of soil microbial communities and community 
structure. 

(2) Soil nematodes are small secondary biological groups leeching on to soil 
environments and its communities are more vulnerable to effect of soil’s physical and 
chemical properties. The sewage in the mine area contain available Cu and Zn, and the 
total Cu, Zn, Pb and As with high concentration, all of which enter soil directly in 
various areas in running water, affecting structure of nematode communities in soil. The 
result from this research indicates that bacterivores, plant parasites, fungivores, 
omnivores and predators in soil of the SIA are 244.29%, 79.64%, 447.61%, 15.66% and 
17.17% lower than those in the NSIA respectively; and in both the SIA and NSIA, 
bacterivores are the most in quantity and fungivores vary the most in quantity possibly 
because a vast majority of organisms in soil is bacteria and therefore bacterivores are 
dominant in various trophic types regardless of SIA or NSIA; omnivores and predators 
are most sensitive to the environment (Popovici, 1992), the result of this experiment 
indicate that these two nematodes were least affected, when soil is polluted by heavy 
metals, under the action of external pressure, the species diversity in the ecosystem 
diminishes while the dominance of few species rises, according to the “Pressure 
Hypothesis” advanced by Odum, a renowned ecologist in USA (Pennanen et al., 1996). 
Therefore, within a certain range of concentration, heavy metals in soil would stimulate 
the growth of soil nematodes to some degree; in the area surveyed in the experiment, it 
mainly contributes to growth of some kinds of omnivores and predators in soil. 

(3) Results from correlation analysis demonstrate that soil microbial biomass C and 
N have significant positive correlation with organics, consistent with previous 
conclusions (Bruggen et al., 2000; Yu et al., 2003), indicating microbial biomass C and 
N can represent soil’s fertility; the significant negative correlation of soil microbial 
biomass C with available Cu, Zn and Pb proves that the available Cu, Zn and Pb in 
heavy metals with high concentration interfere with soil organism activity, the result 
from the research of Kao et al. (2006) indicates the addition of heavy metals into soil 
will reduce considerably soil biomass C and N, and Guo et al. (2018) gets the same 
conclusion from the research on effect of addition of exogenous Cd on soil microbes in 
red-soil paddy fields. Soil nematodes are closely tied to soil’s physical and chemical 
properties which can lead to change in quantity and diversity of nematodes, and of 
which pH, Zn, Cr, Cu and Pb have considerable effect on soil nematodes (Liu et al., 
2012). The results from research indicate, pH has a significant/extremely significant 
positive correlation with plant parasites, bacterivores, fungivores, total quantity of 
nematodes, revealing soil pH affects significantly the quantities of nematodes of all 
nutrient types, and the quantity of soil nematodes is affected by both the total content 
and the effective form of heavy metals in soil (Yang et al., 2019). Bacterivores, plant 
parasites, fungivores and total quantity of nematodes have extremely significant 
negative correlation with available Cu and Zn, and the total Cu, Zn, Pb and As content, 
which is consistent with the conclusion from researches of Weiss et al. (1991), but 
totally different with those from researches of Park et al. (2011), Wang et al. (2012) and 
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Li et al. (2006), possibly because the difference in spatial distribution and soil parent 
materials of soil for sampling. 

Conclusion 

Overall, with backward technology, the content of available Cu and Zn, and the total 
Cu, Zn, Pb and As content in Hengshi River increased sharply owing to long-running 
polymetallic mining activities. Mine sewage irrigation reduced soil microbial biomass C 
and N, bacterivores, plant parasites, fungivores, and with no obvious effect on 
omnivores and predators. The significantly positive correlations between soil microbial 
biomass C and N with organics indicate that Organic matter is an important source of 
nutrients for microorganisms. Soil microbial biomass C and N, bacterivores, plant-
parasites, fungivores and the total quantity of nematodes has a significant negative 
correlation with the content of available Cu and Zn, and the total Cu, Zn, Pb and As 
content, which suggesting that Heavy metal stimulated microbial biomass and nematode 
biomass consumption. 

Our study indicates that mine sewage irrigation led to a decline in soil quality in the 
diggings. Hence, protection of biodiversity from safe irrigation is urgently needed in 
farmland ecosystems, as any heavy metals affecting the survival of microorganisms and 
nematodes will affect the recovery of farmland ecosystems, and more related research 
should be done in the future. 
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Abstract. The objective of this study was to analyse the black soil rice fields of the northeastern cold 
region of China, D311 optimal design scheme with three factors secondary saturation was adopted and 
static opaque chamber - gas chromatographic method was utilized to analyze the effect of irrigation 
amount, nitrogen fertilizer and straw biochar on the emission of the greenhouse gas CH4 from rice fields, 
the study determined the optimal application scheme of water and fertilizer for emission control. The 
results show that the order of influence for these factors from the highest to the lowest is: 
biochar > nitrogen fertilizer > water; effect of irrigation amount on CH4 emission is increased at first, 
followed by a decrease. Increase of nitrogen fertilizer and biochar can significantly reduce CH4 emission 
loads; interaction between two factors has an inhibitory effect on CH4 emissions and it is shown as below: 
nitrogen fertilizer + biochar > water + biochar > water + nitrogen fertilizer; in combination with the yield, 
when emission reduction target of rice field CH4 is controlled at 20~40% of normal emission, the 
optimized application scheme in combination of water, fertilizer and biochar is the following: irrigation 
amount 4,930-5,310 m3/hm2, nitrogen application amount 96.93-107.74 kg/hm2 and biochar application 
amount 19.71-24.12 t/hm2. 
Keywords: cold black soil, rice, irrigation and fertilization, biochar dosage, CH4 emission 

Introduction 

The reason for global warming lies in the increase of greenhouse gas concentration in 
the atmosphere. CH4 as an important greenhouse gas in the atmosphere has already 
contributed to as much as 15% for greenhouse effect. Hence, CH4 has become a key 
factor affecting global climate following CO2 (Wang, 2001; Jiang, 2001; Wang et al., 
2008). Hence, rice fields are main anthropogenic source for CH4 emission. About 
3.1*1010~1.12*1011 kg released annually from rice fields accounts for 5~19% 
proportion in CH4 emission load to the atmosphere (Zou et al., 2009; IPCC, 2007). 
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Therefore, the reduction of greenhouse gas CH4 emission from rice fields has a great 
significance in mitigating climate change in China. 

There are many factors affecting CH4 emission from rice fields. It is shown from 
the study that irrigation mode of rice fields plays an important role in CH4 emission. 
Compared with submerged irrigation, CH4 emission from rice fields under inadequate 
irrigation will be significantly reduced (Peng et al., 2010; Li et al., 2005). Similarly, 
fertilization measures have an important impact on CH4 emission from rice fields. It is 
shown from the study that the application of fertilizer can increase NH4 + -N 
concentration, but growth of CH4 oxidizing bacteria is also promoted. The promoted 
CH4 oxidizing bacteria oxidize more CH4, which results in the reduction of CH4 
emission from rice fields  (Zou et al., 2005; Cai et al., 1997; Ma et al., 2007). Biochar 
can play an important role in the global carbon geochemical cycle, climate change and 
environmental system because of its strong ability of nitrogen and carbon fixation. It 
has become a hot topic in atmospheric science and environmental science fields (Liu, 
2011.). The study shows that applying biochar to soil can significantly improve soil 
quality and permeability. While fixing atmospheric CO2, soil CH4 emission (Karhua et 
al., 2011; Qin et al., 2012) was also affected. Indoor pot experiments performed by 
Rondon showed that CH4 emission decreased by 20.4% (Rondon et al., 2007) when 
2 kg/m2 biochar was added to the soil for cultivation of forage and soybean. 

At present, although many scholars have conducted in-depth studies on the effects of 
water, fertilizer and biochar management on CH4 emissions from rice fields (Shi et al., 
2011; Yuan et al., 2008; Liang et al., 2004; Knoblauch et al., 2008; Xu et al., 2015), 
they are basically individual single-factor studies, but the effects of integrated 
management on CH4 emissions from rice fields (factor coupling effect) are rarely 
reported. The objective of this study was mainly to analyze the coupling effects of three 
factors water, nitrogen fertilizer and biochar on CH4 emissions from rice fields. In 
combination with CH4 emission reduction targets during rice growing reason, optimal 
water, fertilizer and biochar application schemes are sought so as to provide the field 
management technology reference for CH4 emission reduction in black soil rice fields in 
the cold area of Northeastern China. 

Materials and methods 

Overview of experimental sites 

The experiment was carried out at the Rice Irrigation Test Center Station 
(125°44’E, 45°63’N) in Heping Town, Qingan County, Suihua City, Heilongjiang 
Province from May to October, 2018, which is a typical cold black soil area. With 
2.5 ℃ annual mean temperature, 550 mm annual mean precipitation, 750 mm annual 
mean evaporation from water surface, 156~171 d hydrothermal growth period of 
crops and 128 d frost free period all year round, the area based on the climatic 
characteristics is classified as continental monsoon climate in cold temperature zone. 
As rice soil is an albic soil type, the soil here has 1.01 g/cm3 unit weight and 61.8% 
porosity. The basic physicochemical properties of the soil are the followings: organic 
matter mass ratio 41.4 g/kg, pH value 6.40, total nitrogen mass ratio 15.06 g/kg, total 
phosphorus mass ratio 15.23 g/kg, total potassium mass ratio 20.11 g/kg, alkali 
hydrolysis nitrogen mass ratio 154.36 mg/kg, available phosphorus mass ratio 
25.33 mg/kg and available potassium mass ratio 157.25 mg/kg. 
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Experimental design 

Saturated D311 optimal design (Xu, 1997) is used in the experiment to study the 
effects of irrigation amount, nitrogen fertilizer and biochar on CH4 emission in rice 
growing season under controlled irrigation conditions. Water and fertilizer are applied 
based on the application standard of local farmers, namely 2,500~7,500 kg/hm2 
irrigation amount, 50-150 kg/hm2 nitrogen fertilizer (pure nitrogen) and 0~40 t/hm2 
biochar. The detailed design plan is shown in Tables 1 and 2. 

 
Table 1. Encoding table for factor level 

Encoding value Practical value 

X1 X2 X3 W (m3/hm2) N (kg/hm2) BC (t/hm2) 

2 2 2 7500 150 40 

1.414 1.414 1 6800 135 30 

0 0 0 5000 100 20 

-1.414 -1.414 -1 3200 65 10 

-2 -2 -2 2500 50 0 

W (X1) - water, N (X2) - nitrogen fertilizer, BC (X3) - biochar 

 
 
Table 2. Optimal design treatment table of saturated D-311 

Treatment 

no. 

Encoding value Practical value CH4 emission load 

(kg/hm2) X1 X2 X3 W (m3/hm2) N (kg/hm2) BC (t/hm2) 

1 0 0 2 5000 100 40 121.29 

2 0 0 -2 5000 100 0 209.71 

3 -1.414 -1.414 1 3200 65 30 179.42 

4 1.414 -1.414 1 6800 65 30 179.95 

5 -1.414 1.414 1 3200 135 30 158.29 

6 1.414 1.414 1 6800 135 30 150.45 

7 2 0 -1 7500 150 10 164.63 

8 -2 0 -1 2500 50 10 147.99 

9 0 2 -1 5000 100 10 165.49 

10 0 -2 -1 5000 100 10 178.17 

11 0 0 0 5000 100 10 144.42 

W (X1) - water, N (X2) - nitrogen fertilizer, BC (X3) - biochar 

 
 
Eleven treatments with three repetitions are arranged in randomized block. Each 

block covers a 10 m*10 m = 100 m2 area. Around the block, rice was also planted so as 
to add the protection line. With the same rice seedling raising, transplanting, plant 
protection, medication and other technical measures as well as field management 
conditions, the blocks were separated with impervious treatment measures to decrease 
the effect of lateral infiltration on the test, namely plastic sheets and cement ridges were 
used as seepage isolation materials around the blocks. They were buried 40 cm deep 
into the surface of the field. Pipeline water supply was adopted. Each pipeline was 
equipped with water meters so as to control the irrigation amount. Nitrogen fertilizer 
was applied according in 5:3:2 ratio of base fertilizer, tillering fertilizer and spike 
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fertilizer. P fertilizer used as base fertilizer was applied at a time with 45 kg/hm2 
application amount. K fertilizer was applied twice as base fertilizer and 8.5 leaf age 
(panicle primordium differentiation stage) with 1:1 ratio. With 80 kg/hm2 application 
amount, biochar was applied to the surface of the soil and then evenly mixed with 
plowing soil by rotary tiller. The tested fertilizers are urea (containing N 46%), 
diammonium phosphate (containing N18%, containing P2O5 46%) and potassium 
fertilizer (containing 40% K2O). The tested biochar is the s rice traw biochar product 
supplied by Liaoning Golden Future Agriculture Technology Co., Ltd. The physical and 
chemical data are shown in Table 3. 

 
Table 3. Physicochemical data of rice straw biochar 

 PH (H2O) 
C 

(%) 

N 

(%) 

P 

(%) 

K 

(%) 

CEC 

(cmol.kg-1) 
Surface area 

(m2.g-1) 

Void area 

(cm3.g-1) 

Rice traw 
biochar 

10.2 42.7 0.76 0.16 1.07 44.7 81.8 0.08 

 
 
The rice varieties tested were Longqing Rice No. 3 with the planting density of 4 

plants per hole, 25 holes per square metre. Base fertilizer was applied on 6 May and 
transplantation was performed on 17 May. Tillering fertilizer was applied on 31 May, 
earing fertilizer was applied on 19 July and the rice was harvested on 20 September. 
127 d growth period of rice was divided into period of seedling establishment (May 17-
May 30), tillering period (May 31-July 7), jointing and booting period (July 8-July 25), 
heading to flowering period (July 26-August 4), milk ripe period (August 5-August 24) 
and yellow ripening period (August 25-September 20). 

 
Gas collection and determination 

Gas sampling and selection were carried out on sunny days by static opaque 
chamber-gas chromatography method. The box is a cuboid with a cross section of 
18 cm side length. It is made of plexiglass. Insulation material (sponge and aluminum 
foil) is pasted on the outside of the box to reduce the gas temperature change in the box 
caused by solar radiation during sampling. In the early growth stage, the box was 90 cm 
high and the box increased to 130 cm high after heading stage. A three-way valve gas 
recovery hole is on the box side 30 cm from the top connecting the three-way valve and 
gas collector. One fan is built at top of the sampling box so as to mix gas uniformly in 
the box during sampling. Before transplanting, a wooden base is placed in the sampling 
basin and aligned with the mud surface. During gas sampling, the sampling box is 
gently placed on the base of the concentric-circle-liked frame. The water in the base 
flume guarantees the gas isolation between the inside and outside of the sampling box 
during sampling. One week after rice transplantation, detection was started. The 
detection was performed from 10:00 to 12:00 (Li et al., 1998; Epstein and Burke, 1998). 
At each treatment, gas was collected for three times in parallel weekly until one week 
before harvest. About 100 mL gas in the box was extracted with a syringe during 
sampling. Samples were collected at 0, 5, 10 and 15 min, respectively. Afterwards, the 
gas in the syringe was transferred to the aluminium foil sampling bag immediately, and 
the sampling bag was brought back to the laboratory in time for determination. 

Gas CH4 concentration was detected with Shimadzu GC-14B meteorological 
chromatograph along with hydrogen flame ionization detector (FID) and thermal 
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conductivity detector (TCD) at 200 ℃ and 100 ℃ temperature. The separation materials 
were GDX-502 and Porapak Q, respectively and the column temperature was 100 ℃ 
and 55 ℃. The standard gas was provided by the National Standard Materials Center. 
The gas collection device is shown in Figure 1. 

 

 

Figure 1. A device for automatically collecting static chamber greenhouse gases 
 
 

Calculation method and data analysis 

The following formula was used to calculate CH4 emission flux from rice field 
(Zheng et al., 1998): F = ρ·h·dc / dt·273/(273 + T), where F is gas emission flux (mg.m-

2.h-1), ρ is gas density under standard state (kg.m-3), h is box height (m), dc/dt is the gas 
concentration change rate in the sampling box (mL·m-3·h-1), 273 is the gas equation 
constant and T is the average temperature in the sampling box during the sampling 
process (℃). According to the relationship curve between gas concentration and time, 
the gas emission flux was calculated. The emission load during the growing season was 
the accumulated products of average flux value of each growing period and total 
duration in the growing period (Singh et al., 1996). 

The data were analyzed with Excel 2003, SPSS 17.0 and MATLAB 7.0, using 
regression analysis and variance analysis to process the experimental data. 

Results and analysis 

Emission load effect function of CH4 in growing season 

The coding values X1(W), X2(N) and X3(C) in Table 1 were taken as independent 
variables and the average emission value of CH4 in the growing season in Table 2 were 
taken as the dependent variables for quadratic polynomial regression analysis so as to 
obtain the regression equation among CH4 emissions load, irrigation amount, nitrogen 
fertilizer and biochar. 

 
 Y = 161.92 + 1.43X1-6.05X2-10.31X3-1.05X1X2-2.73X1X3-2.89X2X3-5.05X1

2-1.21X2
2-0.57X3

2 (Eq.1) 
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F test was performed for the regression equation: F = 5.16 > (F0.01(10, 20)) = 3.37). 
The regression equation has a very significant relationship, that is the equation can 
reflect the relationship among CH4 emission load in growing season and irrigation 
amount, nitrogen fertilizer and biochar. The absolute value of the first term coefficient 
of the regression equation is the basis for judging the influence degree of each factor on 
CH4 emission. Therefore, the influence degree of the equation on CH4 emission load 
from high to low was biochar, nitrogen fertilizer and water. 

 
Single factor effect analysis 

“Dimension reduction method” was adopted for the above main effect model. Any two 
factors were fixed at zero code value so as to determine the influencing effect of a single 
factor on the emission load of CH4 during the growing season, and then respectively 
obtain single-factor effect equation and draw single-factor effect curve (Eq. 2). 

 
 Y1 = 161.92 + 1.43X1 – 5.05X1

2 (Eq.2) 
 
 Y2 = 161.92 – 6.05X2 – 1.21X2

2 (Eq.3) 
 
 Y3 = 161.92 – 10.31X3 + 0.57X3

2 (Eq.4) 
 
It can be observed from Figure 2 that within the coding value range, the effect from 

irrigation amount on CH4 emission amount is promoting at first and then restraining. 
Increase of nitrogenous fertilizer and charcoal can significantly restrain CH4 emission 
load. 

 

 

Figure 2. Single-factor effect curve diagram. (X1 - water, X2 - nitrogen fertilizer, X3 - biochar) 
 
 

Interactive effect analysis of factor 

Any factor is fixed at zero code value to obtain the interactive effect equation of two 
other factors and the equation is shown below: 

 
 Y12 = 161.92 + 1.43X1 – 6.05X2 – 1.05X1X2 – 5.05X1

2 – 1.21X2
2 (Eq.5) 

 
 Y13 = 161.92 + 1.43X1 – 10.31X3 – 2.73X1X3 – 5.05X1

2 – 0.57X3
2 (Eq.6) 

 
 Y23 = 161.92 – 6.05X2 – 10.31X3 – 2.89X2X3 – 1.21X2

2 – 0.57X3
2 (Eq.7) 
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A diagram is drawn for the interactive effect equation of these two factors (Fig. 3). It 
can be seen from Figure 3, the interaction between two factors has an inhibitory effect 
on CH4 emission and the effect degree on CH4 emission load from high to low is as 
follows: nitrogen fertilizer + biochar, water + biochar and water + nitrogen fertilizer. As 
can be seen from Figure 3a and b, when irrigation amount is fixed at a certain level, 
CH4 emission load decreases with the increase of the application of nitrogen fertilizer 
and biochar. However, when nitrogen fertilizer or biochar is fixed at a certain level, the 
effect of irrigation amount on CH4 emission increases or decreases and no obvious 
emission reduction can be obtained; it can be observed from Figure 3c that with 
increase in application quantity of nitrogen fertilizer and biochar, CH4 emission 
decreased significantly. Thus, increase of biochar application quantity has a significant 
effect on CH4 emission reduction effect. 

 

   

a      b 

   

c      d 

Figure 3. Interactive effect analysis between two factors related to emission load of methane in 
growing season. Interactive effect curve diagram between (a) irrigation amount and nitrogenous 

fertilizer, (b) irrigation amount and biochar and (c) nitrogenous fertilizer and biochar. (d) 
Interactive effect four-dimension diagram among irrigation amount, nitrogenous fertilizer and 

biochar. (W - water, N - nitrogen fertilizer, C - biochar) 
 
 

Analysis for management and optimization plan of water, fertilizer and biochar 

Frequency analysis method was used to optimize the main effect model. The coding 
values were divided into five levels (-2, -1.414, 0, 1.414, 2) within the experimental 
design range to constitute T = 53 = 125 treatment combinations. Combining with the 
yield, the emission reduction target of CH4 in rice fields during the growing season was 
controlled within 20-40%, because all the factors of treatment No. 11 are at zero level in 
this experiment, so they are regarded as normal treatment, that is, 60~80% 
(86.65~115.54 kg/hm2) normal emission load of CH4 in growing season was selected 
for frequency analysis to obtain 50 optimization results for the management simulation 
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equation between water fertilizer and biochar in CH4 emission load during the growing 
season. Frequency analysis of gas emission flux is shown in Table 4. 

 
Table 4. Water and fertilizer and biochar application plan with CH4 emission of 
86.65~115.54 kg/hm2 in the rice growing season 

Coding value 
Irrigation amount Nitrogenous fertilizer Biochar 

Times Frequency/% Times Frequency/% Times Frequency/% 

-2 9 18 9 18 4 8 

-1.414 9 18 10 20 12 24 

0 9 18 9 18 21 42 

1.414 10 20 10 20 8 16 

2 13 27 12 24 5 10 

Average value 
0.19 0.08 0.09 

0.11 0.11 0.08 

Standard error confidence 
interval (95%) 

-0.0564~0.2480 -0.1230~0.3094 -0.0287~0.4124 

Optimal plan (kg/hm2) 4930~5310 96.93~107.74 19.71~24.12 

Discussion 

Irrigation amount has an important influence on CH4 emission load from rice fields. 
It is shown from the study that relatively small irrigation amount can promote gas 
exchange between soil and atmosphere, destroy the anaerobic conditions of soil and 
inhibit the activity for production of CH4 bacteria. However, increase of soil aeration 
promotes CH4 emission directly into the atmosphere to a certain extent. Whereas, in 
case of sufficient water quantities, the rice field will keep a deep water layer for long 
time. The air and soil is blocked by water layer, which may close some stomata and 
reduce CH4 emissions via plants (Ding, 1997; National Information Bulletin on Climate 
Change of the People’s Republic of China, 2004). This is consistent with the study 
results. 

Nitrogen fertilizer application amount CH4 has an important influence on CH4 
emission from rice field. The experimental results showed that the nitrogen fertilizer 
applied has obviously a negative effect on CH4 emission load from black soil rice field 
in the growing season, which is basically consistent with the results of Shangguan et al. 
(1996) and others think that urea could reduce CH4 emission of rice fields. However, 
Liang et al. (2002) and others believe that urea has different effects on CH4 release 
(promoting or inhibiting), possibly because it can increase the soil pH value. In most 
cases,When urea was applied to acid soil, the increase of pH value of soil became 
favorable to the formation of CH4, Whereas, most black soils are neutral and alkaline. 
After urea is applied to neutral and alkaline soils, increased pH value restrains 
formation of CH4. Therefore, the effect of nitrogen fertilizer application on CH4 
emission of rice fields requires to be further studied. 

The results show that biochar application can effectively reduce CH4 emission load 
of rice fields. The reason may be that input of biochar effectively improves soil 
aeration, reduces soil water-soluble organic carbon content, thus improving soil fertility. 
In addition, biochar input as a carbon source can provide sufficient matrix for CH4 
oxidizing bacteria and reduce CH4 emissions via oxidation (Liang et al., 2002). 
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Conclusion 

(1) Water, nitrogen and biochar have different degree of effects on CH4 emission 
load of rice fields during growing season. The analysis results show that the effects of 
three factors on CH4 emission load are as follows: biochar > nitrogen fertilizer > water; 
effects of irrigation amount on CH4 emissions are increase at first and then decrease. 
Increase of nitrogen fertilizer and biochar can significantly reduce CH4 emission load. 

(2) The interaction of two factors can inhibit CH4 emission during growing season. 
The results show that the effects on CH4 emissions are as follows: nitrogen fertilizer 
+ biochar > water + biochar > water + nitrogen fertilizer; when irrigation amount is 
fixed at a certain level, CH4 emission amount decreases with the increase of application 
amount of nitrogen fertilizer and biochar. However, when nitrogen fertilizer or biochar 
is fixed at certain level, the increase of irrigation amount may cause CH4 emission load 
increase or decrease. There is no obvious emission reduction effect. With increase of 
application amount of nitrogen fertilizer and biochar, CH4 emission amount decreased 
significantly. Thus, increase in application amount of biochar has an obvious effect on 
CH4 emission reduction. 

(3) In combination with the yield, it is to reduce CH4 emission load of rice fields in 
the growing season is controlled from 20 to 40%. The frequency analysis method is 
used to optimize the main effect model. The optimized combined application plan of 
water, fertilizer and biochar was determined as follows: irrigation amount 4,930~5,310 
m3/hm2, nitrogen application amount 96.93~107.74 kg/hm2 and biochar quantity 
19.71~24.12 t/hm2. 

In this study, we tried to add biochar into the soil to realize joint coupling with water 
and fertilizer, and established a mathematical model of CH4 emission load during the 
growing season of rice fields in the Northeast of China about water, nitrogen and 
biochar. The model can reflect the relationship between CH4 emission from rice field 
and water, fertilizer and biochar through significance test, so as to make quantitative 
research on water, fertilizer and biochar more convenient. Therefore, the research has a 
good application prospect. However, the coupling effects of water, fertilizer and biochar 
on seasonal CH4 emissions of rice fields have only been preliminarily discussed in this 
paper, but no qualitative research has been carried out. In the process of further in-depth 
study, data of different growth stages for many years should be accumulated to make 
the model more perfect with practical guiding significance. 
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Abstract. In this research total volume equations were developed for Scots pine (Pinus sylvestris var. 
mongolica) in Northeast China. Eighteen total volume equations were fitted to volumes from Forest 
Inventory Analysis data of the Eastern Daxing’an Mountains in Northest China. Eight ecoregions 
including: Xinlin (XL), Tahe (TH), Huzhong (HZ), Shibazhan (SBZ), Hanjiayuan (HJY), Xilinji (XLJ), 
Tuqiang (TQ), Amuer (AME) belonging to two regions including: The northwest of the northern slope of 
Yilehuli Mountains (NWYLHLM) and The southeast of the northern slope of Yilehuli Mountains 
(SAYLHLM) were identified and the best volume equations were tested to determine if the differences 
between ecoregions were statistically significant. Results varied by ecoregion. Average bias prediction 
error ranged from -1.2% to 7.5% in XL, from -0.8% to 11.7% in TH, from -13.9% to 0.08% in HZ, from -
3.5% to 10.3% in SBZ, from -8.9% to 0.9% in HJY, from -2.5% to 10.4% in XLJ, from -11.6% to 9.4% 
in TQ and from -11.7% to 1.5% in AME. However, the ecoregion-based volume equation developed in 
this study could provide more accurate information on tree growth and development of forest ecosystems 
to managers and planners. 
Keywords: conifer species, prediction error, ecoregion, total volume, forest management 

Introduction 

Northeastern China is divided into four vegetation regions which include 
cold-temperate deciduous coniferous forest region, the temperate mixed evergreen 
coniferous-deciduous broad-leaved forest region, the warm temperate deciduous 
broad-leaved forest region, and the temperate steppe region (Qian, 2003). Temperate 
coniferous forests are geographically and taxonomically diverse, found on five 
continents (North America, Europe, Asia, South America and Africa) (Frelich, 2016). 
The latter constitute a type of terrestrial habitat defined by the World Wildlife Fund 
(WWF, 2012, 2019). Temperate coniferous forests are found predominantly in areas 
with warm summers and cool winters, and vary in their kinds of plant life. These forests 
are common in the coastal areas of regions that have mild winters and heavy rainfall, or 
inland in drier climates or mountainous areas. Many species of trees inhabit these 
forests including pine (Mongolian Scots pine), cedar, fir, and redwood (WWF, 2012, 
2019) including the giant sequoia and the coastal sequoia (large known trees) in 
California and Fitzroya which live more than three thousand years in Chile (Frelich, 
2016). 

Mongolian Scots pine (Pinus sylvestris var. mongolica) is one of the major tree 
species in the network of Three-North Shelterbelt for windbreak and sand stabilisation 
in China (Wang et al., 2012). It is a geographic variety of Scots pine (P. sylvestris) and 
is widely distributed in northern China (Wang et al., 2017). It is considered as a crucial 
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ecological species in northern China, especially in sandy areas, due to its great 
adaptability to infertile soils and cold and arid habitats (Han et al., 1998; Wang et al., 
2017). Its natural distribution is mainly located in the sandy soils of northeast China. 
Since it has high tolerance to cold, drought, soil infertility and grows naturally in the 
sandy land, this species had been introduced to the edge of sandy lands in northern 
China to protect nearby lands from moving sand dunes since the 1950s (Wang et al., 
2012). Since its wind-sheltering functions are strongly correlated with the architecture 
and ecophysiological processes of each tree, the model-assisted analysis of the cover 
architecture and the functional dynamics of the Mongolian Scots pine would be useful 
to better understand its structure role and behavior in windbreak ecosystems of arid and 
semi-arid regions in China (Wang et al., 2012). For this investigation, we present a 
study of the model of Volume Equations based on Scots pine ecoregions in northeastern 
China. 

Volume is referred to quantity and it is the common widely used measure of wood 
quantity in forest mensuration. Total stem volume equations are the commonly used 
tools in quantifying timber stocks (García-Espinoza et al., 2018). According to Li 
(2019), surveying is the determination of the diameters, heights or volumes of a 
standing tree or cut products such as sawn logs, as well as the determination or 
prediction of the growth rate. The volume equation is defined as various mathematical 
statements applied to the determination of quantities (Shuaibu, 2014). It is imperative to 
increase the supply of lumber, poles and picketing materials for socio-economic 
development through adequate forest stand measurements to determine and improve the 
quantity and quality of these stands. Adegoke et al. (2010) stated that the socio-
economic development of any country depends largely on the efficient use of its natural 
resources. The importance of direct measurements of standing trees can not be 
overstated to obtain basic data on the relationship between different tree dimensions and 
volume used to estimate the volumes of other standing trees. Clutter et al. (1983) and 
Husch et al. (2003) explained that the stem volume of a tree is considered a function of 
the independent variables (diameter, height) and shape expressed as follows: V = f (D, 
H, F) where V = volume, D = diameter in cm, H = total height, market value or height 
up to a specific limit and F = shape measurement such as Girrard shape class or absolute 
shape quotient. 

Diameter and height measurements are essential variables in determining volume. 
According to Shuaibu and Alao (2013), the diameter of a tree is a random variable that 
depends on age and height. Therefore, the size distribution of tree diameter in stands 
describes forest structure and can be used to estimate stand volume and biomass, forest 
biodiversity and density management. Although volume equations have been studied for 
many years, they continue to attract forest research. Indeed, there is no single theory of 
volume that can be used satisfactorily for all species; no single volume model is best for 
all purposes and volume equations must be more accurate, flexible, valid and normal in 
their predictions. Forestry measures also need to be improved as market requirements 
for timber, poles and firewood have become more specific in recent years and current 
stock volumes and future growth potential are important information for sustainable 
forest management (Shuaibu and Alao, 2016). 

The objective of this study is to evaluate tree volume equations for Scots pine tree 
species (Pinus sylvestrix var mongolica) in the boreal forests of northeastern China and 
set up a comparison of the inequalities between the volume-diameter relationships 
between the eight ecoregions; see if these volume equations are statistically justified to 
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verify ecoregion differences for selected Scots pine species and to assess the associated 
bias when a regional model is compared to individual ecoregion models. 

Materials and Methods 

Study area and data 

The study was conducted in the cold temperate forest regions of the Eastern 
Daxing’an Mountains who are the largest area of boreal forests in China (Hu et al., 2017) 
and is taking particularly the Northern slope of Yilehuli Mountains in Heilongjiang 
Province, northeast China (from 121° 12ʹE to 127° 00ʹE and from 50° 10ʹN to 53° 33ʹN) 
(Figure 1). The elevation of the area ranges from 300 to 1520 m above the sea level. 
The mean annual rainfall ranges from 500 to 750 mm and mean annual temperature is 
from -1 to -2.8°C (Enzinga and Jiang, 2019). 
 

Figure 1. The geographical location of study area in the Northeast China 
 
 

The two major regions (Zhang et al., 1992) employed are depicted in Figure 1 and 
include: 
• Region 1: The northwest of the northern slope of Yilehuli Mountains 

(NWYLHLM) which includes four subregions: Xilinji (XLJ), Tuqiang (TQ), 
Amuer (AME), Huzhong (HZ). 

• Region 2: The southeast of the northern slope of Yilehuli Mountains (SAYLHLM) 
which includes four subregions: Xinlin (XL), Tahe (TH), Shibazhan (SBZ), 
Hanjiayuan (HJY). 

 
A total of 1294 destructively sampled Pinus sylvestrix var. mongolica trees species 

were used in this investigation. These trees were felled throughout the forest inventory 
areas of northeast China and all sampled trees were selected to ensure a representative 
distribution across a range of height and diameter classes within stands varying in 
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density, height, site condition, age and stand structure. Diameters at breast height (DBH, 
defined as 1.3 m above the ground) outside bark were measured for all sampled trees. 
Trees were felled to measure total height and their diameter outside bark near ground 
and at 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 70, 80 and 90% of total height. 
Measurements for two perpendicular diameters (over bark) were taken in each part and 
arithmetically averaged. Smalian’s formula (Eq.1) was used to calculate the log 
volumes in cubic meters. Total stem volume (over bark) above stump was computed by 
adding the logs volumes (over bark) and volume of the top section. Trees possessing 
broken tops, obvious cankers or crooked boles were excluded from the analysis. 
Summary statistics for tree diameter and total volume are provided for each subregion, 
the NWYLHLM, and SAYLHLM regions and all data combined (Overall) in Table 1. 
 

Table 1. Summary statistics of tree diameter (DBH) at breast height, total height (H), total 
volume (V) for regional and ecoregional data sets for Scots pine 

DBH (cm) H (m) V (m3) 

Ecoregion N Mean STD Min Max Mean STD Min Max Mean STD Min Max 

XL 65 35.79 9.70 8.60 64.00 18.52 2.35 10.80 23.30 0.94 0.55 0.03 3.78 
TH 120 19.63 11.20 5.00 49.00 13.91 5.23 5.90 26.50 0.32 0.40 0.01 2.03 
HZ 135 30.09 12.68 5.40 57.60 17.50 3.33 5.00 23.90 0.76 0.56 0.01 2.28 

SBZ 68 19.90 10.69 5.40 41.30 14.31 4.05 7.10 24.20 0.31 0.35 0.01 1.66 
HJY 335 25.05 10.86 5.20 54.00 18.41 4.46 6.10 25.60 0.56 0.48 0.01 2.61 
XLJ 189 18.81 10.94 5.00 52.30 15.46 4.31 7.10 23.90 0.31 0.36 0.01 1.74 
TQ 184 28.22 12.11 6.30 50.70 18.45 4.31 5.80 25.70 0.72 0.60 0.01 2.38 

AME 198 36.16 11.88 5.30 55.90 19.68 3.77 7.04 25.40 1.09 0.63 0.01 2.55 
NWYLHLM 706 28.29 13.49 5.00 57.60 17.81 4.29 5.00 25.70 0.72 0.62 0.01 2.55 

SAYLHLM 588 24.53 11.72 5.00 64.00 17.03 4.85 5.90 26.50 0.52 0.49 0.01 3.78 
Overall 1294 26.58 12.85 5.00 64.00 17.46 4.57 5.00 26.50 0.63 0.58 0.01 3.78 

Note: N-sample size (number of trees), STD-standard deviation, Min.-minimum, Max.-maximum 

 
 
Data and Methods 

Smalian's Formula 

 

 
 

(Eq.1) 

 
where: 
V= is the Volume of logs in 𝑚3, 𝑆1= is the area at the small end of the log in 𝑚2, 𝑆2= is the area at the large end of the log in 𝑚2,  𝑙= is the length of the log in 𝑚. 

Base volume model selection 

A total of eighteen volume equations (Table 2) were selected from the literature 
(Alegria and Tome, 2011; Özçelik, 2019). In these studies, several models of volume 
equations are used in different forms to develop tree volume equations (Saraçoğlu, 1988; 
Bi and Hamilton, 1998; Bailey, 1994; Yavuz, 1999; Mısır and Mısır, 2004; Teshome, 
2005; Akindele and LeMay, 2006; Perez, 2008; Alegria and Tome, 2011; Hjelm and 
Johansson, 2012; Stolarikova et al., 2014; Malata et al., 2017; Lee et al., 2017; Özçelik 
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and Çevlik, 2017; Kitikidou et al., 2017; Sakıcı et al., 2018). These equations were 
examined and evaluated to select the best model for further analysis. 

 
Table 2. Volume functions selected for evaluation 

Function form References Number 

V = a + (b D
2ℎ) Borset (1954) (1) 𝑉 = 𝑎𝐷𝑏𝐻𝑐 Bailey (1994) (2) 

V = (a + b D)2 Perez and Kanninen (2003) (3) 

V = aD2H Spurr (1952) (4) 𝑉 = 𝐷2𝑎 + 𝑏 𝐻⁄  Honer (1967) (5) 

V = a + b D
2H + cH Rachid-Casnati et al. (2014) (6) 𝑉 = 𝐷2𝐻𝑎 + 𝑏𝐷 Takata (1958) (7) 𝑉 = 𝑎 + 𝑏𝐷𝑐𝐻𝑑 Burkhart (1977) (8) 

V = a + b (H/D)c D2H Teshome (2005) (9) 

V = D2(a + bH) Ogaya (1968) (10) 

V = aD2 + b D
2H − cD2 H2 − dH + e DH2

 Eriksson (1973) (11) 

V = a + b D
2H + cD3H + d D

2 H2 + e H Bi and Hamilton (1998) (12) 

V = a(D2H)b Malata et al. (2017) (13) 

V = a(D2)b Hc
 Malata et al. (2017) (14) 

V = a + b D
2 + cD2H2

 Alegria and Tome (2011) (15) 

V = a + b D + c D
2 + dD2 H2

 Alegria and Tome (2011) (16) 

V = a + b DH+ cDH2 + d D
2H2

 Alegria and Tome (2011) (17) 

V = a + b D + c DH2 + d D
2H2 Alegria and Tome (2011) (18) 

Note: V = total Volume (𝑚3); D = diameter at breast height outside bark (cm); H = total height (m); a, b, c, 
d, e = parameters to be estimated 

 
 

Through comparisons, the Schumacher and Hall (Bailey, 1994) function (model 2) 
was found to provide consistent and accurate results, and was therefore considered one 
of the best non-linear functions to describe the total volume of the Scots pine and 
selected as the base model: 

 
 𝑉 = 𝑎𝐷𝑏𝐻𝑐 (Eq.2) 

 
where V is volume in cubic meter (m3), D is the tree diameter at breast height (DBH) 
(cm), H is the total height (m), (a, b, and c) are the parameters. 

Equation 2 was fit to: (1) the overall data, (2) the NWYLHLM region data (region 1), 
(3) the SAYLHLM region data (region 2) and (4) each of the eight ecoregions 
separately. The PROC NLIN procedure in the Statistical Analysis System (SAS 
Institute, Inc. 2002) was utilized to estimate the model parameters and model statistics. 

To assess whether the total volume equations are different among regions and 
ecoregions, the non-linear extra sum of squares method was used (Bates and Watts, 
1988; Neter et al., 1996). This method demands the fitting of full and reduced models 
and has commonly been applied to evaluate if separate models are necessary for 
different species or different ecoregions and geographic regions (Huang et al., 2000; 
Peng et al., 2001; Zhang et al., 2002; Castedo-Dorado et al., 2005; Corral-Rivas et al., 
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2007). The full model corresponds to different sets of parameters for each subregions 
and is gotten by enlarging each parameter by including an associated parameter and a 
dummy variable to distinguish among ecoregions. The reduced model corresponds to 
the same set of global parameters for all ecoregions. Using Indicator (dummy) variable 
approach for the Equation 2, the full model of the volume function can be written as: 
 

 𝑉 = (𝑎 + ∑ 𝑎𝑖𝑘
𝑖=1 𝑟𝑖) 𝐷(𝑏+∑ 𝑏𝑖𝑘𝑖=1 𝑟𝑖)𝐻(𝑐+∑ 𝑐𝑖𝑟𝑖𝑘𝑖=1 ) (Eq.3) 

 
where: 
V = volume parameter tested, 
ri = indicator variable for regions and ecoregions, 
D = tree dbh (in cm), 
a,b, c = parameters to be estimated from the data, 
k = the number of indicator variables. 

Evaluate the overall volume differences among ecoregions 

This procedure involves the use of seven indicator variables (k=7) which are needed 
in Equation 3 for eight ecoregions in the full model form in this case. They are defined 
as follows: 

 
If subregion = XL, z1 = 1, all other zi = 0. 
If subregion = TH, z2 = 1, all other zi = 0. 
If subregion = HZ, z3 = 1, all other zi = 0. 
If subregion = SBZ, z4 = 1, all other zi = 0. 
If subregion = HJY, z5 = 1, all other zi = 0. 
If subregion = XLJ, z6 = 1, all other zi = 0. 
If subregion = TQ, z7 = 1, all other zi = 0. 
If subregion = AME, all other zi = 0. 
 
While the reduced model form is represented by a three parameters model 

(Equation 2) representing the volume relationship across all ecoregions. 

Evaluate the volume differences between the two regions 

To test the difference between region NWYLHLM and SAYLHLM, one indicator 
variable (k=1) can be defined: if region = NWYLHLM, z1 =1; and if region = 
SAYLHLM, z1 = 0. Similarly, the full model (Equation 3) has 6 estimable parameters. 

Evaluate the volume differences between the eight ecoregions 

A total of 28 ecoregion pairs can be formulated to test the pairwise differences 
between the eight ecoregions. The 28 testing pairs require 28 full models that take the 
form of Equation 3, and 28 reduced models that take the form of Equation 2. For 
example, to test the difference between ecoregion TH vs. HZ, one indicator variable 
(k=1) can be defined: if ecoregion = TH, z1 =1; and if ecoregion = HZ, z1 = 0. Similarly, 
the full model (Equation 3) has 6 estimable parameters. All the reduced models for 
these tests take the form of Equation 2 with 3 parameters. 
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Evaluate statistic 

The significance of the full and reduced model comparisons were based on an F-test 
of the form: 

 

 

(Eq.4) 

 

where 𝑆𝑆𝐸𝑅 is the error sum of squares of a reduced model with the degrees of freedom 𝑑𝑓𝑅, 
and 𝑆𝑆𝐸𝐹 is the error sum of squares of a full model with the degrees of freedom 𝑑𝑓𝐹. This 
test statistic is F-distributed for a non-linear model if the data used represent a large sample 
generally; the F-test is significant if the P-value for the test is less than 0.05. 

In order to understand the consequences of inappropriate application of a volume model in 
different ecoregions, each of the eleven models (global model, regional model 1 
(NWYLHLM 1), regional model 2 (SAYLHLM 2), and 8 ecoregional models was used to 
predict total volume of trees for each ecoregion. 

To quantify the magnitude of the prediction error when a specific region model is used, the 
average volume prediction error (𝜀)̅, the standard error of the prediction error (Se), and the 
prediction bias as a percentage of average "real" volume (% bias) were calculated and defined 
as: 

 

 
 

(Eq.5) 

 

 
 

(Eq.6) 

 

 
 

(Eq.7) 

 

where: 
m= Number of trees, 𝑉𝑖= Data reported volume for tree i, �̂�𝑖 = Predicted volume for tree i, �̅�= Mean data reported volume. 
 
 

Results and Discussion 

Model fitting to regional and ecoregional data 

Based on the different data sets, Equation 2 was separately fitted using non-linear 
least squares. Parameter estimates and MSE for each ecoregion and region are displayed 
in Table 3. In all situations, parameter estimates and model forms were statistically 
significant (P<0.01). Among the eight ecoregional models, the lowest MSE value was 
found in the TH ecoregion, and the highest MSE value was found in the AME 
ecoregion. The parameter estimates varied among the eight ecoregions, indicating that 
each ecoregion may have a different volume with DBH and H relationship from others. 
The three regional models also have different parameter estimates. 



Mbangilwa et al.: Evaluation of ecoregion-based volume equations for Scots pine (Pinus sylvestrix) in the Eastern Daxing’an 
Mountains, Northeast China 

- 4948 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):4941-4958. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_49414958 
© 2020, ALÖKI Kft., Budapest, Hungary 

Table 3. Parameter estimates and MSE of volume function for the regional and ecoregional 
models 

Ecoregions N a b c MSE 

XL 65 0.000020 2.0737 1.0984 0.0121 

TH 120 0.000029 1.8453 1.2382 0.00078 

HZ 135 0.000200 1.9262 0.5259 0.00522 

SBZ 68 0.000015 1.8184 1.5004 0.00233 

HJY 335 0.000081 2.1093 0.6063 0.00657 

XLJ 189 0.000132 1.8660 0.7028 0.0012 

TQ 184 0.000044 1.5513 1.4665 0.0146 

AME 198 0.000117 1.9022 0.7312 0.0159 

NWYLHLM 706 0.000111 1.9041 0.7453 0.0109 

SAYLHLM 588 0.000034 2.0686 0.9313 0.0063 

Overall 1294 0.000075 1.9719 0.7906 0.00915 

Note: N-sample size (number of tree), a, b, c-three parameters of volume model, MSE-model mean 
squared error 

 
 
Comparison of the total volume equations between regions and ecoregions 

Table 4 shows the testing results for the differences of the overall volume models for 
the eight ecoregions. The F-test indicates that there are differences among the total 
volume models from eight ecoregions (P < 0.0001). This implies that the overall model 
is not sufficient to describe the volume with DBH and H relationships for the eight 
ecoregions selected. The difference between the different regions (NWYLHLM-
SAYLHLM) was also tested and the P-values were less than 0.0001 for the two regional 
paired comparisons. This means that the difference in volume between the two 
geographic regions is also statistically significant. The same approach was used to test 
for differences among the eight ecoregions (Table 4). Among the 28 pairs of ecoregion 
comparisons, only three ecoregion pairs (e.g., XL versus SBZ, HZ versus AME, and 
SBZ versus TQ) showed the non-significant difference (P>0.05). 

Prediction errors of applying overall and regional volume equations to each 

ecoregion 

According to the tests above, there were significant differences for many paired 
comparisons of the volume model among the eight ecoregions and between regions. 
Inappropriately applying a total volume model in these ecoregions may result in 
prediction biases. To understand the consequences, all eleven models (overall model, 
NWYLHLM model, SAYLHLM model and eight sub-regional models) were used to 
predict total tree volume for each ecoregion individually. 

If the overall model was used to predict the volume of trees in each ecoregion, 
excessive or underestimated predictions were made for different ecoregions. On average, 
the overall model under-estimated (i.e., positive Bias %) tree volume from 0.1% to 3.2% 
for ecoregions AME, HJY, TQ, and HZ, and over-estimated (i.e., negative Bias %) tree 
volume about -2.1% to -8.1% in ecoregions XL, XLJ, SBZ and TH (Table 5). 

Applying the NWYLHLM regional model to each ecoregion would result in similar 
patterns and magnitudes of the prediction errors as the overall model. This model under-
estimated tree volumes in the HZ (1.9%), AME (0.07%), and over-estimated tree 
volumes in the XL (-3.01%), TH (-11.1%), SBZ (-9.8%), HJY (-1.4%), XLJ (-9.3%) 
and TQ (-0.0735%) (Table 6). 
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Table 4. F-test for testing the difference between regions and among eight ecoregions 

Subregions n 
Full Model Reduced Model Extra sum of squares 𝑺𝑺𝑬𝑭 PF 𝒅𝒇𝑭 𝑺𝑺𝑬𝑹 PR 𝒅𝒇𝑹 𝒅𝒇𝑹 − 𝒅𝒇𝑭 F-value P-value 

Overall 1294 9.8339 30 1267 11.8065 3 1291 24 10.5898 0.0000 

NWYLHLM-
SAYLHLM 

1294 11.3292 6 1288 11.8065 33 1291 3 18.0893 0.0000 

XL - TH 185 0.8429 6 179 0.9774 3 182 3 9.5188 0.0000 

XL - HZ 200 1.4410 6 194 1.7510 3 197 3 13.9109 0.0000 

XL - SBZ 133 0.9032 6 127 0.9322 3 130 3 1.3577 0.2587 

XL - HJY 400 2.9341 6 394 3.1322 3 397 3 8.8686 0.0000 

XL - XLJ 254 0.9753 6 248 1.2592 3 251 3 24.0628 0.0000 

XL - TQ 249 3.4031 6 243 3.9713 3 246 3 13.5243 0.0000 

XL - AME 263 3.8440 6 257 4.0791 3 260 3 5.2411 0.0015 

TH - HZ 255 0.7807 6 249 1.2053 3 252 3 45.1421 0.0000 

TH - SBZ 188 0.2428 6 182 0.2786 3 185 3 8.9416 0.0000 

TH - HJY 455 2.2737 6 449 2.6379 3 452 3 23.9775 0.0000 

TH - XLJ 309 0.3150 6 303 0.3822 3 306 3 21.5336 0.0000 

TH - TQ 304 2.7428 6 298 2.8935 3 301 3 5.4611 0.0011 

TH - AME 318 3.1836 6 312 3.4648 3 315 3 9.1839 0.0000 

HZ - SBZ 203 0.8409 6 197 1.1099 3 200 3 21.0047 0.0000 

HZ - HJY 470 2.8718 6 464 3.0242 3 467 3 8.2085 0.0000 

HZ - XLJ 324 0.9131 6 318 1.1756 3 321 3 30.4673 0.0000 

HZ - TQ 319 3.3409 6 313 3.8997 3 316 3 17.4522 0.0000 

HZ - AME 333 3.7817 6 327 3.8206 3 330 3 1.1204 0.3408 

SBZ - HJY 403 2.3340 6 397 2.5168 3 400 3 10.3639 0.0000 

SBZ - XLJ 257 0.3753 6 251 0.4846 3 254 3 24.3789 0.0000 

SBZ - TQ 252 2.8030 6 246 2.8453 3 249 3 1.2369 0.2968 

SBZ - AME 266 3.2439 6 260 3.4207 3 263 3 4.7232 0.0031 

HJY - XLJ 524 2.4062 6 518 2.8629 3 521 3 32.7782 0.0000 

HJY - TQ 519 4.8339 6 513 5.6557 3 516 3 29.0706 0.0000 

HJY - AME 533 5.2748 6 527 5.5064 3 530 3 7.7127 0.0000 

XLJ - TQ 373 2.8752 6 367 3.2028 3 370 3 13.9407 0.0000 

XLJ - AME 387 3.3161 6 381 3.6265 3 384 3 11.8870 0.0000 

TQ - AME 382 5.7438 6 376 6.1290 3 379 3 8.4049 0.0000 

Note: N – sample size, SSEF – error sum of squares of the full model, dfF – degrees of freedom of SSEF, 
SSER – error sum of squares of reduced model, dfR – degrees of freedom of SSER, P is the number of 
parameters 

 
 

Table 5. Prediction error of applying the overall model for each ecoregion 

Subregions N �̅�(m) �̂�(m) 𝜀  ̅ 𝑆𝑒 t Bias (%) 

XL 65 0.9352 0.9547 -0.0195 0.1183 -1.3284 -2.0835 

TH 120 0.3198 0.3456 -0.0258 0.0479 -5.9040 -8.0736 

HZ 135 0.7603 0.7360 0.0243 0.0768 3.6748 3.1946 

SBZ 68 0.3136 0.3329 -0.0194 0.0629 -2.5392 -6.1728 

HJY 335 0.5550 0.5516 0.0034 0.0852 0.7356 0.6167 

XLJ 189 0.3128 0.3319 -0.0191 0.0507 -5.1842 -6.1184 

TQ 184 0.7181 0.7117 0.0064 0.1329 0.6504 0.8876 

AME 198 1.0919 1.0904 0.0015 0.1269 0.1655 0.1367 

Note: N – sample size, V̅ – average of observed tree volume, V̂ – average of predicted tree volume from 
the model, Se – standard deviation of prediction error 
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Table 6. Prediction errors of applying regional models to each ecoregion 

Reg-Eco N �̅�(m) �̂�(m) �̅� 𝑺𝒆 t Bias (%) 

NWYLHLM - XL 65 0.9352 0.9633 -0.0281 0.1255 -1.8056 -3.0053 
NWYLHLM - TH 120 0.3198 0.3554 -0.0356 0.0502 -7.7685 -11.1237 
NWYLHLM - HZ 135 0.7603 0.7455 0.0148 0.0756 2.2782 1.9507 

NWYLHLM - SBZ 68 0.3136 0.3443 -0.0307 0.0659 -3.8394 -9.7935 
NWYLHLM - HJY 335 0.5550 0.5626 -0.0076 0.0879 -1.5896 -1.3757 
NWYLHLM - XLJ 189 0.3128 0.3419 -0.0291 0.0493 -8.1208 -9.3051 
NWYLHLM - TQ 184 0.7181 0.7186 -0.0005 0.1312 -0.0546 -0.0735 

NWYLHLM - AME 198 1.0919 1.0911 0.0008 0.1253 0.0886 0.0722 
SAYLHLM - XL 65 0.9352 0.9362 -0.0009 0.1099 -0.0702 -0.1024 
SAYLHLM - TH 120 0.3198 0.3301 -0.0103 0.0448 -2.5288 -3.2368 
SAYLHLM - HZ 135 0.7603 0.7177 0.0426 0.0837 5.9206 5.6079 

SAYLHLM - SBZ 68 0.3136 0.3139 -0.0003 0.0566 -0.0498 -0.1091 
SAYLHLM - HJY 335 0.5550 0.5359 0.0190 0.0837 4.1592 3.4277 
SAYLHLM - XLJ 189 0.3128 0.3168 -0.0040 0.0548 -1.0091 -1.2857 
SAYLHLM - TQ 184 0.7181 0.7037 0.0144 0.1389 1.4091 2.009 

SAYLHLM - AME 198 1.0919 1.0908 0.0011 0.1367 0.1135 0.1009 

Note: N – sample size, V̅ – average of observed tree volume, V̂ – average of predicted tree volume from 
the model, Se – standard deviation of prediction error 

 
 

The same approach was used for SAYLHLM regional model to each ecoregion 
(Table 6). SAYLHLM regional model under-estimated tree volumes in the HZ (5.6%), 
HJY (3.4%), TQ (2.01%), AME (0.1%) and over-estimated tree volumes in the XL 
(-0.1%), TH (-3.2%), SBZ (-0.1%) and XLJ (-1.3%). 

Prediction errors of applying ecoregional equation to each ecoregion 

When the eight ecoregional models were applied to each ecoregion, they generally 
performed well in the ecoregions in which the models were developed. Otherwise, the models 
produced the prediction errors. The prediction biases ranged from -1.2% to 7.5% in XL, from 
-0.8% to 11.7% in TH, from -13.9% to 0.08% in HZ, from -3.5% to 10.3% in SBZ, from -8.9% 
to 0.9% in HJY, from -2.5% to 10.4% in XLJ, from -11.6% to 9.4% in TQ and from -11.7% 
to 1.5% in AME (Table 7). Figure 2 shows the mean prediction errors across 5-cm diameter 
classes when ecoregional models are applied to predict tree volume in each of the eight 
ecoregions separately. This further confirmed that ecoregional model developed in that 
ecoregion performed well for most diameter classes. 

The expected results show that the different ecoregions have large differences in climatic, 
soil and ecological conditions. Corral-Rivas et al. (2007) and Brooks and Wiant (2008) 
reported in their study of the use of stump diameter to estimate DBH and tree volumes (V) at 
El Salto, Durango, Mexico and Ecoregion-based local volume equations for Appalachian 
hardwoods, USA. Part of the differences between the dbh and volume models between tree 
species may be caused by differences in genetics, growing conditions, and site quality. 
Previous studies of different species have also revealed differences between ecoregion-based 
height-diameter models (Huang, 1999; Huang et al., 1999; Zhang et al., 2002; Peng et al., 
2004; Brooks and Wiant, 2005; Özçelik et al., 2014, 2016; Chourou, 2014; Enzinga and Jiang, 
2019). In our case, the updated ecoregion classification in the cold temperate coniferous forest 
regions of Eastern Daxing'an Mountains (Figure 1) provides comprehensive information on 
changes in the relationships between ecoregions and tree species of Pinus silvestrix along 
ecological and macroclimatic gradients from different regions. These ecoregions are 
characterized by large climatic regimes that include temperature and precipitation, soil 
moisture and nutrient regimes, and succession and vegetation types (Hills, 1959, 1960; CEC, 
1997; ELC Working Group, 2000). 
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Table 7. Prediction errors of applying a specific ecoregion model to each ecoregion 

Subregions N �̅�(m) �̂�(m) �̅� 𝑺𝒆 t Bias (%) 

XL model        

XL - XL 65 0.9352 0.9193 0.0159 0.1079 1.1904 1.7047 

XL - TH 120 0.3198 0.3235 -0.0037 0.0435 -0.9268 -1.1510 
XL - HZ 135 0.7603 0.7036 0.0567 0.0908 7.2498 7.4529 

XL - SBZ 68 0.3136 0.3044 0.0092 0.0518 1.4662 2.9399 
XL - HJY 335 0.5550 0.5326 0.0224 0.0865 4.7333 4.0319 
XL - XLJ 189 0.3128 0.3114 0.0014 0.0568 0.3298 0.4359 
XL - TQ 184 0.7181 0.7038 0.0142 0.1429 1.3528 1.9851 

XL - AME 198 1.0919 1.0904 0.0015 0.1454 0.1451 0.1373 

TH model        

TH - XL 65 0.9352 0.8686 0.0666 0.1334 4.0237 7.1185 

TH - TH 120 0.3198 0.3224 -0.0026 0.0288 -0.9789 -0.8052 

TH - HZ 135 0.7603 0.6713 0.0889 0.1109 9.3206 11.7032 

TH - SBZ 68 0.3136 0.3044 0.0092 0.0510 1.4795 2.9203 

TH - HJY 335 0.5550 0.5331 0.0219 0.1026 3.9010 3.9401 

TH - XLJ 189 0.3128 0.3149 -0.0021 0.0432 -0.6728 -0.6765 

TH - TQ 184 0.7181 0.6861 0.0319 0.1248 3.4741 4.4509 

TH - AME 198 1.0919 1.0322 0.0597 0.1345 6.2439 5.4667 

HZ model        

HZ - XL 65 0.9352 0.9858 -0.0506 0.1323 -3.0819 -5.4076 

HZ - TH 120 0.3198 0.3641 -0.0443 0.0619 -7.8473 -13.8603 
HZ  - HZ 135 0.7603 0.7635 -0.0032 0.0716 -0.5242 -0.4252 

HZ - SBZ 68 0.3136 0.3564 -0.0428 0.0754 -4.6792 -13.6435 
HZ - HJY 335 0.5550 0.5639 -0.0089 0.0878 -1.8544 -1.6029 
HZ - XLJ 189 0.3128 0.3472 -0.0345 0.0486 -9.7367 -11.0184 

HZ - TQ 184 0.7181 0.7175 0.0005 0.1366 0.0545 0.0765 

HZ - AME 198 1.0918 1.0928 -0.0009 0.1273 -0.1049 -0.0869 

SBZ model        

SBZ - XL 65 0.9352 0.8832 0.05199 0.1277 3.2817 5.5595 

SBZ - TH 120 0.3198 0.3296 -0.0098 0.0459 -2.3302 -3.0569 
SBZ - HZ 135 0.7603 0.6820 0.0783 0.1181 7.6986 10.2934 

SBZ - SBZ 68 0.3136 0.3064 0.0071 0.0471 1.2503 2.2755 
SBZ - HJY 335 0.5550 0.5563 -0.0013 0.1063 -0.2239 -0.2343 
SBZ - XLJ 189 0.3128 0.3236 -0.0108 0.0566 -2.6365 -3.4702 

SBZ - TQ 184 0.7181 0.7194 -0.0013 0.1355 -0.1343 -0.1868 

SBZ - AME 198 1.0919 1.0770 0.0148 0.1489 1.4032 1.3601 

HJY model        

HJY - XL 65 0.9352 0.9928 -0.0576 0.1201 -3.8677 -6.1634 

HJY - TH 120 0.3198 0.3484 -0.0286 0.0627 -5.0008 -8.9488 
HJY - HZ 135 0.7603 0.7617 -0.0014 0.0833 -0.1998 -0.1886 

HJY - SBZ 68 0.3136 0.3368 -0.0232 0.0711 -2.6901 -7.3933 
HJY - HJY 335 0.5550 0.5499 0.0051 0.0807 1.1471 0.9116 
HJY - XLJ 189 0.3128 0.3307 -0.0179 0.0609 -4.0378 -5.7259 

HJY - TQ 184 0.7181 0.7179 0.0002 0.1433 0.0218 0.0321 

HJY - AME 198 1.0919 1.1206 -0.0287 0.1360 -2.9686 -2.6277 

XLJ model        

XLJ - XL 65 0.9352 0.8785 0.0567 0.1523 2.9991 6.0591 

XLJ - TH 120 0.3198 0.3278 -0.0081 0.0514 -1.7201 -2.5235 
XLJ - HZ 135 0.7603 0.6815 0.0788 0.1006 9.0999 10.3661 

XLJ - SBZ 68 0.3136 0.3189 -0.0053 0.0689 -0.6373 -1.6998 
XLJ - HJY 335 0.5550 0.5157 0.0393 0.1088 6.6097 7.0821 
XLJ - XLJ 189 0.3128 0.3155 -0.0027 0.0344 -1.1024 -0.8816 

XLJ - TQ 184 0.7181 0.6546 0.0635 0.1431 6.0196 8.8414 

XLJ - AME 198 1.0919 0.9887 0.1032 0.1432 10.1385 9.4492 

TQ model        

TQ - XL 65 0.9352 0.8789 0.0563 0.1721 2.6386 6.0235 

TQ - TH 120 0.3198 0.3498 -0.0300 0.0449 -7.3275 -9.3986 
TQ - HZ 135 0.7603 0.6890 0.0713 0.1423 5.8229 9.3779 

TQ - SBZ 68 0.3136 0.3308 -0.0172 0.0529 -2.6879 -5.4961 
TQ - HJY 335 0.5550 0.5847 -0.0297 0.1261 -4.3129 -5.3526 
TQ - XLJ 189 0.3128 0.3491 -0.0363 0.0542 -9.2083 -11.6156 

TQ - TQ 184 0.7181 0.7269 -0.0088 0.1204 -0.9941 -1.2288 

TQ - AME 198 1.0919 1.0513 0.0405 0.1503 3.7956 3.7123 
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Subregions N �̅�(m) �̂�(m) �̅� 𝑺𝒆 t Bias (%) 

AME model        

AME - XL 65 0.9352 0.9672 -0.0320 0.1258 -2.0523 -3.4251 

AME - TH 120 0.3198 0.3571 -0.0373 0.0513 -7.9756 -11.6782 
AME - HZ 135 0.7603 0.7487 0.0116 0.0750 1.8000 1.5289 

AME - SBZ 68 0.3136 0.3463 -0.0327 0.0668 -4.0393 -10.4336 
AME - HJY 335 0.5550 0.5646 -0.0096 0.0877 -1.9954 -1.7236 
AME - XLJ 189 0.3128 0.3434 -0.0307 0.0498 -8.4672 -9.8101 

AME - TQ 184 0.7181 0.7206 -0.0025 0.1314 -0.2590 -0.3494 

AME - AME 198 1.0919 1.0938 -0.0019 0.1253 -0.2191 -0.1787 

Note: N – sample size, V̅ – average of observed tree volume, V̂ – average of predicted tree volume from 
the model, Se – standard deviation of prediction error 

 

  

  

  

  

Figure 2. Average prediction errors (m) across 5-cm diameter classes when each ecoregional 
model is applied to predict total volume in each of the eight ecoregions with symbols: XL (star), 

TH (circle), HZ (triangle), SBZ (X), HJY (plus), XLJ (dot), TQ (diamond) and AME (Y) 
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Enzinga and Jiang (2019) provide comprehensive analysis of the climatic 
characteristics of the eastern Daxing'an Mountains which include the two regions 
(NWYLHLM and SAYLHLM) selected for the study. In addition, local ecological 
conditions such as vegetation types also affect growth and productivity as well as 
species dominance in these ecoregions For example, in the 8 subregions selected for the 
study, it was demonstrated that the Scots pine (Pinus Sylvestrix var. mongolica) 
population was not present in the NDXAM region containing the subregions: Songling 
(SL), Jiagedaqi (JGDQ) within which the Scots pine stand was not observed by 
observing the previous 10 subregions of the Daxing'an mountains. Therefore, the 
combination of all climatic, environmental and vegetation factors plays an important 
role in determining the different volume relationships among the 8 ecoregions linked to 
our study. 

These results are consistent with the last and recent results reported by Brooks and 
Wiant (2008), Li and Zeng (2016), and Liu and Jiang (2016). Based on six ecoregions 
from Central Appalachian, Unites States, Brooks and Wiant (2008) evaluated the 
ecoregion-based volume equations for six hardwood species and found that the average 
bias between a regional model with a single species and specific forms of ecoregion 
ranged from -9.1 to 8.5% for the gross volume of board feet, from -3.5 to 9.2% for the 
gross volume of marketable cubic feet, and -9.5 to 16.7% for the weight of the 
marketable dry bole. Li and Zeng (2016) used the datasets of Larix spp. from four 
regions (northeastern, northern, northwestern, and southwestern) of China and same 
total volume equation used in our study to test the difference among regions. Their 
results indicated that the difference of volume estimates was noticed between 
northeastern and northern regions, northern and northwestern regions. Based on the 
classification in eastern Daxing'an Mountains, Northeast China by Zhang et al. (1992), 
three regions were identified. Liu and Jiang (2016) evaluated the regional difference of 
volume estimates using dahurian larch (larix gmelinii) datasets from eastern Daxing'an 
Mountains. Results indicated that volume models were significant difference among 
different regions, therefore, region-based volume equation is required to avoid 
increasing prediction error. Enzinga and Jiang (2019) evaluated the region and 
subregion-based height-diameter models for dahurian larch (larix gmelinii) in Eastern 
Daxing’an Mountains which led to conclusions demonstrating that there were distinct 
variations in height-diameter relationships for Dahurian larch between the different sub-
regions in three forest regions and that usually, height-diameter models based on 
ecoregions report forecasts more reliably on a regional basis and avoid likely errors that 
may arise when applying the models in other areas. The same is true in the case of our 
study on ecoregional assessments based on volume equation models in Northeast China. 

Conclusion 

In the study, the total tree volume equations were developed for Pinus sylvestrix var 
mongolica in northeastern China. Using dummy variables and the non-linear extra sum 
of squares procedure, the volume with diameter and total height relationship was not the 
same for all ecoregions when tested by regions and ecoregions of Scots pine. For 
comparisons by ecoregion, statistical differences in total volume were found in many 
ecoregions, which can be explained in part by the longitudinal, latitudinal and elevation 
properties that exist in the soil, the length of the season, growth rates and annual 
precipitation rates in these regions. This brings us to prove the importance of the 
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relationship between the volume, the diameter and the total height of the trees of the 
Pinus sylvestrix var mongolica species studied. 

Differences in height and diameter reported for the same northeast China ecoregions 
are probably the main factor behind the different volume models. The average bias varies 
at different percentage levels for the market value of wood in the two regions, the 
equations for total volume of trees specific to Scots pine and ecoregions are presented and 
can be easily used in situations of wood intrusion into the eight ecoregions, although there 
are significant volume relationships between the Pinus sylvestrix species in the two 
regions studied for this case. The inappropriate application of overall or regional volume 
models to these different ecoregions for Scots pine in Eastern Daxing'an Mountains can in 
this case lead to significant errors in the estimation of total volumes. 

Apart from all these inverstigations we recommend the following: 
• Develop different models for different ecoregions wherever the data are favorable; 
• Furthermore, the difference in the growth of Pinus sylvestrix between the two 

regions as well as the eight ecoregions being explained in a summary manner, 
climatic research must be done in order to determine the factors responsible of the 
difference in tree growth between the two regions and the eight ecoregions on the 
one hand and on the other, to better understand the variations in the volume-
diameter and height relationship on large scales; 

• In the light of the results obtained during this study, the predicted volumes of 
Pinus sylvestrix Var Mongolica trees, obtained through the development of 
models of volume equations in the two regions, can be used as explanatory 
variables for the calculation of the allowable cut by forestry managers. However, 
it is preferable to use the volume that has been predicted from ecoregional models 
since it enjoys, to our knowledge, unprecedented precision. 

• Regarding the GIS aspect, the main objective of this article being to reflect the 
differences between regions and ecological regions from total volume models, in 
the future, we will recommend cartographic studies related to remote sensing at 
the level of different regions and ecoregions using GIS-based methods and finally 
to develop a quantitative and multivariate regionalization model capable of 
delineating ecoregions on several levels from remote sensed information and other 
spatial data on environmental and natural resources so have a general vision of the 
evolution of the forest cover and the landscape for each defined region and 
ecoregions. The development of the model will thus provide a new useful 
approach to the mapping of ecoregions for resource managers and researchers. 
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Abstract. This study was carried out to evaluate antioxidant roles of natural Azolla filiculoides on the 
physiological and biological aspects of young common carp. The fish were fed 0 (control), 2.50, 5.00 and 
7.5% of azolla powder for 8 weeks. There were significant differences among treatments for weight gain, 
specific growth rate and relative growth rate. Also, significant differences were observed (p < 0.05) for 
RBC, Hgb, MCV, PLT and WBC. On the other hand, there were no significant differences for MCH, 
MCHC, Granules, Lymphocyte and Monocyte. AST, total protein, globulin and albumin in fish plasma 
were significantly higher (p < 0.05) for those fed with 2.50, 5.00 and 7.5% azolla than those in treatment 
1(control). The highest blood glucose value was in T1 (control) which significantly differs from that in 3 
and 4. There was a significant difference in plasma cholesterol of fish fed with azolla compared to 
control, as well as in values of triglyceride between treatment 4 and all others. Finally, there were 
significant differences for Hepatosomatic index, Spleenosomatic index and condition factor. The results 
of this study confirmed that natural azolla (5.00 and 7.5% g kg-1 feed) had significant effects on 
physiological, nutritional and biological parameters of common carp. 
Keywords: fern, hematological, biochemical, antioxidant, carp 

Introduction 

In intensive aquaculture farm systems, feed should be high quality and rich in protein 
because it is important in guaranteeing higher rates of production (Narejo et al., 2010; 
Hardy, 1996). The feed is required to be well balanced with all the essential nutritional 
contents. The aquaculture feed is reasonably expensive, irregular, and in short supply 
for many third world countries. Major parts of fish production cost in intensive and 
semi-intensive aquaculture operations are in feed contents. Feed constitutes must be 
selected carefully since fish feed in aquaculture will play a significant role in the 
feeding and economic success of cultured fish. One of the high-quality sources of 
protein in aquaculture is fish meal and an ever more expensive contents of commercial 
fish culturing. 

The worldwide production of fish meal was stabilized at 6 to 7 million tons in 1985, 
the prices of that feed component has increased (Fao, 2006). As a result, conducting 
research on the utilization of traditional sources of protein as components to substitute 
fish meal in fish diets has received rising attention by nutritionists of fish in the entire 
world. A number of vegetable sources have revealed to be precious to substitute fish 
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meal in fish feed, either partly or fully. The utilazation of sesbania seeds (sesbania 
aculeata l.), moringa leaf (moringa oleifera lamarck), mucuna seeds (mucuna pruriens 
l.), duckweed (spirodela polyrrhiza l. Schleiden), azolla lamarck, etc. in feeds for O. 
Niloticus had produced hopeful outcomes (Fasakin et al., 2001; Hossain et al., 2002; 
Siddhuraju and Becker, 2003; Afuang et al., 2003; Fiogbé et al., 2004). Recently using 
of aquatic fern azolla in feeding of fish is of great interest. 

Floating freshwater, azolla is one of the important aquatic plants with high biomass 
and production of protein that could be used directly in fish feeding or feed components 
of a substitute source of protein (Radhakrishnan et al., 2014). Azolla has reached its 
significance in aquaculture because of higher content of crude protein (13% to 30%) 
and composition of essential amino acid (eaa) (richin lysine) than the majority of green 
forage crops and other aquatic macrophytes (Panigrahi et al., 2014). Despite its 
attractive nutritive qualities and comparative simplicity to produce in ponds, papers on 
utilization of azolla in aquaculture are particularly restricted. On the other hand, azolla 
is well recognized in a number of shellfish such as black tiger shrimp penaeus monodan 
(Sudaryano, 2006) and finfish such as carps (Youssouf, 2012) and nile tilapia (Maity 
and Patra, 2008). 

These species of fish have been reported to exchange raw protein from azolla into the 
most excellent edible protein, therefore, decrease the production cost of diets (Datta, 
2011). In addition, it is noted to contain vital constitutes which improve fish 
performance. Cohen et al. (2002) stated the incidence of the 3-deoxyanthocyanins 
which are the only known flavonoids of azolla. Furthermore, Mithraja et al. (2011) 
reported a variety of antioxidants like phyto-constituents such as tannins, phenolic 
contents and flavonoids from azolla crude extract. According to the above the objectives 
of the recent experiment evaluate the physiological, nutritional and biological effects of 
azolla in common carp. 

Materials and methods 

Experimental fish 

The experiment was done in 8 weeks on 60 common carp C. carpio L. brought 
from local fish ponds in Daquq/Kirkuk/Iraq. Fish weights ranged between 60.4 – 62.8 
g. Fish were distributed in experimental plastic tanks with a mean initial weight of 
61.7 g. Laboratory pre-acclimation (not added azolla) and feeding with commercial 
pellets (their percentage of ingredients and chemical composition are seen in Tables 1 
and 2) were carried out for 21 days prior to the real feeding trials. 

 
Experimental system 

Twelve plastic tanks (70 l water) were used in this trial for four treatments each with 
three replicates. Proper continuous aeration was added to each tank by using Chinese air 
compressors, hailea aco-318. Each replicate was stocked with five fish. The replicates 
were randomly placed to reduced differences among treatments. A daily cleaning by 
siphoning method was applied to remove remained feeds and feces from the system. 
The experimental trial represented four treatments with three replicates; each with five 
fish per replicate as below: 

t1: diet without any addition, t2: adding 2.5% azolla/kg diet, t3: adding 5% azolla/kg 
diet, t4: adding 7.5% azolla/kg diet. 
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Table 1. Chemical composition of the different types of diet by NRC (1993) 

Ingredients 
Crude protein 

(%) 

Crude fat 

(%) 

Dry matter 

(%) 

Crude fiber 

(%) 

Energy 

(kcal/kg) 

Animal protein concentrate 40 5 92.9 2.2 2107 

Yellow corn 8.9 3.6 89 2.2 3400 

Soybean meal 48 1.1 89 7 2230 

Barely 11 1.9 89 5.5 2640 

Wheat bran 15.7 4 89 11 1300 

Azolla 21.5 3.3 91.9 16.1 3917 

 
 
Table 2. Composition of experimental diet 

Ingredients (%) 
Control 

1st treatment 
2nd treatment 3rd treatment 4th treatment 

Yellow corn 15% 15% 15% 15% 

Wheat bran 15% 15% 15% 15% 

Animal concentrate protein 20% 20% 20% 20% 

Barley 15% 15% 15% 15% 

Soya bean meal 48% 35% 32.5 30 27.5 

Azolla 0 2.5 5 7.5 

Total 100 

Calculated chemical composition 

Crud protein 28.06    

Gross energy (kcal/kg feed) 2242.7    

 
 

Diet formulation 

Experimental diets contained standard ingredients found in Sulaimani City markets, 
enriched with azolla. The items were mixed to obtain dough. Then, electrical mincer was used 
for pelleting by kenwood multi-processors. The samples were dried at room temperature for 
four days and crushed to obtained fine particles. Daily feeding was carried out twice at 9:00 a. 
m. and at 2:00 p.m. with 3% of body weight. Fish in every tank was weighed together 
bimonthly. The feeding levels were then recalculated according to new weights. The only 
modification on the fish feed was that the soybean had been replaced by azolla. The feeding 
trial continued for 8 weeks. 

At the end of the experimental period, three fish were randomly taken from each 
experimental group. All fish samples were weighed and their length was measured 
individually. The blood samples from each fish of the different groups were collected from 
the caudal vein. Whole blood samples were collected in small plastic vials containing heparin 
and stored under cold condition (Al-koye, 2013). 

The following parameters were measured: erythrocyte count (rbcs: 1012cells/l), mean 
corpuscular hemoglobin (mch; pg), mean corpuscular hemoglobin concentration (mchc; g/dl), 
mean corpuscular volume (mcv; fl), hemoglobin (hb; g/dl) and platelet (plt; 109cells/l), 
differential leukocyte count (109cells/l), granulocytes%, lymphocytes%, monocytes%. 
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Biochemical parameters 

Alanine aminotransferase activity (alt), aspartate aminotransferase activity (ast), total 
proteins, globulin (g/dl), albumin (g/dl) albumin were examined. 

To determine growth and feed utilization parameters fish were weighed (g) together 
for all replicate in every two weeks. Feed consumption of each replicate was read just 
by the obtained biomass in every two weeks. 

Weight gain (g/fish) = mean of weight (g) at the end of the experimental period – 
weight (g) at the beginning of the experimental period. 

 
 Weight gain (g/fish) = w2 – w1 (Eq.1) 
 

where: W2: fish weight (g) at the end of experimental period, W1: fish weight (g) at the 
beginning of the experimental period. 

Daily weight gain (dwg) (g/day) = weight gain / experimental period 
 
  = w2 – w1 / t (Eq.2) 
 

T: time between w2 and w1 (84 days). 
Relative growth rate (rgr%) = weight gain / initial weight x 100 
 
  = w2 – w1 / w1 x 100 (Brown, 1957) (Eq.3) 
 
Specific growth rate (sgr) = (ln final body weight–ln initial body weight] 
 
 /experimental period) x100 = (in w2 – in w1) / t) x 100 (Lagler, 1956) (Eq.4) 
 
 Feed conversion ratio (fcr) = total feed fed (g) / total wet weight gain (g) (Uten, 1978) (Eq.5) 
 
 Feed efficiency ratio (fer) = total weight gain (g) / total feed fed (g) (Uten, 1978) (Eq.6) 
 

Health (biological) parameters 

All fish specimens were dissected and the abdominal cavity was opened to weigh 
each organ alone, and they were calculated as follows. 

 
 Intestine weight index% = intestine weight (gm) / fish weight (gm) x 100 (Eq.7) 
 
 Intestine length index% = intestine length (cm) / fish length (cm) x 100 (Eq.8) 
 
 Condition factor = fish weight (gm) / fish length (cm)3 (Eq.9) 
 
 Gill index% = gill weight (gm) / fish weight (gm) x 100 (Eq.10) 
 
 Fish weight index% = fish weight without viscera (gm) / fish weight (gm) x 100 (Eq.11) 
 
 Meat weight index% = fish weight without viscera & head (gm) / fish weight (gm) x 100 (Eq.12) 
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Water quality 

Some essential water quality parameters were measured during the experimental 
period. These included water dissolved oxygen (mg/l) using O2-meter (OAKTON 
Singapore), water temperature °C using thermometer ranging between zero to 100 °C, 
water pH using a pH meter (HANNA Romania). 

 
Statistical analysis 

The trial was conducted by one way (ANOVA) with completely randomized design 
(crd) and general linear models (glm) procedure of xlstat 2016 version.02.28451. 
Duncan’s test was used to compare treatment means. 

Results 

Physical and chemical properties of water quality during the experiment were the 
followings: the water temperature ranged between (24-25 °C) and the level of dissolved 
oxygen concentration in the plastic tanks was between 7-8.5 mg/l and water pH value was 
between 7 and 8.3. 

There were significant differences (p < 0.05) in weight gain among treatment 4 with 
other treatments, the highest values of weight gain were observed in treatment 4. The 
relative growth rate, specific growth rate, food conversion ratio and food efficiency ratio of 
the C. carpio were significantly affected by feeding fish with azolla. Except food 
conversion ratio other parameters got the highest values with those in control (Table 3). 

 
Table 3. Effect of replacing soyameal with azolla on growth and feed utilization parameters 
of young common carp (C. carpio) 

Parameters 
t1 

Control  

t2 

2.5% azolla 

t3 

5% azolla 

t4 

7.5% azolla 

Weight gain 9.347 ± 0.42 B 9.44 ± 1.41 B 8.867 ± 0.26 B 18.767 ± 0.64 A 

Relative growth rate 15.271 ± 0.56 B 15.354 ± 2.30 B 14.223 ± 0.38 B 30.595 ± 1.37 A 

Specific growth rate 4.02 ± 0.03 4.152 ± 0.02 B 4.111 ± 0.037 B 4.388 ± 0.10 A 

Food conversion ratio 1.513 ± 0.05 A 1.579 ± 0.25 A 1.579 ± 0.05 A 0.778 ± 0.03 B 

Food efficiency ratio 0.657 ± 0.02 B 0.667 ± 0.09 B 0.635 ± 0.02 B 1.290 ± 0.04 A 

Different letter in same rows mean significant differences (p < 0.05) 

 
 
Mean values for rbc, hgb, mcv, mch, mchc, mcv, plt, wbc, granules, lymphocyte and 

monocyte are presented in Table 4 as mean ± se. According to the results, there were 
significant differences (p < 0.05), for rbc, hgb, mcv, plt and wbc. However, there were 
no significant differences for mch, mchc, granules, lymphocyte and monocyte. 

Values of ast, total protein, globulin and albumin in fish plasma were significantly 
higher (p < 0.05) in treatment 2, 3 and 4 than those in treatment 1 (control). While the 
highest activity of alt was in t1 (control) while in treatment 2, 3 and 4, it was 
32.17 ± 3.63. The highest blood glucose value was in t1 (control) and significantly 
differ with treatment 3 and 4 (p < 0.05, Table 5). 

There was a significant difference (p < 0.05) in plasma cholesterol levels among 
control with other treatments, the highest value was in control which was (4.345 ± 0.24) 
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while there were insignificant differences among treatment 2, 3 and 4. The results 
indicated a significant difference in values of triglyceride between treatment 4 with 
other treatments, triglyceride value in treatment 4 (4.20 ± 0.42, Table 6) was higher than 
in other treatments. Although significant differences were observed in ldl, hdl and vldl 
levels, the highest values of ldl and vldl were noted in treatment 1 (control) while the 
highest value of hdl was found in treatment 3 (Table 6). 

 
Table 4. Effect of replacing soymeal with azolla on some haematological indices of young 
common carp (C. carpio) 

Parameters 
t1 

Control  

t2 

2.5% azolla 

t3 

5% azolla 

t4 

7.5% azolla 

Rbcs (1012cells/l) 1.923 ± 0.13 B 1.705 ± 0.27 B 2.033 ± 0.13 B 2.748 ± 0.10 A 

Hb (g/dl) 96.25 ± 2.01 C 122.00 ± 2.41 B 124.25 ± 1.88 B 137.25 ± 3.11 A 

Mch (pg) 61.50 ± 4.64 A 79.17 ± 16.18 A 63.475 ± 2.96 A 77.625 ± 10.04 A 

Mchc (g/dl) 251 ± 19.39 A 378 ± 59.14 A 263.75 ± 13.60 A 331 ± 45.33 A 

Mcv (fl) 221.325 ± 8.15 B 232.05 ± 7.78 AB 248.075 ± 2.87 A 434.35 ± 6.28 AB 

Plt (109cells/l) 42 ± 7.12 B 44.25 ± 9.44 B 90 ± 6.05 A 57.25 ± 21.33 AB 

Wbc (109cells/ l) 228.80 ± 2.30 B 262.475 ± 7.55 A 236.40 ± 5.74 B 245.825 ± 8.54 AB 

Granulocytes (%) 56.25 ± 2.13 A 57.45 ± 2.17 A 55.82 ± 1.04 A 59.60 ± 1.13 A 

Lymphocytes (%) 9.925 ± 0.83 A 9.325 ± 1.64 A 10.60 ± 0.47 A 7.225 ± 1.00 A 

Monocytes (%) 33.825 ± 1.49 A 33.225 ± 0.94 A 33.575 ± 1.28 A 33.175 ± 0.29 A 

Different letter in same rows mean significant differences (p < 0.05) 

 
 
Table 5. Effect of replacing soymeal with azolla on some blood biochemical parameters of 
young common carp (C. carpio) 

Parameters  
t1 

Control 
t2 

2.5% azolla 
t3 

5% azolla 
t4 

7.5% azolla 

Alanine aminotransferase activity (alt) (u/L) 32.17±3.63 A 26.17±2.91 AB 19.03±1.64 B 21.26±1.66 B 

Aspartate aminotransferase activity (ast) (u/L) 53.275±2.26 B 61.725±1.21 A 65.075±0.97 A 65.903±2.03 A 

Total proteins (g/L) 37.293±2.51 C 39.983±3.34 BC 47.96±1.21 A 45.743±1.53 AB 

lood glucose (mmol/L) 6.3±0.42 A 4.785±0.23 AB 3.673±0.73 B 4.083±0.79 B 

Globulin (g/L) 18.15±0.24 A 21.48±0.11 A 25.87±0.14 A 22.54±0.6 A 

Albumin (g/L) 19.24±0.14 A 18.45±0.71 A 22.18±0.4 A 23.12±0.05 A 

Different letter in same rows mean significant differences (p < 0.05). 

 
 
Table 6. Effect of replacing soymeal with azolla on growth blood lipid profile of young 
common carp (C. carpio) 

Parameters 
t1 

Control 
t2 

2.5% azolla 
t3 

5% azolla 
t4 

7.5% azolla 

Cholesterol (mmol/L) 4.345 ± 0.24 A 3.085 ± 0.16 B 3.378 ± 0.23 B 3.015 ± 0.01 B 

Triglyceride (mmol/L) 1.85 ± 0.19 B 1.875 ± 0.17 B 1.875 ± 0.27 B 4.20 ± 0.42 A 

LDL (mmol/L) 2.98 ± 0.68 A 2.39 ± 0.61 A 0.773 ± 0.25 B 0.673 ± 0.22 B 

HDL (mmol/L) 2.025 ± 0.14 B 1.925 ± 0.11 B 2.725 ± 0.08 A 1.950 ± 0.32 B 

VLDL (mmol/L) 0.375 ± 0.03 AB 0.375 ± 0.03 AB  0.375 ± 0.05 AB  0.338 ± 0.02 B  

Different letter in same rows mean significant differences (p < 0.05). 
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Significant differences (p < 0.05) were noted in treatments in all parameters that are 
listed in Table 7. For hepatosomatic index, spleenosomatic index and condition factor 
treatment 4 had the highest values compared to other treatments. However, the highest 
values of gillsomatic index and meat weight index were observed in treatment 3. 

 
Table 7. Effect of replacing soymeal with azolla on some physio-biological parameters of 
young common carp (C. carpio) 

Parameters  
t1 

Control 

t2 

2.5% azolla 

t3 

5% azolla 

t4 

7.5% azolla 

Hepatosomatic index 1.482 ± 0.08 B 1.563 ± 0. 10 AB 1.920 ± 0.16 A 1.55 ± 0.18 AB 

Spleenosomatic index 0.192 ± 0.08 B 0.399 ± 0.03 A 0.221 ± 0.04 AB 0.234 ± 0.05 AB 

Kidneysomatic index 0.517 ± 0.08 AB 0.353 ± 0.08 B 0.680 ± 0.11 A 0.460 ± 0.02 AB 

Gillsomatic index 3.448 ± 0.04 B 3.461 ± 0.11 B 3.694 ± 0.11 AB 1.950 ± 0.32 B 

Intestine weight index 2.523 ± 0.21 AB  2.528 ± 0.20 AB 2.912 ± 0.14 A  2.105 ± 0.13 B 

Fish weight index 85.799 ± 0.97 AB 90.588 ± 2.37 A 86.678 ± 0.50 AB 84.25 ± 2.26 B 

Meat weight index 54.365 ± 1.07 B 55.015 ± 0.27 B 58.742 ± 0.34 A 55.036 ± 0.52 B 

Condition factor 1.399 ± 0.02 C 1.526 ± 0.07 BC 1.627 ± 0.3 AB 1.756 ± 0.06 A 

Different letter in same rows mean significant differences (p < 0.05) 

Discussion 

Azolla seems to be an excellent replacer of protein from high cost sources such as 
fish meal. Fish species belong to family cyprinidae stated to have diverse ranges of 
azolla inclusion levels in the feed. The majority of studies observed enhanced feed 
utilization and better growth in rohu at 10-50% azolla inclusion level in the feed 
(Panigrahi et al., 2014; Datta, 2011). While orange fin labeo (Gangadhar et al., 2017), 
catla (Umalatha et al., 2018), silver carp and mrigal (Tuladhar, 2003), grass carp (Majhi 
et al., 2006), and thai silver barb (Das et al., 2018), stated to have a range between 10-
25% azolla inclusion levels in the diet (Kumari et al., 2017). Same results have been 
observed by many researchers with some aquatic plants supplemented diet such as duck 
weed (Hassan and Edwards, 1992; Saini and Mathur, 2003). The reasons for the diverse 
addition levels may be due to the existence of ω-6 fatty acids (Mohanty and Dash, 
1995), nutritional value of the plants such as the gross energy content of the diet and the 
dietary protein (Shireman et al., 1983; Du et al., 2005) which is assimilated in a 
different way, depends on habits of feeding of the species (example, calta vs ruhu). 
Also, different enzymes in the fish gut plays a significant role in the feed digestion and 
utilization (Dabrowski and Glogowski, 1977). 

The present study observed that the level of azolla in diets affects the growth and 
feed utilization efficiency of common carp. High level of azolla in diets resulted in 
higher growth. These trends of noted differences in growth v and fcr followed the 
results noted by Fasakin et al. (2001) and Fiogbé et al. (2004). Weight gains were 
9.44 ± 1.41 (2.5% azolla), 8.867 ± 0.26 (5% azolla) and 18.767 ± 0.64 (7.5% azolla), 
(Nekoubin and Sudagar, 2013) reported that there was an increased weight for grass 
carp that fed with azolla was 5.04 ± 0.53. In addition, specific growth rates were 
4.152 ± 0.022.5% azolla), 4.111 ± 0.037 (5% azolla) and 4.388 ± 0.10 (7.5% azolla) 
(Nekoubin and Sudagar, 2013) noted that the specific growth rate was 0.31 ± 0.02 in 
their experiment. 
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Study on last research showed that biochemical parameters affect species (Catton, 
1951), age (Hutton, 1967), water temperature (Hesser, 1960) and diet (Smith, 1968). In 
the present study different levels of azolla had significant effects on most of the 
hematological and biochemical parameters. Some studies seem to indicate that the type 
and rate of fish consumption, and its growth, are related to the chemical content or 
nutritive value of the plants, such as the gross energy content of the diet and the dietary 
protein (Shireman et al., 1983; Du et al., 2005). Nekoubin and Sudagar (2013) stated 
that feeding grass carp with azolla had not have any significant effect on rbc, wbc and 
mchc, while had significant effects on hgb, mcv, mch and mcv. Values of rbcs 
(1012cells/l) were 1.705 ± 0.27 (2.5% azolla), 2.033 ± 0.13 (5% azolla) and 2.748 ± 0.10 
(7.5% azolla). Nekoubin and Sudagar (2013) noted that rbc values for grass carp that 
fed with azolla was 1.83 ± 0.12. Furthermore, wbc (109cells/l) values were 
262.475 ± 7.55 (2.5% azolla), 236.40 ± 5.74 (5% azolla) and 245.825 ± 8.54 (7.5% 
azolla). Nekoubin and Sudagar (2013) reported that wbc value for grass carp that fed 
with azolla was 7.4 ± 1.9. 

According to the results of the present study azolla significantly affected the lipid 
profile (cholesterol, triglericide, ldl, hdl and vldl) of common carp, these results were 
confirmed by Nekoubin and Sudagar (2013) who stated that feeding grass carp with 
azolla significantly affected the lipid profile of the mentioned fish. 

Conclusion 

According to our results it was shown that natural azolla powders had significant 
effect on physiological parameters such as RBC, WBC and Hb and lipid profile. Also, it 
affected biological and nutritional parameters such as weight gain, relative growth rate 
and specific growth rate of common carp. This suggests that azolla could be used to 
feed common carp in aquaculture. While this study recommends future studies on azolla 
as feed to common carp in real conditions such as a pond culture system. 
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Abstract. Saline water irrigation can change the soil environment, thereby influencing soil microbial 
processes. In this study, a nine years saline water irrigation experiment had been conducted in Shihezi, 
Xinjiang Province, China, to investigate the composition and diversity of the soil fungal community. Our 
results showed that irrigation with either brackish or saline water significantly increased soil salinity and 
Available Phosphorus, but reduced soil pH, SOC, TN, and Available Kalium. Saline water irrigation 
significantly decreased operational taxonomic units (OTUs), ACE, Chao1, and Shannon indices but 
increased Simpson indices. The dominant fungal phyla were Ascomycota, Mortierellomycota, 
Basidiomycota, Glomeromycota, and Chytridiomycota. Irrigation with either brackish or saline water 
significantly reduced the abundance of Mortierellomycota but increased the abundance of Ascomycota 
and Basidiomycota. In addition, saline water irrigation significantly decreased the relative abundance of 
Glomeromycota compared with fresh water irrigation, but significantly increased the relative abundance 
of Chytridiomycota. Redundancy analysis (RDA) results showed that salinity (ECe) was the primary 
factors driving the changes in soil fungal community composition. LEfSe analysis demonstrated fungal 
potential biomarkers decreased by saline water irrigation. These results increase our understanding of soil 
ecological processes in soils that are increasingly salinized. 
Keywords: water salinity, environmental variables, community composition, LEfSe analysis, high-
throughput sequencing 

Introduction 

Fresh water scarcity is a world-wide problem, particularly in arid regions where 
irrigation is necessary for crop production. Xinjiang Province in northwest is 
classified as a temperate arid climate area which is characterized by low annual 
precipitation, high evaporation, water shortage and soil salinization (Wang et al., 
2011; Zhang et al., 2019). These factors substantially threaten the sustainability of 
agriculture in this region, the main agricultural water sources in Xinjiang generally 
contain soluble salts (Zhou et al., 2009). Saline water may be used for irrigation in 
areas if appropriate crop and water management practices are used (Malash et al., 
2012; Mojid and Hossain, 2013). Therefore, it is important to identify best 
management practices for avoiding salt accumulation in the root zone when saline 
water is used for irrigation. Drip irrigation is widely regarded as the most promising 
method for saline water irrigation (Karlberg et al., 2007). Salts introduced during the 
early stages of saline water irrigation can be effectively leached by subsequent 
applications. However, even with careful management, irrigation with saline water 
combined with high evapotranspiration continually intensifies salinization in arid 
soils. Soil salinity is a critical problem in many arid and semiarid areas, leading not 
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only to the deterioration of soil biophysical properties but also to declines in soil 
microbial biomass and metabolic efficiency. Soil salinization also affects the 
composition and diversity of soil microbial communities (Yu et al., 2011; Li et al., 
2015a). Soil microorganisms are increasingly recognized as the most sensitive 
bioindicators in the soil ecosystem, and there is growing interest in managing soil 
microorganisms to improve the soil environment (Ludwig-Müller, 2015). 

Soil microbial communities are particularly complex and dynamic, which directly 
participate in some important ecological processes in soil. The composition of 
microbial communities varies largely across environments, displaying distinct 
responses to changing soil environment changes (Zhang et al., 2015; Amini et al., 
2016). Microbial communities directly participate in many important ecological 
processes in soil, including organic matter decomposition, aggregate formation, and 
nutrient cycling. Soil microbial diversity and community structure, soil microbial 
biomass, respiration and enzymatic activities have been increasingly used as relevant 
indicators of soil quality (Canfora et al., 2015; Srivastava et al., 2016). Decreasing soil 
osmotic potential with increasing soil salinity has been found to reduce not only water 
availability to microbes but also microbial activity and biomass (Rietz and Haynes, 
2003; Yuan et al., 2007; Chowdhury et al., 2011a, b). High salinity can suppress soil 
microbial growth and activity (Yuan et al., 2007; Elmajdoub et al., 2014). Soil salinity 
over a critical level has a strong negative impact on microbial respiration (Setia et al., 
2011). Jackson and Vallaire (2009) and Neubauer (2013) observed that enzyme 
activity is negatively correlated with soil salinity. Salinity has been implicated as a 
major factor regulating bacterial composition and diversity across many different 
habitats (Lozupone and Knight, 2007). Morrissey and Franklin (2015) found that 
changes in soil microbial communities may occur gradually with exposure to elevated 
salinity. Soil fungi are important determinants of soil fertility and ecosystem services 
as they participate in all biogeochemical cycles. Therefore, a salinity gradient is likely 
to influence fungal diversity. While its impact on bacterial communities has been 
thoroughly studied, the influence of soil salinity on fungal communities has been 
largely overlooked. 

Fungal are one of the main groups of soil microorganisms, which play an important 
role in nutrient cycling, pollutant degradation, and ecological restoration (Yang et al., 
2015). However, scientists know less about soil fungal communities than other 
organisms. Thus, soil fungal have been compared to “Earth’s dark matter” (Jansson and 
Prosser, 2013). Most studies on saline soil have focused on bacterial composition and 
diversity. Little is known about how long-term saline water irrigation affects fungal 
community structure, composition, and diversity. The objective of this field experiment 
was to investigate the effects of irrigation water salinity on soil fungal communities 
diversity and composition using high throughput sequencing of the fungal internal 
transcribed spacer (ITS) region. We hypothesized that nine years saline water irrigation 
decreases soil nutrients and fungal communities diversity, changing fungal communities 
structure in a gray desert soil in China. Using this methodology to identify fungal taxa 
can elucidate the status and function of soil fungal communities in saline water-irrigated 
soil and quantify the effects of environmental changes on soil fungal communities. We 
believe this research can increase understanding about how saline water irrigation 
changes soil structure and function by influencing soil microbial processes. This 
information is useful for managing soil and saline water resources in arid and semiarid 
regions. 
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Materials and methods 

Site description 

A nine years saline water irrigation field experiment was conducted at the Shihezi 
University Agricultural Experimental Station, Xinjiang Province, China (44°18′ N, 
86°02′ E, 450 m above sea level). The experiment site has a temperate continental 
climate. The mean annual temperature in this region is 7.0 °C with about 170 frost-free 
days per year. The mean annual precipitation is 210 mm, and the mean annual potential 
evaporation is 1660 mm. The groundwater table is more than 6 m deep. The soil at the 
site is an alluvial, gray desert soil, classified as a Calcaric Fluvisol in the 
FAO/UNESCO System. Some of the soil properties (0–20 cm depth) at the start of the 
experiment in 2009 were as follows: bulk density, 1.33 g cm-3; pH, 7.48; electrical 
conductivity (ECe), 2.51 dS m-1; organic matter, 16.84 g kg-1; total nitrogen, 1.08 g kg-1; 
available phosphorus (AP), 25.86 mg kg-1; and available potassium (AK), 253 mg kg-1. 

This experiment had been conducted in the site for a period of nine years using a 
completely randomized block design with three replicates of three irrigation water salinity 
treatments. The three treatments were (1) fresh water: noted as FW, electrical 
conductivities (ECw) of the irrigation water was 0.35 dS m-1; (2) brackish water: noted as 
BW, electrical conductivities (ECw) of the irrigation water was 4.61 dS m-1; (3) saline 
water: noted as SW, electrical conductivities (ECw) of the irrigation water was 8.04 dS m-

1. The diagram of the experimental plot layout was presented in Figure 1. The fresh water 
was obtained from a well in study area. The brackish or saline water were obtained by 
adding equal weight of CaCl2 and NaCl to the well water. A tank was used to store 
brackish or saline water and the ECw (Irrigation water Electrical conductivity) of the 
desired irrigation water salinity was calibrated using a conductivity meter. 
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Dripper
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0.3 m0.6 m

1.2 m

16 m

Sampling point

FW BW SW

Drip line

Dripper
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Sampling point

 

Figure 1. Diagram of the experimental plot layout 
 
 
Cotton can tolerate soil salinity up to a given threshold (7.7 dS m-1), as a moderately 

salt-tolerant crop, cotton is considered as a model crop to understand salinity tolerance. 
The crop is cotton (Gossypium hirsutum L. cv Xinluzao No. 52) and usually planted in 
late-April and harvested in late-September on the experiment plots each year. Each plot 
(1.2 m wide × 16 m long) had four rows. The plots were mulched with one sheet of 
plastic film. Two drip irrigation lines were installed under the plastic film. Phosphorous 
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(P2O5) 105 kg ha-1 and potassium (K2O) 60 kg ha-1 were applied at planting. Nitrogen 
fertilizer (urea) was applied through the drip irrigation system in five equal amounts 
during each growing season. An irrigation experiment using different irrigation water 
salinity (EC of water = 0.35, 4.61, or 8.04 dS m-1) had been conducted at the study site 
for eight years (2009-2016) before the start of this experiment. The same irrigation 
amount (450 mm) was applied to each plot during the cotton-growing season, and the 
same cultivation techniques were used during the 2017 of the study. 

 
Soil sampling 

Three soil samples were collected from the 0–20 cm depth of each plot on July 28, 
2017 (e.g. the ninth year of the study). The N fertilizer had been applied on June 27, 
July 4, July 12, July 19, and July 26 of that year. The soil samples were mixed and then 
passed through a 2 mm to remove stones and roots. Soil samples for DNA extraction 
were frozen at -80 °C. Soil samples for chemical analyses were stored at 4 °C. 

 
Soil chemical analyses 

Air-dried and sieved soil subsamples were analyzed for the following physical and 
chemical properties: Soil salinity (ECe) was measured with a DDS-308A conductivity 
meter (Shanghai Precision & Scientific Instrument Inc., Shanghai, China). Soil pH was 
measured in a soil-water (1:2.5, w/v) slurry using a compound electrode (PE-10; 
Sartorious, Germany). Soil organic carbon (SOC) was measured using the K2Cr2O7-
H2SO4 oxidation–reduction titration method. Soil total N was measured using the 
semimicro-Kjedahl digestion method. Available kalium (AK) and Available Phosphorus 
(AP) were determined using the flame photometry and molybdenum antimony 
resistance colorimetric method, respectively. 

 
Soil microbial analysis 

DNA extraction 

Soil total bacterial DNA was extracted from 0.25 g of a fresh soil sample using 
MoBio PowersoilTM DNA Isolation kits (MoBio Laboratories, Carlsbad, CA, USA) 
according to the manufacturer’s protocol. The concentration and purification of DNA 
were measured using a NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA), and DNA quality was measured by 0.8% agarose gel 
electrophoresis. The DNA was stored at -20 °C before analysis. 

 
PCR amplification 

To analyze the taxonomic composition of the soil fungal community, the entire 
region of the 18S rRNA gene was selected for amplification and subsequent high-
throughput sequencing of the PCR products. The PCR amplification of the fungal 
internal transcribed spacer (ITS) region was performed using the forward primer ITS5-
1737F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and the reverse primer ITS2-
2043R (5′-GCTGCGTTCTTCATCGATGC-3′). The PCR reaction system for preparing 
the templates contained 5 μL of Q5 reaction buffer (5×), 5 μL of Q5 High-Fidelity GC 
buffer (5×), 0.25 μL of Q5 High-Fidelity DNA Polymerase (5 U/μL), 2 μL (2.5 mM) of 
dNTPs, 1 μL (10 uM) of each forward and reverse primer, 2 μL of DNA Template, and 
8.75 μL of ddH2O. Thermal cycling was carried out with an initial denaturation at 95 °C 
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for 3 min followed by 33 cycles of 95 °C for 30 s, annealing at 55 °C for 30 s, extension 
at 72 °C for 45 s, and a final extension step at 72 °C for 10 min. 

 
Illumina MiSeq platforms sequencing 

PCR amplicons were purified with Agencourt AMPure Beads (Beckman Coulter, 
Indianapolis, IN) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, 
Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in 
equal amounts, and pair-end 2×300 bp sequencing was performed using the Illlumina 
MiSeq platform with a MiSeq Reagent Kit v3 at Beijing Biomarker Technology Co., 
Ltd (Beijing, China). Each replicate was analyzed three times by high-throughput 
sequencing. The median of three measurements was used as the value for each replicate. 

 
Data analyses 

The one-way analysis of variance (ANOVA) and Pearson correlation analysis were 
conducted using SPSS statistical program (version SPSS 19.0). The difference between 
the groups used Tukey’s test method (P < 0.05). The sequence data were analyzed using 
QIIME and R packages (v3.2.0). The diversity and richness index were analyzed using 
Mothur software (version 1.30.1). The visualization analysis of classification and 
abundance used MEGAN. Linear discriminant analysis effect size (LEfSe) was performed 
to detect differentially abundant taxa across groups using the default parameters. 

Results 

Soil properties 

Soil ECe, pH, SOC, TN, AK, and AP were significantly affected by irrigation water 
salinity (Table 1). Soil ECe and AP increased as water salinity increased, whereas soil 
pH, SOC, TN, and AK decreased. 

 
Table 1. Selected soil properties as influenced by irrigation water salinity 

Water salinity ECe pH SOC (g/kg) TN (g/kg) AK (mg/kg) AP (mg/kg) 

FW 3.04 c 7.96 a 10.34 a 0.74 a 252 a 7.24 c 

BW 7.94 b 7.76 b 9.98 b 0.70 b 213 b 8.92 b 

SW 11.36 a 7.75 b 9.46 b 0.64 c 184 c 11.24 a 

FW, BW, and SW stand for irrigation water salinities (electrical conductivity, EC) of 0.35, 4.61, and 
8.04 dS m−1, respectively. ECe, SOC, TN, AK, and AP stand for saturation conductivity, soil organic 
carbon, total N, available kalium, and available phosphorus, respectively. Different letters within a 
column indicate significant differences at P < 0.05 

 
 

Sequencing analysis and alpha diversity 

The soil fungal coverage among the soil samples was greater than 99%, indicating 
that the depth reasonably represented actual situation of the samples (Table 2). 
Irrigation water salinity significantly influenced the number of OTUs. The number of 
OTUs was significantly less in SW than in FW and BW. The SW treatment significantly 
reduced the ACE and Chao1 index. However, BW and SW treatments significantly 
increased Simpson index. 
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Table 2. Soil fungal community richness and diversity indexes as influenced by irrigation 
water salinity 

Water salinity Sequence number OTU Coverage (%) ACE Chao1 Simpson Shannon 

FW 63980 a 426 a 0.9995  439 a 445 a 0.0526 c  3.86 a 

BW 63047 a 435 a 0.9995  447 a 448 a 0.0627 b 3.83 a 

SW 63619 a 408 b 0.9995  419 b 421 b 0.0691 a 3.68 a 

FW, BW, and SW stand for irrigation water salinities (electrical conductivity, EC) of 0.35, 4.61, and 
8.04 dS m−1, respectively. OTUs, operational taxonomic units. Different letters within a column indicate 
significant differences at P < 0.05 

 
 
Soil properties (ECe, pH, SOC, TN, AK, and AP) affected fungal community 

diversity indexes (Table 3). Pearson correlation coefficients showed that ACE, Chao1, 
and Shannon indexes were negatively correlated with ECe but positively correlated with 
soil SOC, TN, and AK. However, the Simpson indexes had the opposite effect. 

 
Table 3. Correlations among selected soil properties and diversity indexes 

 ECe PH SOC TN AK AP 

ACE -0.503* 0.243 0.523* 0.597* 0.459 -0.383 

Chao1 -0.610* 0.400 0.608* 0.689** 0.558* -0.441 

Simpson 0.624* -0.581* -0.419* -0.518* -0.545* 0.520* 

Shannon -0.599* 0.439 0.509* 0.535* 0.550* -0.625* 

ECe, saturation conductivity; SOC, soil organic carbon; TN, soil total nitrogen; AK, available kalium; 
AP, available phosphorus. **Correlation is significant at the 0.01 level. *Correlation is significant at the 
0.05 level 

 
 

Soil fungal community structures 

Irrigation water salinity significantly influenced the relative abundance of the 
dominant fungal phyla in each sample (Fig. 2). Ascomycota (55.54–63.72%), 
Mortierellomycota (4.26–12.65%), Basidiomycota (4.41–9.23%), Glomeromycota 
(1.60–6.45%), and Chytridiomycota (2.25–9.30%) were the five most dominant phyla. 
Those five phyla accounted for 81.06%, 85.81%, and 88.10% of the total relative 
abundance in FW, BW, and SW, respectively. Irrigation water salinity significantly 
influenced the composition of the fungal communities. The BW and SW treatments 
significantly reduced the relative abundance of Mortierellomycota, Rotifera, and 
Entomophthoromycota (P < 0.05), but significantly increased the relative abundance of 
Ascomycota, Basidiomycota, and Mucoromycota (P < 0.05). The BW treatment 
significantly decreased the relative abundance of Cercozoa compared with FW, but 
significantly increased the relative abundance of Olpidiomycota (P < 0.05). The SW 
treatment significantly decreased the relative abundance of Glomeromycota compared 
with FW, but significantly increased the relative abundance of Chytridiomycota and 
Cercozoa (P < 0.05). In addition, irrigation water salinity had no significant effect on 
the relative abundance of Aphelidiomycota, Neocallimastigomycota, Mucoromycota, 
Calcarisporiellomycota, and Kickxellomycota (P > 0.05). 
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Figure 2. Relative abundance of the fifteen most common fungal phyla were influenced by 
irrigation water salinity. (FW, fresh water (0.35 dS m-1); BW, saline water (4.61 dS m-1); SW, 

saline water (8.04 dS m-1), respectively) 
 
 
Soil fungal phyla level of the different irrigation water salinity were divided into 

three groups (Fig. 3), indicating that fungal community in FW, BW or SW share the 
high similarity. A more detailed description was as follows: fresh water irrigation (FW) 
had the higher relative abundance of Aphelidiomycota, Monoblepharidomycota, 
Mortierellomycota, Entomophthoromycota, and Rotifera phyla. Howerer, irrigation with 
brackish water irrigation (BW) remarkably increased the relative abundance of 
Glomeromycota, Mucoromycota, Olpidiomycota, Calcarisporiellomycota, 
Kickxellomycota, Basidiomycota, Ascomycota, and Neocallimastigomycota phyla. 
Irrigation with saline water (SW) remarkably increased the relative abundance of 
Cercozoa, Anthophyta, Chytridiomycota, Basidiomycota, Ascomycota, and 
Neocallimastigomycota phyla. 

Irrigation water salinity significantly affected the distribution of soil fungal at the 
genus level (Fig. 4). Chaetomium was the most abundant genus (7.54–14.79%) 
followed by Mortierella (4.26–12.63%), Curvularia (0.85–5.38%), Fusarium (1.01–
1.71%), and Verticillium (0.35–6.19%). Combined, these five genus accounted for 
23.96%, 26.81%, and 24.06% of the total relative abundance in FW, BW, and SW, 
respectively. Compared with FW treatment, both BW and SW treatments significantly 
decreased the relative abundance of Mortierella, Entoloma, and Tetracladium 
(P < 0.05), but significantly increased the relative abundance of Curvularia and 
Mycosphaerella (P < 0.05). Compared with FW, BW significantly increased the 
relative abundance of Cyathus and Olpidium, SW significantly increased the relative 
abundance of Chaetomium, Fusarium, Vishniacozyma, and Chrysosporium (P < 0.05). 
In contrast, SW significantly reduced the relative abundance of Dominikia (P < 0.05). 
In addition, irrigation water salinity had no significant effect on the relative abundance 
of Verticillium, Aspergillus, and Spizellomyces (P > 0.05). 

A heatmap showed that the relative distribution of the fungal groups varied among 
the treatments (Fig. 5). Each column of the heatmap shows the relative abundance of a 
different fungal genus in the soil sample. The columns of the heatmap are ordered 
according to the salinity of the soil sample. The cluster structure shows three main 
groups of fungal genus which share a peculiar composition and abundance among the 
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sites, indicating that bacterial community in FW, BW or SW share the high similarity. A 
more detailed description is as follows: fresh water irrigation (FW) had the higher 
relative abundance of Entoloma, Cryptococcus, Talaromyces, Acremonium, Aspergillus, 
Pyrenochaetopsis, Dominikia, Tetracladium, Glomus, Thielaviopsis, Conidiobolus, 
Spizellomyces, Mortierella, Plectosphaerella, and Acrocalymma genus. Howerer, 
irrigation with brackish water irrigation (BW) remarkably increased the relative 
abundance of Stagonosporopsis, Curvularia, Alternaria, Metarhizium, Psathyrella, 
Verticillium, Neonectria, Olpidium, and Gibberella genus. Irrigation with saline water 
(SW) remarkably increased the relative abundance of Leptosphaeria, Lectera, 
Fusarium, Preussia, Chrysosporium, Chaetomium, Stachybotrys, Mycosphaerella, 
Ochroconis, and Vishniacozyma genus. 

 
RDA and correlation analysis 

The correlations between soil properties and the relative abundance of fungal phylum 
are given in Table 4. Four phylum (Mortierellomycota, Glomeromycota, Rotifera, and 
Entomophthoromycota) were negatively correlated with soil ECe and AP, however, 
these phylum were positively correlated with pH, SOC, TN, and AK. Two phylum 
(Basidiomycota, Cercozoa) were positively correlated with soil ECe and AP, however, 
Basidiomycota and Cercozoa were negatively correlated with soil pH, SOC, TN, and 
AK. Redundancy analysis was performed to determine the influence of various 
environmental parameters on fungal community structure. As shown in Figure 6, Axes 
1 and 2 explained 67.93% of the variation in soil fungal community based on phylum 
level. The RDA plots of fungal community structure clearly show that ECe 
(Explain% = 18.59%, p = 0.046) is the one longer arrow. These results indicated that 
ECe has strong influence on soil fungal communities. 

 
Table 4. Correlation between soil properties parameters (ECe, pH, SOC, TN, AK, and AP) 
and the relative abundance of fungal phylum 

 ECe pH SOC TN AK AP 

Ascomycota 0.521 -0.527 -0.646 -0.478 -0.604 0.753*  

Mortierellomycota -0.963**  0.929**  0.800**  0.871**  0.939**  -0.819**  

Basidiomycota 0.733*  -0.690*  -0.799**  -0.724*  -0.744*  0.625 

Glomeromycota -0.694*  0.395 0.746*  0.771*  0.709*  -0.763*  

Chytridiomycota 0.34 -0.232 -0.110 -0.319 -0.245 0.074 

Olpidiomycota -0.023 -0.338 0.213 0.138 0.095 -0.251 

Cercozoa 0.668*  -0.354 -0.764*  -0.773*  -0.695*  0.699*  

Aphelidiomycota -0.304 0.476 0.199 0.198 0.323 -0.331 

Neocallimastigomycota 0.302 -0.335 -0.258 -0.28 -0.367 0.09 

Rotifera -0.754*  0.826**  0.656 0.703*  0.723*  -0.638 

Mucoromycota 0.385 -0.654 -0.268 -0.329 -0.308 0.106 

Calcarisporiellomycota -0.122 -0.129 0.325 0.267 0.113 -0.31 

Kickxellomycota -0.097 -0.231 0.194 0.116 0.164 -0.222 

Monoblepharidomycota -0.436 0.556 0.116 0.195 0.369 -0.147 

Entomophthoromycota -0.903**  0.957**  0.719*  0.806**  0.878**  -0.718*  

ECe, saturation conductivity; SOC, soil organic carbon; TN, soil total nitrogen; AK, available kalium; 
AP, available phosphorus. **Correlation is significant at the 0.01 level. *Correlation is significant at the 
0.05 level 
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Figure 3. Heatmap showing the most relative abundance of dominant fungal phyla. The relative 
values are indicated by color intensity with the legend indicated at the bottom corner. (FW, 
fresh water (0.35 dS m-1); BW, saline water (4.61 dS m-1); SW, saline water (8.04 dS m-1), 

respectively) 
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Figure 4. Relative abundance of the fifteen most common fungal genus were influenced by 
irrigation water salinity. (FW, fresh water (0.35 dS m-1); BW, saline water (4.61 dS m-1); SW, 

saline water (8.04 dS m-1), respectively) 
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Figure 5. Heatmap showing the most relative abundance of dominant fungal genus. The relative 
values are indicated by color intensity with the legend indicated at the bottom corner. (FW, 
fresh water (0.35 dS m-1); BW, saline water (4.61 dS m-1); SW, saline water (8.04 dS m-1), 

respectively) 
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Figure 6. Redundancy analysis (RDA) results of samples based on the phylum levels. (FW, fresh 
water (0.35 dS m-1); BW, saline water (4.61 dS m-1); SW, saline water (8.04 dS m-1), 

respectively; ECe, saturation conductivity; SOC, soil organic carbon; TN, soil total nitrogen; 
AK, available kalium; AP, available phosphorus) 

 
 
The correlations between soil properties and the relative abundance of fungal genus 

are given in Table 5. Four genus (Mortierella, Entoloma, Tetracladium, and Dominikia) 
were negatively correlated with soil ECe and AP, however, these phylum were 
positively correlated with pH, SOC, TN, and AK. Two genus (Vishniacozyma, 
Chrysosporium, and Mycosphaerella) were positively correlated with soil ECe and AP, 
however, these genus were negatively correlated with soil pH, SOC, TN, and AK. In 
addition, Chaetomium was negatively correlated with soil TN. The correlation of soil 
bacterial community structures with environmental factors were analyzed by RDA 
(Fig. 7). Axis 1 and axis 2 together explained 68.56% of the total variation in the 
compositions of soil fungal community. The RDA plots of fungal community structure 
clearly show that the one longer arrows were ECe (Explain% = 25.49%, p = 0.013). 
These results indicated that ECe has strong influence on soil fungal communities. 

 
Differential microbial composition 

A cladogram generated by LEfSe showed significant differences in taxa among the 
treatment groups (Fig. 8). In total, 26 bacterial clades presented significantly different 
among the different clades, 8 for the FW treatment, 11 for BW treatment, and 5 for the 
SW treatment, indicating that the potential biomarkers increased by the brackish water 
irrigation, however, the potential biomarkers decreased by saline water irrigation. In 
addition, Dothideomycetes, Pleosporales, Pleosporaceae, Curvularia, 
Curvularia_hawaiiensis, Auriculariales, Olpidium, Olpidiaceae, Olpidiales, 
Olpidiomycetes, Olpidiomycota, and Olpidium_brassicae as an indicator bacteria for 
BW by LEfSe analysis, Vishniacozyma_tephrensis, Tremellomycetes, Tremellales, 
Vishniacozyma, and Bulleribasidiaceae were indicator bacteria for SW treatment. 
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Table 5. Correlation between soil properties parameters (ECe, pH, SOC, TN, AK, and AP) 
and the relative abundance of fungal genus 

 ECe pH SOC TN AK AP 

Chaetomium 0.551 -0.368 -0.639 -0.689*  -0.562 0.59 

Mortierella -0.963**  0.929**  0.800**  0.871**  0.939**  -0.820**  

Curvularia 0.532 -0.791*  -0.289 -0.389 -0.484 0.219 

Fusarium 0.128 0.148 -0.383 -0.353 -0.212 0.35 

Verticillium 0.059 -0.155 -0.004 0.189 -0.07 0.295 

Vishniacozyma 0.734*  -0.584 -0.798**  -0.770*  -0.746*  0.595 

Cyathus 0.11 -0.418 0.077 0.117 -0.074 0.033 

Aspergillus -0.349 0.494 0. 134  0.229 0.293 -0.181 

Entoloma -0.721*  0.840**  0.534 0.605 0.681*  -0.554 

Spizellomyces -0.389 0.344 0.303 0.299 0.363 -0.424 

Tetracladium -0.962**  0.972**  0.869**  0.881**  0.951**  -0.775*  

Chrysosporium 0.681*  -0.504 -0.802**  -0.806**  -0.703*  0.705*  

Olpidium -0.025 -0.334 0.211 0.138 0.099 -0.25 

Dominikia -0.869** 0.645 0.908**  0.880**  0.874**  -0.881**  

Mycosphaerella 0.928**  -0.882**  -0.847**  -0.860**  -0.924**  0.710*  

ECe, saturation conductivity; SOC, soil organic carbon; TN, soil total nitrogen; AK, available kalium; 
AP, available phosphorus. **Correlation is significant at the 0.01 level. *Correlation is significant at the 
0.05 level 

 
 

FW

BW

SW

 

Figure 7. Redundancy analysis (RDA) results of samples based on the genus levels. (FW, fresh 
water (0.35 dS m-1); BW, saline water (4.61 dS m-1); SW, saline water (8.04 dS m-1), 

respectively; ECe, saturation conductivity; SOC, soil organic carbon; TN, soil total nitrogen; 
AK, available kalium; AP, available phosphorus) 
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Figure 8. A linear discriminant analysis effect size (LEfSe) method identified significant 
differences in the abundance of fungal taxa in all of the treatments. (A) linear discriminant 
analysis (LDA) score; (B) Cladogram. Taxa with significantly different abundances among 
treatments are represented by colored dots, and from the center outward, they represent the 
kingdom, phylum, class, order, family, and genus levels, respectively. The colored shadows 
represent trends of the significantly different taxa. Each colored dot has an effect size LDA 
score. Only taxa meeting an LDA significance threshold of > 4 are shown. (FW, fresh water 
(0.35 dS m-1); BW, saline water (4.61 dS m-1); SW, saline water (8.04 dS m-1), respectively) 

Discussion 

Saline water irrigation has received increasing attention, the future of irrigated 
agriculture will need to include the use of saline water especially in developing 
countries where there is extreme shortage of freshwater, particularly in arid regions 
(Letey and Feng, 2007). However, saline water irrigation in arid regions will load salt in 
the root zone, change soil physicochemical properties. The results of this study 
indicated that BW and SW both significantly increased soil salinity and Available 
Phosphorus, but reduced soil pH, SOC, total N, Available Kalium. These changes in 
soil physicochemical properties may affect soil biological effectiveness. 

Fungal play an important role in the soil ecosystem, which strongly influence 
ecosystem structure and function and are vital components of soil microbial 
communities with a series of important roles, such as parasitism, decomposition, 
pathogenesis and symbiosis (Altieri, 1999; Neher, 1999; Van der Putten et al., 2007; 
Aguilar-Trigueros et al., 2014). Fungal diversity and community structure were 
important index for evaluating the health and stability of the soil ecosystem. It is 
therefore necessary to increase understanding about the influence of saline water 
irrigation on the diversity and ecological function of soil microorganisms. Our results 
indicate that saline water irrigation significantly reduced the ACE and Chao1 index. 
This finding agrees with the findings of Cortés-Lorenzo et al. (2016) who showed that 
high salinity reduced fungal diversity. The effects of salinity grade on the richness 
(ACE, Chao1) and Shannon diversity are congruent to the negatively correlation 
between soil salinity and Shannon index, supporting that the diversity of fungal 
community decreases with increasing soil salinity, a pattern was also demonstrated by 
Guo and Gong (2014). 

It is well known that environmental changes may affect soil fungal community 
composition and structure (Li et al., 2015b). Many studies have found that soil 



Guo et al.: Response of soil fungal community structure and diversity to saline water irrigation in alluvial grey desert soils 
- 4982 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):4969-4985. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_49694985 
© 2020, ALÖKI Kft., Budapest, Hungary 

microbial community composition may be affected by salinity (Lozupone and Knight, 
2007; Llamas et al., 2008; Chowdhury et al., 2011b) because microbial genotypes differ 
in their tolerance of low osmotic potential (Mandeel, 2006; Llamas et al., 2008). In our 
study, the dominant phyla in all treatment were Ascomycota, Mortierellomycota, 
Basidiomycota, Glomeromycota, and Chytridiomycota. Combined, these phyla 
accounted for 81.06–88.10% of the relative abundance in the FW, BW, and SW 
treatments. In comparison, Mohamed and Martiny (2011) detected more Ascomycota 
(78%), fewer Basidiomycota (6%) and a greater number of basal fungal lineages (16%), 
including Glomeromycota, Chytridiomycota and BFL1-3 in different soil (salt, brackish 
and freshwater marsh). Our findings are partly consistent with previous studies which 
found that the fungal community was mainly composed of Ascomycota, Basidiomycota, 
Chytridiomycota, Glomeromycota, Zygomycota, and Blastocladiomycota (Maza-
Márquez et al., 2016; Xu et al., 2017). Sequence abundance in this study showed that 
Ascomycota were the most abundant phylum. Some researchers have noted the 
prevalence of Ascomycota (Wang et al., 2015; Xu et al., 2017). Most Ascomycota are 
saprophytic fungal, which can degrade soil labile organic matter. In this study, 
Ascomycota phylum abundance was negatively correlated with soil SOC. In our study, 
BW and SW both strongly reduced the abundance of Mortierellomycota, but increased 
the abundance of Basidiomycota. Basidiomycota are important decomposers, which can 
cause wood decay and decompose wood cellulose. Wang and Guo (2016) also reported 
that the majority of fungal belonged to Basidiomycota in mild-salt-tolerant 
communities. In addition, we observed that saline water irrigation significantly 
decreased the relative abundance of Glomeromycota compared with fresh water 
irrigation, but significantly increased the relative abundance of Chytridiomycota. 
However, brackish water irrigation had no significant effect on the relative abundance 
of Glomeromycota and Chytridiomycota. The fact that fungal composition varied at all 
levels of taxonomic resolution along the gradient of irrigation water salinity suggests 
that fungal adaption to salinity (or covarying environmental parameters) occurs at many 
genetic scales (Martiny et al., 2009). Therefore, soil fungal communities adapted to 
salinity stress by adjusting their species composition. 

Conclusions 

In this study, we quantified the effects of nine years of saline water irrigation on soil 
properties and fungal community structure under drip-irrigated cotton. Saline water 
irrigation can change soil physicochemical properties, which thereby influence soil 
microbial processes. Fungal communities in the different irrigation water salinity were 
markedly different. Our results show that salinity (ECe) was a major environmental 
factor structuring the soil fungal community. saline water irrigation significantly 
reduced OTUs, ACE and Chao1 index. In addition, diversity of fungal community 
decreases with increasing soil salinity. The dominant fungal phyla were Ascomycota, 
Mortierellomycota, Basidiomycota, Glomeromycota, and Chytridiomycota. Saline water 
irrigation reduced the abundance of Mortierellomycota and Glomeromycota, but 
increased that of Basidiomycota, Ascomycota and Chytridiomycota were not 
significantly affected by saline water irrigation. In addition, the dominant fungal genus 
were Chaetomium, Mortierella, Curvularia, Fusarium, and Verticillium. Statistical 
analysis (LEfSe) demonstrated that fungal potential biomarkers decreased by saline 
water irrigation. The results of this study increase understanding about (i) the effects of 
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irrigation water salinity on fungal community structure under irrigated cotton and (ii) 
the role of environmental variability as a predictor of fungal community composition. In 
addition, saline irrigation will increase soil salinity, thereby affecting soil N 
transformations. In the future, we should focus on the effect of saline water irrigation on 
soil nitrogen transformation and its key microbiological process, providing a theoretical 
basis for the rational use of saline water resources in arid regions and the effective 
management of N and the regulation of the N cycle. 
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Abstract. The hydrological properties of the clearcutting of forested catchments were widely investigated 
by analyzing runoff in the pre- and post-harvesting periods. Deforestation worldwide is primarily to meet 
the wood and fiber products demand for household and industry. It is a widely known phenomenon that 
deforestation enhances the streamflow and water yield. However, due to the complexity of forest structure 
and functions, little is known about the exact estimation of a percent increase in water yield after various 
harvesting intensities of conifers and broadleaved forest globally. To assess these effects, this study 
analyzed 145 catchments dataset collected from 21 publications. The study evaluates the influence of 25, 
50, 75, and 100% deforestation on streamflow. Moreover, changes in the context of various variables like 
treatment years, elevation, area and mean annual precipitation were also analyzed. Overall comparison 
showed that after harvesting of broadleaved water yield increases up to 8-23% and in needle-leaved up to 
9-28%. The study provides scientific insight into the essential role that annual precipitation, area, 
elevation, and year of treatment play in influencing hydrology. This research suggests that a target 
specific approach should be adopted in future forest management under the umbrella of integrated 
research to mitigate the challenges of climate change. 
Keywords: climate change, streamflow, annual precipitation, water yield, broadleaved, needle-leaved 

Introduction 

The ever-increasing trend in the human population has caused an upsurge the 
overexploitation of natural resources, especially the degradation of forests in terrestrial 
ecosystems. Forests are essential to life on Earth, providing numerous ecosystem services 
(Costanza et al., 1997) such as fruits, honey, oil, pickle, biocontrol, pollination, Carbon 
sink, water, and nutrient recycling as well as biodiversity conservation (Nasi et al., 2002; 
Badshah et al., 2017; Wang et al., 2017; Masiero et al., 2019; Ullah et al., 2019b; 
Muhammad et al., 2020). Among all the forest ecosystem services, carbon sinks and water 
provision to down- stream are the two primary services which act as essential cogs in the 
carbon and water cycle by playing their active role in forest processes and functions. 
However, there are some trade-offs between gain in forest productivity and ecosystem 
water balance (Farooqi et al., 2019b). Due to brimming of the population in the world has 
led to an increase in anthropogenic disturbance which are the primary cause of changes in 
forest composition over a period characterized by drastic changes in both land use and 
cover resulting increase in fossil fuel emissions and influencing environmental condition 
(Law et al., 2002; Houghton, 2012; Siddique et al., 2020). This situation is getting worst in 
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developing countries because of massive deforestation and fire incidences (Khan et al., 
2019; Ullah et al., 2019a; Ali et al., 2020).  

Despite all the conflicting debates on retaining and removing forests (Popkin, 2019), for 
sequestrating carbon which enhances productivity, it is overwhelmingly considered the top 
priority (Krankina et al., 1997; Ruddell et al., 2007). As far as their interaction with water is 
concerned in this modern era, forests are also recognized in two important terminologies 
“upstream” as a source of water in streams and rivers (Zhang et al., 2017), and “upwind” as 
a source of precipitation (van der Ent et al., 2010; Ellison et al., 2012, 2017) however, these 
trends are bound to the localities and regions.  

Deforestation is mainly considered as a positive aspect of increasing the streamflow and 
runoff, which is ultimately utilized by the industry and household (Bosch and Hewlett,1982; 
Jones and Post, 2004). Meanwhile, the expansion of forests reduces this water flow leading 
to 52% of half dryness and 13% of complete dryness of streams in the world (Andréassian, 
2004; Jackson et al., 2005). The result is decline in water availability to downstream users 
(van Dijk and Keenan, 2007), especially dry areas are more vulnerable to this situation. 
However, the phenomenon of annual runoff is generally dependent on annual precipitation 
and evapotranspiration. The greater the precipitation, the less evapotranspiration will 
ultimately enhance runoff and vice versa (Komatsu et al., 2011). The proportionate 
contribution of precipitation to streamflow varies by how interception and 
evapotranspiration are influenced by vegetation development stage, rooting depth and 
health. However, this may differ widely according to vegetation type (Calder, 1999; Zhang 
et al., 2001). Because the main components of evapotranspiration are canopy transpiration 
and interception loss (Van Wijk et al., 2001; Vertessy et al., 2001; Wilson et al., 2001). 
Interception losses from coniferous and broadleaved forests were presented by (Huber and 
Iroume, 2001; Komatsu et al., 2011), depending on rainfall and forest characteristics 
(Iroume and Huber, 2002). 

In the past, many research investigations have evaluated the effect of logging operation 
on the global variation in water yield depending on different forest types and structure 
(Hornbeck et al., 1993; Troendle et al., 2001; Andreassian, 2004; Adams and Flower, 2006; 
Komatsu et al., 2011), especially the impacts of forest harvesting of broadleaves and 
conifers forests on runoff and water yield (Komatsu et al., 2011). Yet questions and 
misconceptions linger regarding the influence of forest harvesting operations on streamflow 
under the variety of climatic, physiographic factors, and forest management constraints. It 
has been shown that considerable change in streamflow after forest cutting can be observed 
when more than 20% of the forest cover declined (Stednick, 1996). However, many 
previous studies of broadleaf and conifers forests reported that the annual runoff improved 
by 10-70%, depending on the size of the harvesting intensity (Keppeler and Ziemer, 1990; 
Fahey, 1994; Swank et al., 2001; Farooqi et al., 2020a). Similarly, some reported the effects 
of timber removal only in the first years after final harvest (David et al., 1994; Bari et al., 
1996), whereas, others investigated up to 6-23 years after the event (Ruprecht and 
Stoneman, 1993; David, 1994; Fahey, 1994). This variation in results widely depending on 
forest type, harvesting technique, climate as well as the topography of the area. 

Although forest harvesting has positive impacts on streamflow and water yield, it also 
has many adverse implications on the whole ecosystem. Therefore, predefined knowledge 
about forest types can be helpful for understanding and implementing 
afforestation/deforestation programs in the context of minting the balance between forest 
carbon sequestration and water conservation. This will provide future assistance to regional 
forestry planning and forest management. In this case, the negative influences of forest on 
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streamflow might be to control the proportion of forest cover at the catchment scale, which 
has the potential to modify the streamflow regime (Zhang et al., 2012). This fact is essential 
to get a better understanding of the affiliation between runoff concerning forest cover 
proportion (Brown et al., 2013). 

To satisfy the rapidly increasing burdens on water supply and other ecosystem services, 
a practical approach for managing forests (afforestation/deforestation) is needed to achieve 
the multifunctional benefits. That mainly addresses the tradeoff between carbon sink and 
water yielding, which is urgently required (Fig. 1). The present article aimed to investigate 
the effects of various degrees of deforestation on the hydrological properties of different 
streams with forested catchments, as well as the influence of precipitation afterward. 

 

 
Figure 1. The diagram showing the importance of retaining and removing forest, and their 

overall impacts on socio-economic development under the umbrella of efficient forest 
management strategies for climate change mitigation 

Materials and methods 

Data collection and processing 

We have compiled this large dataset of deforestation studies and their impacts on water 
yield from research articles published peer review journals. The sample consists of total of 
64 watershed sites of conifers forest stand and 81 sites belonging to broadleaf forest stand, 
totaling 300 observations from all over the world. This study compiled the dataset from 21 
peer-reviewed journals as well as reports of governmental and nongovernmental research 
institutes, representing many parts of the world (Appendix 5). The forest types were 
classified into conifers and broadleaf depending upon the dominant species of the forest 
stand as well as information available in the publication. Information gathering included 
deforestation intensities on water yield and streamflow before and after treatment. 
Elevation, age, area, yearly record after treatment and mean annual precipitation were 
determining from the publication for each site. All those sites which showed no significant 
increase in water yield after harvesting were discarded to get reliable and expressible 
estimate of computed harvesting intensities of 25, 50, 75 and 100%. The harvesting 
intensities were set according to the previous researches guidelines i.e. considerable change 
in water yield after harvesting was mainly observed when 20% or more area was cut (Bosch 
and Hewlett, 1982; Stednick, 1996). The percent change in water yield after harvesting was 
computed with the help of formula as shown in Equation 1. 
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  (Eq.1) 

 
*where stream water before and after treatment in equation.1 is in mm 
 

Testing of significance 

First the Normality test i.e. Shaprio-wilk test was performed, this test showed that the 
conditions of normality and homogeneity of variance were not met and that has been visual 
represented in QQ plot. Later nonparametric Kruskal–Wallis tests were applied before by 
Farley et al. (2005) in a kind of synthesis analysis. In each case, the dependent variable was 
either the proportional change in water yield following change in factors of evaluation i.e. 
deforestation percentage. The significance test suggests that the water yield rate is not the 
same in each of the two or more harvesting intensities (P< 0.05). Even if we rejected the 
null hypothesis of no difference, the test does not tell us either the two similar intensities of 
broadleaved and needle-leaved differ significantly from each other. To compare two groups 
at a time used the Wilcoxon Rank test. 

Results 

The results of Shaprio-wilk test rejected normality at P < 0.0001 (Appendix 1); the 
results of the QQ plot showed the visual representation, i.e., the distribution of variables for 
conifers and broadleaves forest groups of all four harvesting intensities. Many points in both 
ends fall out of the line and are away from the confidence envelope (Appendix 2). 
Similarly, the Kruskal-Wallis test showed a highly significant increase in streamflow (%) 
after deforestation in broadleaved and conifers forests of the global dataset at P< 0.0001 as 
mentioned in Appendix 3. These results reveal that the percent increase in water yield after 
treatment of 25, 50, 75, and 100% harvesting intensities in the broadleaved forest was 8, 15, 
20, and 23%, respectively. However, this increase was significantly higher in conifers than 
broadleaved with increase of 9, 17, 23 and 28% in water yield respectively (Figure 2). 
Therefore, the overall results of needle-leaved are significantly higher than broadleaved 
forest stand after treatment as illustrated in Appendix 3. Similar results have shown from 
Wilcoxon rank test while comparing similar harvesting intensities of both the forest 
vegetation types at (P < 0.05) in (Appendix 4). 

 

 

Figure 2. Results showing the percent increase in water yield after different harvesting 
intensities in broadleaved and needle leaved forests of the world at P<0.05. (Yellow color 

indicating broadleaved and pink representing needle-leaved forest) 
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The relationship between annual precipitation and change in water yield (mm) as 
well as an increase in water yield (%) after harvesting is shown in Figure 3. The results 
showed that in higher annual precipitation regions (>1000 mm), streamflow in mm also 
increased more than in lower annual precipitation regions (<1000 mm). However, the 
post-harvest increase in percent change of water yield was higher in the low rainfall 
area than in high precipitation regions. 

The regression analysis in Figure 4a and b also demonstrated this relationship. The 
figure illustrated that as long as the annual precipitation (mm) is increasing, the water 
yield or streamflow (mm) after the treatment also increasing with positive linear trend 
of R2 = 0.35 at P < 0.0001 (Fig. 4a). Similarly, the relationship between annual 
precipitation (mm) and percent increase in water yield or increase in streamflow (%) 
after treatment showed declining trend with R2 = 0.10, P < 0.0001 (Fig. 4b), indicating 
that the percent increase in water yield after treatment was observed from low 
precipitation to high precipitation regions. 

 

 

Figure 3. Representing the influences of annual precipitation on change in water yield (mm) 
and percent change in water yield (%) after harvesting of the study sites (Green bars are 
representing Change in water yield (mm), brown line showing Change in water yield (%) 
 
 

 

 Figure 4. Illustrating the log transformed linear relationship between mean annual 
precipitation (mm) and change in water yield CWY (mm) and percent change in water yield 

CWY (%) after treatment of global catchment sites. (MAP-mean annual precipitation) 
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To further explain, the role of forest types and their interaction with annual 
precipitation and change in water yield after treatment was assessed in Figure 5. The 
figure indicated that the majority of the broadleaved forests of this study belong to high 
precipitation areas than needle-leaved forests. 

 

 

Figure 5. Representing the presence of needle-leaved (NL) and broadleaved (BL) forests 
observations taken from different precipitation regions of the world in dataset of our study 

 
 
Similarly, in the dataset majority of the bigger catchment (<150 ha) with higher 

elevation (<2500 m) were found in lower precipitation regions (>1000 mm) as shown in 
Figure 6. 

 

 

Figure 6. Showing the distribution of mean annual precipitation (mm) at different elevation and 
forest cover areas of study sites. (MAP-mean annual precipitation) 

 
 
As far as post-treatment regrowth and recovery of vegetation are concerned, the 

broadleaf showed significant declining trend at P < 0.0001, however these results are 
non-significant in case of needle-leaved the forests as represented in Figure 7a and b. 
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Figure 7. Illustrating the relationship between year after treatment and increase in streamflow 
(%) of global catchment sites. (NL-needle-leaved, BL-broadleaved forest) 

 
 
The change in water yield/streamflow after harvesting in mm decrease from lower to 

higher elevation level (<1000 to 3000 m). However, the percent increase in streamflow 
after harvesting showed an increasing trend from a lower elevation to higher (<1000 to 
3000 m), as shown in Figure 8. 

 

 

Figure 8. Showing the trend of increase in streamflow (mm) and percent increase in streamflow 
(%) after harvesting at different level of elevation. (SF-streamflow) 

 
 

Similarly, in the forest area less than or equal to 100 ha showing 20% increase in 
streamflow after harvesting, but this trend was at its peak in forest cover of 101-300 ha 
with maximum percent increase in SF of around 26%, afterword > 300 ha indicating 
abrupt decline in percent increase of SF up to (18.2%). This is also worth noted that 
change in water yield in mm is greater (220 mm) in the forests consisting of < 100 ha 
area followed by decline up to 65-100 mm in forest cover of 101-300 ha land as shown 
in Figure 9. 
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Figure 9. Showing the trend of increase in streamflow (mm) and percent increase in streamflow 
(%) after harvesting at different forest cover area (ha). (SF-streamflow) 

Discussion 

Forest types and hydrology 

On a global level, there is a significant research gap about exact identification of the 
increase in water yield (%) and streamflow (mm) of different forest harvesting 
intensities. However, mixed results of varying harvesting intensities have found in 
previous research investigations (Bosch and Hewlett, 1982; Hornbeck et al., 1993; 
Stednick, 1996; Troendle et al., 2001; Pike and Rob, 2003; Andreassian, 2003; Adams 
and Flower, 2006; Komatsu et al., 2011). The plausible reason behind this variability 
might be due to different site/location, climate type, vegetation type, forest structure, 
origin, stand age, treatment years, harvesting technique, season of treatment, soil as well 
as other methodological and technical constraints. The results of this analysis indicated 
that needle-leaved forest has resulted a greater change in water yield (%) after 
harvesting than broadleaved when compared to different forest harvesting intensities of 
25-100%. This increase in water yield of broadleaved was (8-23%) and needle-leaved 
(9-27%) after treatment is shown in Figure 2. In the previous research investigations, it 
was indicated that the considerable change in streamflow after timber harvesting 
occurred when more than 20% of the forest cover was reduced (Bosch and Hewlett, 
1982; Stednick, 1996). However, phenomenon has contradicted and reveals that in some 
of the catchment studies, lesser harvesting intensity has had measurable increases in 
water yield than the area with 100% harvest depending on the catchment site and 
topographic factors. For example, with 15% of the basal catchment area could be cut for 
a considerable upsurge in annual water yield at the catchment scale in the Rocky 
Mountain region, whereas 50% in the Central Plains, although system responses are 
variable (Stednick, 1996). Similarly, the results from previous studies are also in 
accordance with the findings of this study indicating that the influence of different 
harvesting intensities on percent change in water yield is higher in needle-leaved than 
broadleaved forest. A recent global synthesis indicated that 68% removal of 
broadleaved forest leads to increase of just 16% of stream flow (Farooqi et al., 2020a). 
Another regional study in New Zealand showed that native deciduous forest clear-
felling caused average increase of 70% on five years of treatment (Fahey, 1994) on the 
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other side in a southern Appalachian Mountains (USA) 59 ha of mixed hardwood stand 
clearcutting enhanced streamflow just 28% after the first year of treatment (Swank et 
al., 2001). In two catchment studies in Australia one was patch-cut to remove 22% of 
basal area of Wicksend catchment, and the Willbob catchment was thinned to remove 
12% of basal area of eucalyptus forests. This caused an annual increase in streamflow 
by 10% in the first three years after logging at Wicksend, and by 31% for the first four 
years at Willbob (Lane and Mackay, 2001). 

Consequently, mixed results have recorded in case of needle-leaved deforestation. 
For example, the removal of 14 million board feet of lodgepole pine (Pinus contorta) 
from about 25 percent of the Brownie Creek basin formed an average of 147 mm extra 
water yield per annum, which is equal to 52% of the increase in annual water yield 
(Burton, 1997). The study of continental/maritime hydroclimatic regions of the United 
States in naturally regenerated conifers stands after 50% clear cut and 50% partial cut 
treatments reported increased water yields of 270 mm (36%) and 140 mm (23%) 
respectively (Hubbart et al., 2007). Similarly, a global study revealed that with 71% 
deforestation of needle leaved forests caused an increase of 27% in water yield in down 
streams (Farooqi et al., 2020a). These results agreed that in needle-leaved forest of large 
coverage >2000ha might produce significant or drastic increase in water yield and 
increase the risk of severe flooding (Burton, 1997). 

 
Forest types and precipitation 

Annual precipitation impacts the scale of water yield intensifications that follow 
timber harvest operations in forested watersheds (Keppeler and Ziemer,1990; Brown et 
al., 2005; Adams and Fowler, 2006; Komatsu et al., 2011). The results in this study 
indicated the significant increase in annual streamflow (mm) in higher precipitation 
areas compared to lower regions of the world as shown in Figure 2 and the linear trend 
in the relation between annual precipitation and increase in streamflow (mm) is 
recorded in Figure 3b. This shows that the plantation schemes can be successful 
established in high precipitation region in order to achieve carbon objectives because 
abundance of water in these regions will not only helpful in enhancing the growth and 
productivity but also atmospheric circulation. Similarly, the percent increase in water 
yield after harvesting is lower than in low precipitation regions of the world (Figs. 2 and 
3a), because the water available in the region is already in sufficient quantity, therefore 
after harvesting big change even show little difference. Moreover, the more evaporative 
losses can act positive in enhancing precipitation having sufficient energy to lift the 
additional atmospheric moisture high enough to condense and form clouds (Jackson et 
al., 2005). However, the precise estimation of hydrological implications of large 
watersheds (> 1000 km2) are largely lacking due to more complex for structure and 
other confounding factors.  

It is also worth noting that in this dataset majority of vegetation at comparatively 
lower precipitation regions is needle-leaved compare to broadleaved found in higher 
precipitation regions (Fig. 5). A recent past, Farooqi et al. (2020a) highlighted the 
influences of precipitation on percent increase in water yield after-harvesting in 
broadleaved and conifers forests, however, he did not elaborate on these impacts and 
their causing factors. The reason behind all of these results might be vegetation affects 
the proportion of precipitation that is evaporated and transpired and, consequently, the 
amount available for soil moisture storage, groundwater recharge, and dry weather 
streamflow of broadleaved and needle-leaved forests (Komatsu et al., 2011). The 
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variation in transpiration in the forests is because of the leaf area index as well as 
stomatal conductance (Kelliher et al., 1995; Raupach, 1995), whereas the interception 
losses also vary according to leaf area index (Komatsu et al., 2008; Muzylo et al., 
2009). These interception losses were thoroughly discussed in the previous research 
investigations of coniferous and broadleaved forests (Huber and Iroume, 2001; Komatsu 
et al., 2011), while Iroume and Huber (2002) demonstrated that there are many factors 
associated with these losses influenced by rainfall and forest characteristics like species, 
density, age, etc. It is generally believed that the streamflow response depends on the 
mean annual precipitation of the area (Bosch and Hewlett, 1982; Ruprecht and 
Stoneman, 1993; Iroumé et al., 2000). Increases in streamflow (mm) are generally most 
significant in areas of high rainfall, but they are short-lived due to rapid regrowth of 
vegetation (Bosch and Hewlett, 1982; Ruprecht and Stoneman, 1993; David, 1994; 
Fahey, 1994; Swank et al., 2001). The decreasing trend toward pre-disturbance levels is 
of interest because regeneration has been reported in diverse environments, silvicultural 
and forest species dominance (Fahey, 1994; Bosch and Hewlett, 1982; Cornish, 1993; 
Hornbeck et al., 1993). For example, reductions in streamflow below pre-disturbance 
levels have been observed as isolated cases in needle-leaved evergreen planted a forest 
of the temperate region in southern Chile. Indicated that the 120% increase in runoff 
might be partly due to the higher rainfall during the post-harvesting period (Iroumé et 
al., 2006). Another study on the jarrah forest in south-western Australia reveals that the 
subsequent recovery of vegetation cover has led to water yields returning to pre-
disturbance levels after an estimated 12-15 years (Ruprecht and Stoneman, 1993). The 
deciduous conversion to pine, forest harvesting in moderate-to-high rainfall areas causes 
a 60-80% increase in water yield for three-five years after clear-felling. It was also 
noted that the yields should return to pre-harvesting levels within six-eight years, 
depending on the silvicultural regime adopted (Fahey, 1994). 

In the present study results, the significant decline trend in water yield (P < 0.0001) 
after the first year of broadleaved forests removal till it reaches to the pretreatment stage 
as shown in Figure 6 might be connected to their coppiced nature which might be the 
reason for rapid regeneration after deforestation. For example, in a study conducted in 
Central Portugal, when a coppicing a fast-growing species of eucalyptus due to the fast 
regrowth of the forest stands recorded that the hydrological effects of clearcutting were 
short-lived (David,1994), in Coweeta, a mature hardwood coppice stand the first cutting 
required 23 years’ recovery time to reach pretreatment level in striking contrast the 
second cutting achieved this level just within 16 years (Swank et al., 1970). Therefore, 
water use strategies were developed according to the variation in developmental stages 
as well as the available water resources (Su et al., 2014). The result of these studies 
demonstrate that annual water yield increases obtained from complete forest cutting in 
coppice catchment can be more short-lived in second rotation. Because of the difference 
in basal area, LAI, species density as well as letter fall production of first stand 
enhances fertility and water retention in the soil, which boost the regrowth of second 
cutting. Moreover, the only way forward of gaining large increase in annual water yield 
is to manage regrowth and control dense sprouting and rapid crown development. 

 
Forest types and water use 

The main distinction between the percent increase in water yield after harvesting in 
conifers versus broadleaved as shown in Figure 2 might be due to the efficient water 
use of broad-leaved than in conifers. Evergreen conifers tend to have a higher water use 
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due to high interception losses which are maintained throughout the whole year, and 
particularly during the winter period when conditions are usually wettest and windiest. 
During the vegetative period, interception rates are also often higher in conifer stands 
because of more leaf area indices. The differences are most pronounced during the 
dormant season when interception rates are low in hardwood stands. For example, two 
studies in the European forests have found that average yearly interception rates are 
around 25% for broadleaves species and about 45% for coniferous species (Augusto et 
al., 2002; Calder et al., 2003). 

Canopy transpiration is often thought to increase asymptotically with leaf area index 
(L) for a species (Meinzer and Grantz, 1991; Raupach, 1995; Arneth et al., 1996; Oren 
et al., 1996). It was assumed that annual transpiration does not differ considerably 
between broadleaf and coniferous forests (Roberts, 1983; Harding et al., 1992; Cannell, 
1999). Large-scale afforestation resulted a rise in evapotranspiration, hence dropping in-
stream flows (Farley et al., 2005; Sun et al., 2006, 2008), therefore impacting the 
effectiveness of water conservation strategy of plants at leaf or individual level. 
Quantifying the productivity-water loss tradeoffs at the ecosystem level is the primary 
parameter to analyze the carbon-water relationship in different forest types (Li et al., 
2019). Many studies at ecosystem level have demonstrated that broadleaved forest have 
higher productivity and less water loss than needle-leave forests (Tan et al., 2015; 
Gower et al., 2001). This might be because deciduous leaves have higher rates of 
photosynthesis per unit leaf mass during favorable conditions than evergreens, given 
their higher leaf nitrogen content and specific leaf area, higher intrinsic photosynthetic 
capacity, and the reduced internal competition for light and carbon dioxide (Catovsky et 
al., 2002). For example, deciduous oaks compensate for having a shorter growing 
season by attaining a higher capacity to assimilate carbon for a given amount of 
intercepted solar radiation during the well-watered spring period. At saturating light 
levels, deciduous oaks gained carbon at six times the rate of evergreen oaks (Baldocchi 
et al., 2010). 

This water utilization behavior of the broadleaf and conifers may directly and 
significantly impact the hydrology and water yield of the forest. For example, the first 
study (Swank and Douglass, 1974) to examine differences in annual runoff and 
evapotranspiration (ET) between broadleaf and coniferous forests was performed in the 
United States using the paired-catchment method. Annual flow decreased with the 
conversion from broadleaf to coniferous forest. Changes in yearly runoff due to 
vegetation changes indicate changes in annual ET. Thus, the results indicate lower 
annual ET for broadleaf forests than for coniferous forests, suggesting that the presence 
of broadleaf forests is more beneficial from the viewpoint of water availability in down-
stream. In another study, long-term records of streamflow following the conversion of 
hardwood stands to conifers show reduced water yield (Hornbeck et al., 1997; Komatsu 
et al., 2009). For example, this trend has been instigated in Japan (Komatsu et al., 
2009). More extensive evidence of the lower annual evapotranspiration for broadleaf 
forests compared to coniferous forests was provided by surveying the results of 
numerous paired-catchment studies (Bosch and Hewlett, 1982). A very latest survey of 
a global dataset also demonstrated that ET of broadleaf forests is lower than coniferous, 
resulting in a higher annual runoff for broadleaf. The study also suggested that this 
condition is only valid for broadleaf deciduous forests (Komatsu et al., 2011). The 
differences between conifers and deciduous trees are often incorporated into large-scale 
models because of differences in xylem anatomy (vessels versus tracheids), leaf 
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longevity, leaf area index, and growing season (Roberts and Rosier, 2005). Therefore, 
from all these survey results it is concluding that the increase in annual runoff due to 
deforestation tended to be lower of broadleaf forests than coniferous forests, which 
suggests the generality of the yearly ET for gaining growth and productivity of 
broadleaf forests is lower than coniferous forests.  

Conclusion 

In the past, many afforestation projects were established without knowing their carbon 
and water interaction. The difference of change in water yield (%), as well as an 
increase in streamflow (mm) after harvesting of broadleaved and needle-leaved forest in 
low and high precipitation regions, along with other adjoining factors are giving us a 
clue as to how the future afforestation policy needs to be revised. When, where, and 
why to plant/cut the tree is important questions to address. The results showed that 
needle-leaved forests in lower precipitation regions are expected to consume more water 
than broadleaved in higher rainfall regions. This study can speculate from these results 
that afforestation and conversion of broadleaved to conifers or mixed in higher 
precipitation regions might be more useful to get maximum productivity. Conversely, in 
lower precipitation regions scattered plantation of broadleaved primarily deciduous 
species along with shrubs and grasses might be an option to maintain the carbon and 
water tradeoff of global forests. However, sustainable forest management and targeted 
planning for establishment of future plantations need to take into account a broader 
prospective of multifunctional objectives is prerequisite to mitigate the future 
challenges of climate change. 
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APPENDIX 

Appendix 1. Normality test results of Shaprio-wilk reject normality at P < 0.05 

H.I. DF Statistics P-value Decision at level (5%) 

25%NL 167 0.87663 1.6514E-10 Reject normality 

25%BL 133 0.6918 2.38698E-15 Reject normality 

50%NL 167 0.92063 6.51603E-8 Reject normality 

50%BL 133 0.83991 1.02842E-10 Reject normality 

75%NL 167 0.9465 5.95852E-6 Reject normality 

75%BL 133 0.90299 8.54516E-8 Reject normality 

100%NL 167 0.96282 1.93127E-4 Reject normality 

100%BL   133 0.92935  3.17434E-6 
Reject normality 

 

H.I.: harvesting intensity (%) 

 
 

Appendix 2. QQ plot representing the distribution of change in water yield (%) after 25, 50, 75 
and 100% of harvesting intensities of the dataset. The scores are negatively skewed (fewer 
scores at the low end) 
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Appendix 3. Kruskal-Wallis ANOVA, representing the descriptive statistic results of different 
harvesting intensities of broadleaved (BL) and needle leaved (NL) forests on change in water 
yield (%) 

H.I. N Min Q1 Median Q3 Max 

“25%NL” 167 0.61635 5.71968 9.04704 15.52163 42.71476 

“25%BL” 133 0.25043 4.24867 7.88758 13.50434 87.69458 

“50%NL” 167 1.22515 10.82046 16.59292 26.87225 59.86033 

“50%BL” 133 0.4996 8.15101 14.62185 23.79504 93.44391 

“75%NL” 167 1.82653 15.39764 22.98264 35.53398 69.10673 

“75%BL” 133 0.74753 11.74769 20.43853 31.89731 95.53162 

“100%NL” 167 2.42063 19.5279 28.463 42.36111 42.36111 

“100%BL” 133 0.99423 13.54604 22.96223 38.15074 96.61086 

H.I: harvesting intensity (%), P < 0.0001, Chi-square = 295.027 

 
 

Appendix 4. Wilcoxon signed ranks test 

Paired sample W  Z P-value 

“25%BL”-”25%NL”  5869 3.17332  0.00151 

“50%BL”-”50%NL”  5903 3.24968  0.00116 

“75%BL”-”75%NL”  5927 3.30358  9.54597E-4 

“100%BL”-”100%NL”  6206 3.93016 8.48907E-5 

*P < 0.05 

 
 

Appendix 5. Data set used in the synthesis 

Broadleaved forest 

Source Catchment Country 
Elv. 

(m) 
Soil type 

Area 

(ha) 

MAP 

(mm) 

MAS 

(mm) 
DF (%) 

Bosch and Hewlett 
(1982) 

Coweeta 13 USA 810 Sandy clay loam 16 1900 889 100 
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Bosch and Hewlett 
(1982) 

Coweeta 19 USA 960 Sandy clay loam 28 2001 1222 22 

Bosch and Hewlett 
(1982) 

Coweeta 1 USA 840 Sandy clay loam 16 1725 739 100 

Bosch and Hewlett 
(1982) 

Coweeta 28 USA 1200 Sandy clay loam 144 2270 1532 65 

Bosch and Hewlett 
(1982) 

Coweeta 17 USA 885 Sandy clay loam 14 1895 775 100 

Bosch and Hewlett 
(1982) 

Coweeta 22 USA 1035 Sandy clay loam 34 2068 1275 50 

Bosch and Hewlett 
(1982) 

Coweeta 3 USA 825 Sandy clay loam 9 1814 607 100 

Bosch and Hewlett 
(1982) 

Coweeta 10 USA 975 Sandy clay loam 86 1854 1072 30 

Bosch and Hewlett 
(1982) 

Coweeta 41 USA 1065 Sandy clay loam 29 2029 1285 53 

Bosch and Hewlett 
(1982) 

Coweeta 6 USA 793 Sandy clay loam 9 1854 838 80 

Bosch and Hewlett 
(1982) 

Kericho Sambret Kenya 2200 Deep friable clay 688 1905 416 34 

Bosch and Hewlett 
(1982) 

Kimakia A Kenya 2440 Deep friable clay 35 2014 568 100 

Bosch and Hewlett 
(1982) 

Fernow 1 USA 755 Stony silt loam 30 1524 584 85 

Bosch and Hewlett 
(1982) 

Fernow 2 USA 780 Stony silt loam 15 1500 660 36 

Bosch and Hewlett 
(1982) 

Fernow 5 USA 780 Stony silt loam 36 1473 732 20 

Bosch and Hewlett 
(1982) 

Fernow 3 USA 805 Stony silt loam 34 1500 607 13 

Bosch and Hewlett 
(1982) 

Fernow 7 USA 800 Stony silt loam 24 1469 788 50 

Bosch and Hewlett 
(1982) 

Fernow 6 USA  Stony silt loam 22 1440 493 50 

Bosch and Hewlett 
(1982) 

Leading Ridge WS2 USA 385 Silt loam 43 1004 321 20 

Bosch and Hewlett 
(1982) 

Placer County Ws C USA 168 Clay loam 5 635 145 99 

Bosch and Hewlett 
(1982) 

Maimai M7 New Zealand 300 Stoney silt loam 4 2600 1500 100 

Bosch and Hewlett 
(1982) 

Maimai M9 New Zealand 310 Stoney silt loam 8 2600 1500 75 

Andréassian (2004) Leading Ridge 2 USA  43 1060 440 86 

Andréassian (2004) Dantzoud Armenia  14100 680 413 11 

Andréassian (2004) Girants Armenia  12200 700 224 7 

Bent (2001) Dickey brook USA 308  308 1250 430 32 

Brechtel and 
Fuhrer(1991) 

Krofdorf A1 Germany 336 Rocky 9.3 650 300 100 

Fahey and Jackson 
(1997) 

Big bush DC1 New Zealand  8.6 1530 610 83 

Fahey and Jackson 
(1997) 

Big bush DC4 New Zealand  20.2 1530 670 94 

Fritsch (1992) Hakhoum Armenia  #### 675 268 7 

Sahin and Hall (1996)  WS2L.R. USA 360 Silt loam 43 1060 440 43 

Sahin and Hall (1996)  WS4H.B USA 606 Sandy loam 36 1340 860 33 

Stednick (1996)  Coweeta 7 USA 900 Loam 59 1825 1140 100 

Stednick (1996)  Fernow 3 USA 805 Silt loam 34 1500 610 91 

Stednick (1996)  Ouachita, OKWS10 USA  Loam 5.7 1317 1652 50 

Stednick (1996)  Ouachita, OKWS12 USA  Loam 5.9 1317 1652 100 

Stednick (1996)  Ouachita, OKWS14 USA  Loam 4.3 1317 1652 50 
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Stednick (1996)  Ouachita, OKWS15 USA  Loam 5.1 1317 1652 100 

Stednick (1996)  Ouachita, OKWS17 USA  Loam 4.2 1317 1652 50 

Stednick (1996)  Ouachita, OKWS18 USA   4.1 1317 1652 100 

Anderson et al. (1976) WN-Carolina 1 USA   15 1828 787 100 

Anderson et al. (1976) WN-Carolina 3 USA   9 1803 610 100 

Anderson et al. (1976) WN-Carolina 5 USA   28 2006 1219 22 

Anderson et al. (1976) WN-Carolina 6 USA   83 1854 1067 30 

Anderson et al. (1976) WN-Carolina 7 USA   28 2032 1295 35 

Anderson et al. (1976) NW-Virginia 1 USA   22 1448 762 100 

Anderson et al. (1976) NW-Virginia 3 USA   23 1447 762 50 

Anderson et al. (1976) NW-Virginia 5 USA   33.4 1498 635 14 

Hornbeck et al. (1993), 
Kabeya et al. (2015)  

Pennsylvani LR-WS3 USA 340  104 1060 440 43 

Hornbeck et al. (1993), 
Kabeya et al. (2015)  

Pennsylvani LR-WS2 USA 360  43 1060 440 24 

Swift and Swank (1981) Coweeta 13 USA 810 Clay loam 16 1900 889 100 

Swift and Swank (1981) Coweeta 37 USA 1300 Sandy clay loam 44 2220 1604 100 

Swift and Swank (1981) Coweeta 28 USA 1200  144 2320 1534 65 

Andréassian (2004) Karuah/Kokata Australia  97.4 1565 531 29 

Andréassian (2004) Karuah/Coachwood Australia  37.5 1447 362 61 

Andréassian (2004) Karuah/Corkwood Australia  41.1 1636 505 40 

Andréassian (2004) Karuah/Jackwood Australia  12.5 1373 311 79 

Andréassian (2004) Karuah/Bollygum Australia  15.1 1518 505 32 

Andréassian (2004) Monda 1  Australia 
Rocky 

Krasnozems 
6.3 1876 702 75 

Andréassian (2004) Monda 2 Australia 
Rocky 

Krasnozems 
4 1813 550 75 

Andréassian (2004) Monda 3 Australia 
Rocky 

Krasnozems 
7.3 1763 632 75 

Andréassian (2004) Myrtle 2 Australia 
Rocky 

Krasnozems 
30.5 1590 852 74 

Andréassian (2004) Picaninny  Australia  53 1180 332 78 

Andréassian (2004) Black Spur 1 Australia 
Rocky 

Krasnozems 
17 1652 504 60 

Andréassian (2004) Black Spur 3 Australia 
Rocky 

Krasnozems 
7.7 1612 530 60 

Andréassian (2004) Wicksend Australia  68 1200 440 22 

Andréassian (2004) Wilbob Australia  86 1200 392 12 

Andréassian (2004) Clem creek Australia Rocky clay loam 46.4 1445 190 95 

Andréassian (2004) Yarragil 4L Australia  126 1120 4.3 66 

Sahin and Hall (1996)  Hansen Australia Gravel 80 1200 232 75 

Komatsu et al. (2011), 
Pearce et al. (1980) 

Maimai M7 New Zealand   2600 1550 100 

Pearce et al. (1980) Maimai M9 New Zealand   2600 1550 75 

Stednick (1996)  Fernow 3 USA 805 Silt loam 34 1500 610 13 

Stednick (1996)  Fernow 5 USA 760 Silt loam 36 1470 760 20 

Stednick (1996)  Fernow 6 USA  Silt loam 22 1440 490 50 

Stednick (1996)  Fernow 7 USA 800 Silt loam 24 1470 790 50 

Stednick (1996)  Leading Ridge PA2 USA 358 Silt loam 43 1000 320 20 

Stednick (1996)  Coweeta, NC7 USA 900 Loam 59 1825 1140 100 

Stednick (1996)  Grant forest GA18 USA 165 Sandy loam 33 1220 470 100 

Stednick (1996)  Ouachita, OKWS10 USA  Loam 6 1317 1652 50 

Stednick (1996)  Ouachita, OKWS12 USA  Loam 6 1317 1652 100 

Stednick (1996)  Ouachita, OKWS14 USA  Loam 4 1317 1652 50 

Stednick (1996)  Ouachita, OKWS15 USA  Loam 4 1317 1652 100 

Stednick (1996)  Ouachita, OKWS17 USA  Loam 4 1317 1652 50 
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Needle-leaved forest  

Source Catchment Country 
Elev. 

(m) 
Soil type 

Area 

(ha) 

MAP 

(mm) 

 MAS 

(mm) 

DF 

(%) 

Bosch and Hewlett 
(1982) 

Needle Branch USA 312 Sand stone 71 2483 1885 82 

Bosch and Hewlett 
(1982) 

Deer Creek USA 312 Sand stone 303 2474 1906 25 

Bosch and Hewlett 
(1982) 

H.J. Andrews 1 USA 700 Clay loams 96 2388 1376 100 

Bosch and Hewlett 
(1982) 

H.J. Andrews 3 USA 760 Clay loams 101 2388 1346 30 

Bosch and Hewlett 
(1982) 

H.J. Andrews 6 USA 900 Volcaniclastics 13 2150 1290 100 

Bosch and Hewlett 
(1982) 

H.J. Andrews 7 USA 900 Volcaniclastics 21 2150 1290 60 

Bosch and Hewlett 
(1982) 

H.J. Andrews 10 USA 500 Volcaniclastics 9 2330 1650 100 

Bosch and Hewlett 
(1982) 

Coyote Creek 1 USA 901 Gravelly loam 59 1230 627 50 

Bosch and Hewlett 
(1982) 

Coyote Creek 2 USA 901 Gravelly loam 68 1230 630 30 

Bosch and Hewlett 
(1982) 

Coyote Creek 3 USA  Gravelly loam 50 1230 630 100 

Bosch and Hewlett 
(1982) 

Workman Creek, NF USA 2225 Clay loam  100 813 86 73 

Bosch and Hewlett 
(1982) 

Workman Creek, SF USA 2165 Clay loam  129 813 87 83 

Bosch and Hewlett 
(1982) 

Fool Creek USA 3200 Permeable soil 289 762 283 40 

Bosch and Hewlett 
(1982) 

Castle Creek USA 8207 
Soil of igneous 

origin 
364 639 71 17 

Bosch and Hewlett 
(1982) 

Beaver Creek 1 USA 1700 Stony clay 124 457 24 100 

Bosch and Hewlett 
(1982) 

Beaver Creek 3 USA 1600 Stony clay 146 457 18 83 

Bosch and Hewlett 
(1982) 

Wagon Wheel Gap USA 3110 Rocky clay loam 81 536 157 100 

Burton (1997)  Brownie Creek USA 3082 Sand stone 2134 787 300 25 

Troendle et al. (2001), 
Pike andScherer (2003)  

Coon creek USA   1673 870 440 24 

Cosandey (1990)  Latte  France   20 1900 1278 100 

Stednick (1996)  Workman Ce.AZ USA 2225 Clay loam 100 833 86 32 

Stednick (1996)  N.Fork USA 2225 Clay loam 100 810 86 32 

Stednick (1996)  Wagonwheel Gap.CO USA 3110 Rocky clay loam 81 544 157 100 

Stednick (1996)  Chicken Creek M.OR1 USA 1523 Ash  1355 472 50 

Stednick (1996)  Chicken Creek M.OR2 USA 1523 Ash  1355 460 50 

Stednick (1996)  Chicken Creek M.OR3 USA 1523 Ash  1355 372 50 

Stednick (1996)  Fool Creek, CO USA 3200 Granite 289 760 280 40 

Stednick (1996)  Fraser Forest, CO USA 3200 Granite 289 712 283 66 

Stednick (1996)  Deadhorse Cr. CO USA 3120 Granite 270 762 500 36 

Stednick (1996)  White Spar C USA 1420 Quartz 5 450 43 100 

Stednick (1996)  Castle Creek, AZ USA  Igneous 364 640 71 17 

Stednick (1996)  Deer Creek, OR USA 312 Marine sand stone 303 2480 1910 25 

Stednick (1996)  Needle Branch, OR USA 312 Perm sand stone 71 2480 1885 82 

Stednick (1996)  Blue Mts1 USA 1523 Ash  1355 472 50 

Stednick (1996)  Blue Mts2 USA 1523 Ash  1355 460 50 

Stednick (1996)  Blue Mts3 USA 1523 Ash  1355 372 50 

Stednick (1996)  St Louis creek USA 3200 Granite 289 712 283 100 
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Stednick (1996)  Thomas creek, AZ USA 2600 Loamy 227 768 500 34 

Stednick (1996)  Willow creek, AZ USA  Loam  749 512 62 

Anderson (1976) Western Oregon 1 USA   93 2362 1447 100 

Anderson (1976) Colorado 2 USA   281 762 279 40 

Anderson (1976) Arizona 2 USA   100 812 86 32 

Cheng (1989)  Camp Creek, BC USA 1920 Granite 3390 600 140 30 

Cheng (1989)  Hinton, Alberta Canada   1497 513 147 50 

Cheng (1989)  Cabin Creek, Alberta Canada   212 840 310 21 

Scott et al. (2000)  Biesieviei South Africa 580  27.2 1298 593.6 100 

Scott et al. (2000)  Bosboukloof South Africa 671  200.9 1564 245.9 100 

Scott et al. (2000)  Witklip-6 South Africa 1080  165.3 929 259.7 100 

Scott et al. (2000)  WitkliP-5 South Africa 1340  108 929 261.7 51 

Webb (2009)  Canobolas A Australia 1200  55.3 1080 289 100 

Webb (2009)  Canobolas B Australia 1180  55.4 1080 247 100 

Cosandey (1990)  Latte  France   20 1900 1278 100 

Adams and Flower 
(2006) 

Maimai M5 New Zealand Gritty silt loam 2.31 2453 1578 100 

Adams and Flower 
(2006) 

Maimai M8 New Zealand Gritty silt loam 3.84 2453 1213 95 

Adams and Flower 
(2006), Rowe et al. 

(2002) 
Glenbervie, Logbridge New Zealand  12.6 1920 830 100 

Adams and Flower 
(2006), Rowe et al. 

(2002) 
Glenbervie, Pines New Zealand  15.5 1920 760 100 

Adams and Flower 
(2006), Rowe et al. 

(2002) 
Moumoukai, Central New Zealand Clay loam 11.42 1690 660 100 

Komatsu et al. (2011), 
Adams and Flower 

(2006) 
Moumoukai, South New Zealand Clay loam 14.98 1700 646 100 

Adams and Flower 
(2006), Rowe et al. 

(2002) 
Purukohukohu, Puruki New Zealand 

Sandy loam to 
loamy sand 

34.4 1590 540 100 

Adams and Flower 
(2006), Rowe et al. 

(2002) 
Pakuratahi New Zealand Silt loam  345 1097 380 87 

Adams and Flower 
(2006) 

Moutere, C13 New Zealand  7.65 1010 64 100 

MAP: mean annual precipitation, MAS: mean annual streamflow, DF: deforestation, Elv.: elevation 
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Abstract. Understanding the genetic diversity and divergence within Bambusa has important implications 
for conservation and sustainable use. In this study, genetic diversity and phylogenetic relationships 
between 28 species/varieties of Bambusa were evaluated based on 16 randomly amplified polymorphic 
DNA (RAPD) primers screened from 96 primers. A total of 218 bands were amplified using these 16 
primers, yielding DNA fragments of 290–3000 bp. The number of bands and percentage of 
polymorphism were 211 and 96.79%, respectively, indicating high inter and intraspecific genetic 
diversity within Bambusa. In clustering analysis, genetic distances ranged from 0.2139 to 0.7647. The 28 
bamboo species/varieties were classified into six groups at a genetic distance of 0.6138, consistent with 
traditional classification results. Our results indicated a high degree of polymorphism at RAPD loci, 
suggesting that the RAPD markers are effective for the analysis of genetic diversity and phylogenetic 
relationships in the genus. The results of this study provide a theoretical basis for germplasm 
conservation, classification, and evolutionary studies of Bambusa species/varieties. 
Keywords: molecular diversity, genetic relationships, RAPD, bamboos 

Introduction 

The genus Bambusa, which belongs to the Bambusoideae subfamily, is highly 
abundant in China and has a wide range of applications. More than a hundred Bambusa 
species have been described and classified into three subgenera, i.e., Subgen Bambusa, 
Subgen Lingnania, and Subgen Leleba, with Bambusa chungii, Bambusa multiplex cv. 
Fernleaf, and Bambusa arundinacea as the respective type species. China, in particular, 
boasts approximately 60 Bambusa species, which are mainly distributed in the eastern, 
southern, and southwestern regions (Editorial Committee of Flora of China, Chinese 
Academy of Sciences, 1996; Zhu et al., 2017). Bambusa is characterized by sympodial 
rhizomes and has relatively high economic, aesthetic, and ecological value. Therefore, 
in-depth research on the genus is beneficial for the conservation of biodiversity within 
bamboo resources in China (Ma et al., 2007). 

Although Bambusa species propagate by asexual reproduction, adaptations to 
different habitats and long-term evolution have resulted in genetic variation. The high 
genetic diversity in Bambusa poses certain challenges for the accurate differentiation 
and identification of Bambusa species (Lou et al., 2011). In addition, as bamboo species 
have low flowering and fruiting rates, the determination of interspecific relationships 
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within Bambusa based on morphological markers, such as the morphological 
characteristics of flowers and fruits, or other markers, such as isozymes, is extremely 
difficult (Lin et al., 2008). Therefore, the quest for effective markers has become a key 
topic in phylogenetic studies of Bambusa. 

Advances in molecular biology have substantially improved DNA marker 
techniques, enabling the direct comparison of genetic material without the influence of 
external environmental factors (Liu et al., 2015). Such techniques are increasingly used 
for analyses of genetic diversity and phylogenetic relationships within Bambusa. 
Randomly amplified polymorphic DNA (RAPD) marker detection, using 
electrophoresis and PCR (Mutharaian et al., 2018), has several advantages, such as its 
high sensitivity, low cost, and ease, enabling the acquisition of large quantities of 
information (Xia et al., 2001); accordingly, this approach is widely used for studies of 
genetic diversity (He et al., 2019; Tanzeem et al., 2019; Leandro et al.2019; 
Subramanyam et al., 2010), phylogenetic relationships (Amom et al., 2020; Liu et al., 
2016), variety identification (Odunayo et al., 2019; Archana et al., 2013), and DNA 
fingerprinting (Mei et al., 2014; Afshari et al., 2016). However, few studies have 
utilized RAPD to evaluate Bambusa. In this study, 28 Bambusa species/varieties were 
used as test materials for a RAPD-based analysis of genetic diversity and phylogenetic 
relationships to provide a theoretical basis for germplasm conservation, classification, 
and evolutionary studies of Bambusa species/varieties. 

Materials and methods 

Test materials 

The test materials were obtained from 28 Bambusa species/varieties from the 
Bamboo Cultivation Base of the Fujian Agriculture and Forestry University, Fuzhou, 
China in August 2018. Table 1 provides basic information for the test materials. Fresh 
uninfested leaves (3–6 g) were harvested from each plant and stored in a -80 °C ultra-
low temperature freezer until genomic DNA extraction. 

 
Methods 

DNA extraction and detection 

Genomic DNA was extracted using the CTAB method (Zhang et al., 2014), and the 
concentration was measured using a NANODROP 2000 spectrophotometer. 
Electrophoresis was performed using a 1.0% agarose gel; briefly, 9 μL of template 
DNA was mixed with 1.5 μL of 6× loading buffer and subjected to 120 V (5 V·cm-2) for 
30 min, using 1× TBE as the electrophoresis buffer. The electrophoresis results were 
analyzed using a gel imaging system. The size of the DNA ladder marker (No. 
B500347, Sangon Biotech) is 100-3000 bp. Total DNA that satisfied the study 
requirements was diluted to a 20 ng·μL-1 and stored in a -20 °C freezer before further 
use. 

 
Primer screening 

A total of 96 random oligonucleotide primers of 10 bp were purchased from Sangon 
Biotech Co., Ltd. (Shanghai, China) and used for the preamplification of the total DNA 
of certain Bambusa species/varieties. Then, 16 primers that produced bands with high 
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clarity, stability, degree of polymorphism, and reproducibility were selected for the 
RAPD analysis with the total DNA of all 28 bamboo species/varieties. Table 2 shows a 
list of selected primers and sequences. 

 
Table 1. Summary of test materials 

No. Species/variety name 

1 Bambusa sinospinosa 

2 B. rutila 

3 B. subaequalis 

4 B. gibba 

5 B. ventricosa 

6 B. remotiflora 

7 B. cerosisssima 

8 B. textilis cv. Maculata 

9 B. textilis var. gracilis 

10 B. tulda 

11 B. eutuldoides McClure var. viridi-vittata 

12 B. pervariabilis 

13 B. longispiculata 

14 B. tuloides 

15 B. subtruncata 

16 B. boniopsis 

17 B. vulgaris 

18 B. vulgaris cv. Vittata 

19 B. vulgaris cv. Wamin 

20 B. gibboides 

21 B. albo-lineata 

22 B. lenta 

23 B. contracta 

24 B. multiplex 

25 B. multiplex cv. Alphonse-Karr 

26 B. multiplex cv. Silverstripe 

27 B. multiplex cv. Fernleaf 

28 B. multiplex var. riviereorum 

 
 
Table 2. List of primers and sequences 

Primer 
Sequence 

5′–3′ Primer 
Sequence 

5′–3′ 
S4 GGACTGGAGT S69 CTCACCGTCC 

S5 TGCGCCCTTC S431 TCGCCGCAAA 

S13 TTCCCCCGCT S1219 CTGATCGCGG 

S26 GGTCCCTGAC S2093 TCGGTGAGTC 

S32 TCGGCGATAG S1408 GTTACGGACC 

S36 AGCCAGCGAA S1412 CCTGTACCGA 

S45 TGAGCGGACA S1420 CTTCTCGGAC 

S67 GTCCCGACGA S1421 TCCCAGCAGA 
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RAPD-PCR and the detection of amplification products 

PCR was performed using a LabCycler PCR System (SensoQuest International Ltd). 
The reaction system for RAPD-PCR consisted of the following: 2.0 μL of 10× buffer, 
3.5 mmol·L-1 Mg2+, 0.4 mmol·L-1 dNTPs, 0.6 μmol·L-1 primer, 3.0 U of Taq 
polymerase, 40 ng of template DNA, and sterile ddH2O for a total volume of 20 μL. 

The RAPD-PCR protocol was as follows: initial denaturation at 94 °C for 2 min, 
denaturation at 94°C for 30 s, annealing at 34 °C for 30 s, and extension at 70 °C for 
90 s for 38 cycles; final extension at 72 °C for 7 min. The PCR products were stored in 
a 4 °C refrigerator, and detection was subsequently performed by electrophoresis on a 
1.0% agarose gel. 

 
Statistical analysis 

POPGENE version 3.2 was used to determine the total number of bands and the 
number of polymorphic bands amplified by each primer (Yeh et al., 1999). The bands 
produced at the same site by different primers were counted for each sample, assigning 
a value of 1 if a band was present and 0 if a band was absent. DPS 18.10 was used to 
analyze genetic diversity, perform a clustering analysis, and construct a phylogenetic 
tree of the tested Bambusa species/varieties (Tang et al., 2013). 

Results and analysis 

Analysis of RAPD marker polymorphism 

Among 96 random RAPD primers used for preamplification, 16 primers produced 
bands with high clarity, degree of polymorphism, and stability and were selected for 
marker amplification from all 28 Bambusa species/varieties. Figures 1 and 2 show the 
representative gel electrophoresis results obtained with primers S32 and S431. In total, 
218 clear bands were obtained with the 16 primers, and 211 of these bands were 
polymorphic. On average, 13.63 bands and 13.19 polymorphic bands were obtained for 
each primer. The percentages of polymorphism for the primers ranged from 77.78% to 
100% and the average percentage was 96.79% (Table 3). Each primer produced 6–
21 bands and 5–21 polymorphic bands, with fragment lengths of 190–3000 bp. These 
results indicate that genetic diversity is high within Bambusa. This high diversity 
suggests that the genus possesses a strong ability to adapt to various environments. 
Furthermore, interspecific genetic differences within Bambusa can be effectively 
elucidated by RAPD markers. 

 

 

Figure 1. Electrophoresis results for 28 Bambusa samples amplified using RAPD S32 



Rong et al.: Genetic diversity and phylogenetic relationships in the Bambusa genus as revealed by RAPD markers 
 - 5015 -  

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5011-5021. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_50115021 
© 2020, ALÖKI Kft., Budapest, Hungary 

 

Figure 2. Electrophoresis results for 28 Bambusa samples amplified using RAPD S431 
 
 
Table 3. RAPD primers and percentages of polymorphism 

Primer Total no. of bands No. of polymorphic bands Percentage of polymorphism (%) 

S4 14 14 100 

S5 12 12 100 

S13 17 17 100 

S26 10 9 90.00 

S32 21 21 100 

S36 9 7 77.78 

S45 6 5 83.33 

S67 13 12 92.31 

S69 13 13 100 

S431 15 15 100 

S1219 12 11 91.67 

S2093 13 13 100 

S1408 14 13 92.86 

S1412 15 15 100 

S1420 17 17 100 

S1421 17 17 100 

Total 218 211 96.79 

Average 13.63 13.19 96.79 

 
 

Analysis of genetic distances and genetic diversity among the Bambusa 

species/varieties 

For the 16 primers, a data matrix was generated from the genomic fingerprint, and 
pairwise genetic distances among the various Bambusa species/varieties were calculated 
using DPS 18.10 based on Jaccard’s formula (Yhang et al., 2010) (Table 4). The 
average genetic distance was 0.5597 and the range was 0.2139–0.7647, indicating a 
relatively high average and a high degree of variation. As shown in Table 4, the genetic 
distances within the genus Bambusa were mostly around 0.5, indicating good genetic 
stability. The genetic distances between variants or cultivars of the same species were 
lower than those for comparisons between different species. For instance, the genetic 
distances among B. multiplex cv. Alphonse-Karr, B. multiplex cv. Silverstripe, B. 
multiplex cv. Fernleaf, and B. multiplex var. riviereorum, belonging to Bambusa 
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subgen. Leleba, were relatively low, while the genetic distance between B. subaequalis 
(belonging to Bambusa subgen. Bambusa) and B. subtruncata (belonging to Bambusa 
subgen. Leleba) was high. These results demonstrate that the phylogenetic relationships 
among Bambusa species/varieties are consistent with the morphological classification 
and that RAPD markers are effective indicators of genetic diversity in Bambusa 
species/varieties. 

 
Table 4. The genetic distance matrix for 28 Bambusa species/varieties 

 
 
 

Cluster analysis of Bambusa species/varieties 

Based on the RAPD-PCR amplification results, phylogenetic relationships within 
Bambusa were analyzed with the raw genotypic data matrix using DPS 18.10 (Tang et 
al., 2013). A cluster analysis was performed based on genetic distances using the Nei–
Li maximum distance method (Zaya et al., 2017), and a dendrogram was constructed 
(Fig. 3; Table 5). The clustering results indicate that the 28 Bambusa species/varieties 
could be classified into six groups at a genetic distance of 0.57 (L1). (1) Group 1 
(genetic distance = 0.6038) included 8 species/varieties (B. sinospinosa, B. remotiflora, 
B. rutila, B. contracta, B. vulgaris, B. gibba, B. cerosisssima, and B. ventricosa); Group 
2 (genetic distance = 0.5634) included 4 species/varieties (B. textilis cv. Maculata, B. 
textilis var. gracilis, B. tulda, and B. pervariabilis); (3) Group 3 (genetic 
distance = 0.5484) included 3 species/varieties (B. subaequalis, B. vulgaris cv. Vittata, 
and B. vulgaris cv. Wamin); (4) Group 4 (genetic distance = 0.4651) included 4 
species/varieties (B. eutuldoides McClure var. viridi-vittata, B. longispiculata, B. 
tuloides, and B. boniopsis); (5) Group 5 (genetic distance = 0.5776) included 7 
species/varieties (B. albo-lineata, B. lenta, B. multiplex, B. multiplex cv. Alphonse-Karr, 
B. multiplex cv. Silverstripe, B. multiplex cv. Fernleaf, B. multiplex var. riviereorum); 
(6) Group 6 (genetic distance = 0.5303) included 2 species/varieties (B. subtruncata and 
B. gibboides). 

Groups 1 and 2 exhibited a genetic distance of 0.7193, with B. sinospinosa, B. rutila, 
B. gibba, and B. ventricosa (all belonging to Bambusa subgen. Bambusa) forming a 
distinct cluster, and B. remotiflora, B. cerosisssima, B. textilis cv. Maculata, and B. 
textilis var. gracilis (all belonging to Bambusa subgen. Lingnania) clustering together. 
However, B. subaequalis, which belongs to Bambusa subgen. Bambusa, did not cluster 
with species in the same subgenus; instead, it formed a group with the majority of 
members of Bambusa subgen. Leleba, as evidenced by the shorter genetic distances. In 
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Group 3, B. vulgaris cv. Vittata and B. vulgaris cv. Wamin, which are both members of 
Bambusa subgen. Leleba and variants of B. vulgaris, did not cluster together with B. 
vulgaris; instead, they formed a cluster with B. subaequalis of Bambusa subgen. 
Bambusa (genetic distance, 0.5484). In Group 5, B. multiplex was distinctly clustered 
with its cultivated variants B. multiplex cv. Alphonse-Karr, B. multiplex cv. Silverstripe, 
B. multiplex cv. Fernleaf, and B. multiplex var. riviereorum, consistent with traditional 
classification results. However, B. multiplex cv. Alphonse-Karr, B. multiplex cv. 
Silverstripe, B. multiplex cv. Fernleaf, and B. multiplex var. riviereorum did not 
clustered together with B. multiplex; instead, they clustered together with B. multiplex, 
B. lenta, and B. albo-lineata (genetic distance, 0.5776). This indicates that divergence in 
B. multiplex resulted in greater genetic similarity with B. lenta and B. albo-lineata. 

 

 

Figure 3. Dendrogram of the 28 Bambusa species/varieties based on RAPD markers 

Discussion 

Previous research has demonstrated that the main determinants of the stability and 
reproducibility of RAPD analyses are temperature conditions, reagent concentrations, 
and the duration of various PCR steps (Bi et al., 2011). The application of the RAPD 
method for the investigation of interspecific relationships (including subspecific classes) 
within Bambusa is rare, with a literature search yielding a single study by Nayak et al 
(2003) involving only a few Bambusa species. In this study, we adopted the RAPD 
technique for the analysis of genetic differences and phylogenetic relationships among 
28 Bambusa species/varieties. The amplification patterns of certain primers consisted of 
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a variety of bands with significant differences. Amplification using 16 primers produced 
218 clear bands, with 96.79% (211 bands) polymorphism. Therefore, a high level of 
polymorphism within Bambusa was detected with RAPD molecular markers, 
demonstrating that the approach is practical and effective for genetic analyses of the 
genus. 

 
Table 5. Clustering and genetic distances of the 28 Bambusa species/varieties  

T 

Number 

I 

Linked level 

J 

Indexing of clustering order 
Distance 

1 26 25 0.2139 

2 28 27 0.2994 

3 14 13 0.3290 

4 7 4 0.3684 

5 12 10 0.3901 

6 16 13 0.3902 

7 19 18 0.3986 

8 27 25 0.4013 

9 24 22 0.4583 

10 13 11 0.4651 

11 23 2 0.4690 

12 5 4 0.4783 

13 6 1 0.4963 

14 9 8 0.5000 

15 20 15 0.5303 

16 2 1 0.5385 

17 22 21 0.5397 

18 18 3 0.5484 

19 17 1 0.5517 

20 10 8 0.5634 

21 25 21 0.5776 

22 4 1 0.6038 

23 11 3 0.6138 

24 21 3 0.6667 

25 8 1 0.7193 

26 15 3 0.7521 

27 3 1 0.7647 

 
 
The average genetic distance range of values were high. These results show that 

Bambusa possesses high genetic diversity and relatively complex interspecific genetic 
relationships (Zhan et al., 2015). The genus is highly influenced by various factors, such 
as geographical location, climate fluctuations, and various evolutionary processes (Lou 
et al., 2011), leading to the establishment of a diverse gene pool. 

A clustering analysis based on RAPD markers showed that the 28 Bambusa 
species/varieties could be clearly distinguished. The species/varieties were classified 
into 6 groups, consistent with results based on morphological properties. Compared 
with Nayak et al. (2003), a larger number of primers and samples were used in this 
study. However, the results of the two studies were largely consistent and in agreement 
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with Loh et al. (2000), who adopted amplified fragment length polymorphism (AFLP) 
markers for the analysis of genetic diversity and relationships. In Group 3, B. vulgaris 
cv. Vittata and B. vulgaris cv. Wamin, both members of Bambusa subgen. Leleba and 
variants of B. vulgaris, were not initially clustered with B. vulgaris; instead, they were 
clustered with B. subaequalis of Bambusa subgen. Bambusa and only formed a cluster 
with B. vulgaris at a genetic distance of 0.7647. This can be explained by variation in B. 
vulgaris cv. Vittata and B. vulgaris cv. Wamin or anthropomorphic disturbance; further 
research is required to determine the exact cause. In Group 5, except for B. albo-lineata, 
the genetic distances among other species/varieties were less than 0.5, indicating that 
genetic traits within the group were relatively stable. All species/varieties within this 
group belong to Bambusa subgen. Leleba according to the traditional classification 
described in the Flora of China. In particular, B. multiplex cv. Alphonse-Karr and B. 
multiplex cv. Silverstripe, which are both cultivated varieties of B. multiplex, exhibited 
high genetic similarity. Sun et al. (Sun et al., 2005) utilized ribosomal DNA ITS 
sequences in a study of B. subaequalis and B. multiplex cv. Fernleaf, and suggested that 
the two species are sister species. Based on the results of the present study, B. 
subaequalis and B. multiplex cv. Fernleaf are closely related, further supporting the 
sister-group relationship. 

Conclusions 

Genetic diversity and phylogenetic relationships within Bambusa can be reliable and 
reproducibly evaluated based on RAPD markers. The 28 tested Bambusa 
species/varieties possess high genetic diversity and complex phylogenetic relationships. 
When combined with morphological features, the results of this study can provide a 
theoretical basis for germplasm conservation, classification, and evolutionary analyses 
of Bambusa species/varieties. It is obligatory to fortify the collection, identification, and 
excavation of the germplasm resources of Bambusa to augment the genetic diversity of 
breeding materials. Continuous development of biotechnology, in bamboo research will 
be required to address more problems. Bamboo genome research, gene mechanism, 
transgenic technology, and cloning technology can be a new direction in bamboo 
research. 
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Supplementary File S1.  
No. Name Sequence No. Name Sequence 

 
RAPD primers 

1 A02 TGCCGAGCTG 11 B07 GGTGACGCAG 
2 A03 AGTCAGCCAC 12 B09 TGGGGGACTC 
3 A08 GTGACGTAGG 13 B10 CTGCTGGGAC 
4 A09 GGGTAACGCC 14 C02 GTGAGGCGTC 
5 A15 TTCCGAACCC 15 C06 GAACGGACTC 
6 A16 AGCCAGCGAA 16 C07 GTCCCGACGA 
7 A17 GACCGCTTGT 17 C08 TGGACCGGTG 
8 A18 AGGTGACCGT 18 C10 TGTCTGGGTG 
9 B03 CATCCCCCTG 19 C14 TGCGTGCTTG 
10 B04 GGACTGGAGT 20 C16 CACACTCCAG 
 
ISSR primers 
1 814 (CT)8TG 8 HB8 (GA)6GG 
2 844A (CT)8AC 9 HB9 (GT)6GG 
3 844B (CT)8GC 10 HB10 (GA)6CC 
4 17898A (CA)6AC 11 HB11 (GT)6CC 
5 17898B (CA)6GT 12 HB12 (CAC)3GC 
6 17899A (CA)6AG 13 HB13 (GAG)3GC 
7 17899B (CA)6GG 14 HB14 (CTC)3GC 
 
NUCmer primers 

Rx1 F10337514 TGAGAAGGGTTTAGTTTGCAC Rx18 M12975375 TGATGGACTGGACTGTGAC 
  CTGTGAATAGGCAGAAAGGTC   CCATTTTCTCTGATGCCTGC 
Rx2 F11806232 TGCTTGTTAAGGGAGCCACG Rx19 M13446011 GCCACAAGAACAAGATATTGC 
  ACCCACCCAAAAAACAGAGAAG   GAGGAACCCCATTGATAAAGC 
Rx3 F12098636 TGAACTCAAATATCTGGAGCTG Rx20 M15402427 ATGTAAATCGGGTAGTGAATCG 
  CCAAGTAACCCAATGGAGATAC   CAACATAACAACCACGAAGTTC 
Rx4 F12109005 GCCTCGAAATGACTGCAAG Rx21 M1704617 GAAAAAAGCTCTTCTTTCCGC 
  CATGCAGCACTGAATCTCG   AGGCATAAAGTGCCACAAC 
Rx5 F20713033 TGAAATTGGTGCTCTTCCAAC Rx22 M17432556 AGAACAGGCAAGAATGTCTATC 
  CCTCGTCAAGATTTGTTTCCG   CTTCTCGAACAGCAGTAGC 
Rx6 F2310454 CGAGGAAATCAAATGGAGCATC Rx23 M19428070 GGAGTTTAACCTACGGTAGGG 
  CCATAGACTGCGAAAACCC   ACCGTGCATACTCAATCAAAG 
Rx7 F25581559 GGTTACAGATGTGCAGGATG Rx24 M21206660 CAAACCAAAGGATGAAACTCAC 
  ACAAGATGCGTGAGAGCAG   TGATTAATGTTTCCTTGGCCC 
Rx8 F26050110 GCTTAAGATTTGATGCTCTTGC Rx25 M22110263 AGTGGGTTTGGGGGATTTG 
  GAATCTTTTCCCCTTGCCTG   TTCAGTACAACTACCAAGCAC 
Rx9 F36548753 CGAGACAAGCTAAGTCTGAAC Rx26 M22146179 AGCTGCAAACAACATGGAC 
  GACAAGATTCAACCCTAGCTTC   AGAGGCGAAACTTTTCCTAAC 
Rx10 F3663458 TTGAAACAAGCTGGATATAGCC Rx27 M24152935 AGCAATCCTACGTGACAGC 
  CAAAAATACGACTTTCCATGCC   TCTAGATTGAAAGAGGGGGTG 
Rx11 F37007195 TGATTTCCTCATCAAGCAACAC Rx28 M25938614 TTGAGGCATACCTCTCACC 
  TTAAGTTCTTTGGGTTCCGAC   TGTGGGATGATTTGAAGACAC 
Rx12 F44091788 TCTACTTCCAATTGCAACGATG Rx29 M2696007 TCAAGAGTGCTTGGCACAG 
  GGGCTTGTTTGTTGACTTTG   CTTGAATTTACGCAGCATCAG 
Rx13 F5567539 CGCATTTTTATGGTGCTGC Rx30 M27531625 AGGGAGAAGTGAATGGTGGC 
  GCTCCATCCAATCTTCCAGG   ATCTACGAAACCACCTGTAACC 
Rx14 F5883398 TGCAGTTTCCAAAGTCGTTAG Rx31 M31773413 GCTCCTATGTTCTGGCACAC 
  CAATCCTGCTCATTAAGCTCG   CCGTTATGATAGATCGGATTGC 
Rx15 F5936656 GTCACAATGGAGCAATTTTACC Rx32 M32128495 AGATGGCCTAGTGATATACGC 
  ACAGCTTGATTCAATCTGGTC   GTTTAGTACGACTACCTTCCAC 
Rx16 F6118470 ACATCTGGGAATCAACTTCAC Rx33 M35343149 TGTGACCTAAGAGTGTCCTC 
  CCCAAACGAGAAAAGAAGCTG   TGACATGCTCACATGAAATAGC 
Rx17 F6386942 CATCTTTTGTTCTTGGGATTCG Rx34 M44553680 TGTTTCTAAAGCCTAGTTGCC 
  CCATGAAACAGGTCCATGAG   TTTGCTCTCGGTTTGCAC 
    Rx35 M6969018 ACTTGCCAGACTCTAAGAAAAG 
      TCCACTATTCCCATAAACATGC 



(a) 

(b) 
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Mw 1 2 3 4 5 6 7 8 9 10 Mw 1 2 3 4 5 6 7 8 9 10 

 A02       B09 

Mw 1 2 3 4 5 6 7 8 9 10 Mw 1 2 3 4 5 6 7 8 9 10 

 844A       HB11 



(c) 
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Mw M F M F M F M F M F M F M F M F M F M F 

Mw M F M F M F M F M F M F M F M F M F M F 

Mw M F M F M F M F M F M F M F M F M F M F 

 Rx1  Rx2  Rx3  Rx4  Rx5  Rx6  Rx7  Rx8  Rx9  Rx10 

 Rx11  Rx12  Rx13  Rx14  Rx15  Rx16  Rx17  Rx18  Rx19  Rx20 

 Rx21  Rx22  Rx23  Rx24  Rx25  Rx26  Rx27  Rx28  Rx29  Rx30 

Mw M F M F M F M F M F 

 Rx31  Rx32  Rx33  Rx34  Rx35 



(d)  
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Mw 1 2 3 4 5 6 7 8 9 10 Mw 1 2 3 4 5 6 7 8 9 10 Mw 1 2 3 4 5 6 7 8 9 10 

Mw 1 2 3 4 5 6 7 8 9 10 Mw 1 2 3 4 5 6 7 8 9 10 Mw 1 2 3 4 5 6 7 8 9 10 

 Rx1       Rx4       Rx9 

 Rx11       Rx26       Rx33 



Aligned using Clustal Omega and then edited

Consensus

1. J1-F

2. J2-F

3. J3-F

4. J4-F

5. J5-F

6. J6-F

7. J7-F

8. J8-F

9. J9-F

10. J10-F

1

2

3

4

5

6

7

8

9

10

ACGAAGCACTAAA
-----------------ACGAAGCACTAAA                              

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

ACGAAGCACTAAA-----------------

13

13

13

13

13

13

13

13

13

13
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1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10

ACTAGGGGATAAATGAGCCGAATCGAGCCA
ACTAGGGGATAAATGAGCCGAATCGAGCCA                              

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

ACTAGGGGATAAATGAGCCGAATCGAGCCA

43

43

43

43

43

43

43

43

43

43

T
AGCACCTCCTTTTTTGAACTCGATCTCGAT
AGCACCTCCTTTTTTGAACTCGATCTCGAT                              

AGCACCTCCTTTTTTGAACTCGATCTCGAT

AGCACCTCCTTTTTTGAACTCGATCTCGAT

AGCACCTCCTTTTTTGAACTCGATCTCGAT

AGCACCTCCTTTTTTGAACTCGATCTCGAT

AGCACCTCCTTTTTTGAACTCGATCTCGAT

AGCACCTCCTTTTTTGAACTCGATCTCGAT

GCACCTCCTTTTTTGAACTCGATCTCGATT

GCACCTCCTTTTTTGAACTCGATCTCGATT

GCACCTCCTTTTTTGAACTCGATCTCGATT

GCACCTCCTTTTTTGAACTCGATCTCGATT

73
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73

73
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GAGACTTATCAAGCTCGAGTTTAAGCCGAG
GAGACTTATCAAGCTCGAGTTTAAGCCGAG                              

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

GAGACTTATCAAGCTCGAGTTTAAGCCGAG

CTCTTATTGAACTTTCAAACCTTTGCTTGA
CTCTTATTGAACTTTCAAACCTTTGCTTGA                              

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

CTCTTATTGAACTTTCAAACCTTTGCTTGA

103
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103
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GCTCAGAATTGATAAGGTATTAGTCTATTTG
GCTC AATTGATAAGGTATTAGTCTATTTG    N                         

GCTC AATTGATAAGGTATTAGTCTATTTGG

GCTC AATTGATAAGGTATTAGTCTATTTGG

GCTC AATTGATAAGGTATTAGTCTATTTGG

GCTC AATTGATAAGGTATTAGTCTATTTGG

GCTC AATTGATAAGGTATTAGTCTATTTGG

GCTC AATTGATAAGGTATTAGTCTATTTGA

GCTC AATTGATAAGGTATTAGTCTATTTGA

GCTC AATTGATAAGGTATTAGTCTATTTGA

GCTC AATTGATAAGGTATTAGTCTATTTGA

GCTC AATTGATAAGGTATTAGTCTATTTGA

ATATTCAACTCAACTTGGCTCATTAGCCTG
ATATTCAACTCAACTTGGCTCATTAGCCTG                              

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG

ATATTCAACTCAACTTGGCTCATTAGCCTG
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ATTGAACCGATTCAAGCCTGTTATCTACAC
ATTGAACCGATTCAAGCCTGTTATCTACAC                              

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

ATTGAACCGATTCAAGCCTGTTATCTACAC

GAGCTGAGCTAATTATGGAGCTAAATCAAG
GAGCTGAGCTAATTATGGAGCTAAATCAAG                              

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG

GAGCTGAGCTAATTATGGAGCTAAATCAAG
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CTCATAATCGATCCAGAACCTGCTTCGAATC
CTCATAATCGATCCGAACCTGCTTCGAATC                              

CTCATAATCGATCCGAACCTGCTTCGAATC

CTCATAATCGATCCGAACCTGCTTCGAATC

CTCATAATCGATCCGAACCTGCTTCGAATC

CTCATAATCGATCCGAACCTGCTTCGAATC

CTCATAATCGATCCGAACCTGCTTCGAATC

CTCATAATCGATCCGAACCTGCTTCGAATC

CTCATAATCGATCC AACCTGCTTCGAATCA

CTCATAATCGATCC AACCTGCTTCGAATCA

CTCATAATCGATCC AACCTGCTTCGAATCA

CTCATAATCGATCC AACCTGCTTCGAATCA

GAGCTCACTATCAAGCTAAGCTATTTAAGT
GAGCTCACTATCAAGCTAAGCTATTTAAGT                              

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT

GAGCTCACTATCAAGCTAAGCTATTTAAGT
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TACTATCGAGCCATTTTCTGAACTATTTTTG
TACTATCGAGCCATTTT GAACTATTTTTG                 N            

TACTATCGAGCCATTTT GAACTATTTTTGC

TACTATCGAGCCATTTT GAACTATTTTTGC

TACTATCGAGCCATTTT GAACTATTTTTGC

TACTATCGAGCCATTTT GAACTATTTTTGC

TACTATCGAGCCATTTT GAACTATTTTTGC

TACTATCGAGCCATTTT GAACTATTTTTGT

TACTATCGAGCCATTTT GAACTATTTTTGT

TACTATCGAGCCATTTT GAACTATTTTTGT

TACTATCGAGCCATTTT GAACTATTTTTGT

TACTATCGAGCCATTTT GAACTATTTTTGT

AGCTAATACCTATTGTTAACGAACCATTAA
AGCTAATACCTATTGTTAACGAACCATTAA                              

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

AGCTAATACCTATTGTTAACGAACCATTAA

343

343

343

343

343

343

343

343

343

343

373

373

373

373

373

373

373

373

373

373

Printed from SnapGene®:  29 Dec 2019  12:44 AM Page 7



1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10

TATTAACGACTCAAAACATCTCCCGTTCGA
TATTAACGACTCAAAACATCTCCCGTTCGA                              

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

TATTAACGACTCAAAACATCTCCCGTTCGA

ACTCGGCTCGTTAATGTTATGGAGTTTGCT
ACTCGGCTCGTTAATGTTATGGAGTTTGCT                              

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT

ACTCGGCTCGTTAATGTTATGGAGTTTGCT
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CAAACTCGGCTCGATAAGCTTTCAAGCTCC
CAAACTCGGCTCGATAAGCTTTCAAGCTCC                              

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAACTCGGCTCGATAAGCTTTCAAGCTCC

CAAAATGAACATGAACAAGTTGCAATCGAT
CAAAATGAACATGAACAAGTTGCAATCGAT                              

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

CAAAATGAACATGAACAAGTTGCAATCGAT

463
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463
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TTCAAAAACGAGTAGTTTAGAATATTTGGT
TTCAAAAACGAGTAGTTTAGAATATTTGGT                              

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TTCAAAAACGAGTAGTTTAGAATATTTGGT

TCGGCTACACCCCTAACTAGAACAGACGAT
TCGGCTACACCCCTAACTAGAACAGACGAT                              

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT

TCGGCTACACCCCTAACTAGAACAGACGAT
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523
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ATTGAGCAAGGCAATTACGTAATAAGCTAT
ATTGAGCAAGGCAATTACGTAATAAGCTAT                              

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

ATTGAGCAAGGCAATTACGTAATAAGCTAT

TCAATGGATGAAAAGGTGAAATAAAAACTT
TCAATGGATGAAAAGGTGAAATAAAAACTT                              

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

TCAATGGATGAAAAGGTGAAATAAAAACTT

583
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CGTTCATACATTGAAGAAAGATACTAGCAG
CGTTCATACATTGAAGAAAGATACTAGCAG                              

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

CGTTCATACATTGAAGAAAGATACTAGCAG

AGATTAGGTAATAAGCTATTCAATAAATTT
AGATTAGGTAATAAGCTATTCAATAAATTT                              

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT

AGATTAGGTAATAAGCTATTCAATAAATTT
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TTCCAAGAGTAATCAAAATGAAAGAAACCG
TTCCAAGAGTAATCAAAATGAAAGAAACCG                              

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

TTCCAAGAGTAATCAAAATGAAAGAAACCG

GACAGTACTCCTAAAGGACTTGCCTTATAA
GACAGTACTCCTAAAGGACTTGCCTTATAA                              

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

GACAGTACTCCTAAAGGACTTGCCTTATAA

703
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GTAGCAACATCTTGCCAACTGAGCTTTCTG
GTAGCAACATCTTGCCAACTGAGCTTTCTG                              

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

GTAGCAACATCTTGCCAACTGAGCTTTCTG

CCTTCGAATTCCACGGAAACATAATCAACG
CCTTCGAATTCCACGGAAACATAATCAACG                              

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG

CCTTCGAATTCCACGGAAACATAATCAACG
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TCATCAAGTTGTCTTCGCTTTTTGGGTTGG
TCATCAAGTTGTCTTCGCTTTTTGGGTTGG                              

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

TCATCAAGTTGTCTTCGCTTTTTGGGTTGG

CATTC
CATTC-----------------                      

CATTC-----------------

CATTC-----------------

CATTC-----------------

CATTC-----------------

CATTC-----------------

CATTC-----------------

CATTC-----------------

CATTC-----------------

CATTC-----------------

CATTC-----------------
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Bases that match the reference are marked with 4-color highlighting.
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Aligned using Clustal Omega and then edited

Consensus

1. J9-R

2. J8-R

3. J7-R

4. J5-R

5. J1-R

6. J2-R

7. J3-R

8. J4-R

9. J6-R

10. J10-R
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------------------------------                              
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------------------------------

------------------------------

------------------------------

------------------------------
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------------------------------

------------------------------

------------------------------

AAGATGTTGCTACTTATAAGGCAAG
-----AAGATGTTGCTACTTATAAGGCAAG                              

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----

AAGATGTTGCTACTTATAAGGCAAG-----
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25
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25
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TCCTTTAGGAGTACTGTCCGGTTTCTTTCA
TCCTTTAGGAGTACTGTCCGGTTTCTTTCA                              

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TCCTTTAGGAGTACTGTCCGGTTTCTTTCA

TTTTGATTACTCTTGGAAAAATTTATTGAA
TTTTGATTACTCTTGGAAAAATTTATTGAA                              

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA

TTTTGATTACTCTTGGAAAAATTTATTGAA
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55

55
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55
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85
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TAGCTTATTACCTAATCTCTGCTAGTATCT
TAGCTTATTACCTAATCTCTGCTAGTATCT                              

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TAGCTTATTACCTAATCTCTGCTAGTATCT

TTCTTCAATGTATGAACGAAGTTTTTATTT
TTCTTCAATGTATGAACGAAGTTTTTATTT                              

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

TTCTTCAATGTATGAACGAAGTTTTTATTT

115

115

115

115

115

115
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115

115
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145
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CACCTTTTCATCCATTGAATAGCTTATTAC
CACCTTTTCATCCATTGAATAGCTTATTAC                              

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

CACCTTTTCATCCATTGAATAGCTTATTAC

GTAATTGCCTTGCTCAATATCGTCTGTTCT
GTAATTGCCTTGCTCAATATCGTCTGTTCT                              

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

GTAATTGCCTTGCTCAATATCGTCTGTTCT

175

175

175

175

175

175

175

175

175

175
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AGTTAGGGGTGTAGCCGAACCAAATATTCT
AGTTAGGGGTGTAGCCGAACCAAATATTCT                              

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AGTTAGGGGTGTAGCCGAACCAAATATTCT

AAACTACTCGTTTTTGAAATCGATTGCAAC
AAACTACTCGTTTTTGAAATCGATTGCAAC                              

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC

AAACTACTCGTTTTTGAAATCGATTGCAAC
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TTGTTCATGTTCATTTTGGGAGCTTGAAAG
TTGTTCATGTTCATTTTGGGAGCTTGAAAG                              

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

TTGTTCATGTTCATTTTGGGAGCTTGAAAG

CTTATCGAGCCGAGTTTGAGCAAACTCCAT
CTTATCGAGCCGAGTTTGAGCAAACTCCAT                              

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT

CTTATCGAGCCGAGTTTGAGCAAACTCCAT
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AACATTAACGAGCCGAGTTCGAACGGGAGA
AACATTAACGAGCCGAGTTCGAACGGGAGA                              

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

AACATTAACGAGCCGAGTTCGAACGGGAGA

TGTTTTGAGTCGTTAATATTAATGGTTCGT
TGTTTTGAGTCGTTAATATTAATGGTTCGT                              

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

TGTTTTGAGTCGTTAATATTAATGGTTCGT

355

355

355

355

355

355
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TAACAATAGGTATTAGCTCAAAAATAGTTC
TAACAATAGGTATTAGCTCAAAAATAGTTC                              

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

TAACAATAGGTATTAGCTCAAAAATAGTTC

A
GAAAATGGCTCGATAGTAACTTAAATAGCT
 AAAATGGCTCGATAGTAACTTAAATAGCTN                             

AAAATGGCTCGATAGTAACTTAAATAGCTA

AAAATGGCTCGATAGTAACTTAAATAGCTA

AAAATGGCTCGATAGTAACTTAAATAGCTA

AAAATGGCTCGATAGTAACTTAAATAGCTG

AAAATGGCTCGATAGTAACTTAAATAGCTG

AAAATGGCTCGATAGTAACTTAAATAGCTG

AAAATGGCTCGATAGTAACTTAAATAGCTG

AAAATGGCTCGATAGTAACTTAAATAGCTG

AAAATGGCTCGATAGTAACTTAAATAGCTA

AAAATGGCTCGATAGTAACTTAAATAGCTA
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TAGCTTGATAGTGAGCTCGATTCGAAGCAG
TAGCTTGATAGTGAGCTCGATTCGAAGCAG                              

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

TAGCTTGATAGTGAGCTCGATTCGAAGCAG

GTTTCGGATCGATTATGAGCTTGATTTAGCT
GTTCGGATCGATTATGAGCTTGATTTAGCT                              

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTTCGGATCGATTATGAGCTTGATTTAGCT

GTT GGATCGATTATGAGCTTGATTTAGCTT

475
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CCATAATTAGCTCAGCTCGTGTAGATAACA
CCATAATTAGCTCAGCTCGTGTAGATAACA                              

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

CCATAATTAGCTCAGCTCGTGTAGATAACA

GGCTTGAATCGGTTCAATCAGGCTAATGAG
GGCTTGAATCGGTTCAATCAGGCTAATGAG                              

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

GGCTTGAATCGGTTCAATCAGGCTAATGAG

535

535

535

535

535

535

535

535

535

535
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CCAAGTTGAGTTGAATATCAAATAGACTAA
CCAAGTTGAGTTGAATATCAAATAGACTAA                              

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

CCAAGTTGAGTTGAATATCAAATAGACTAA

TACCTTATCAATTCTGAGCTCAAGCAAAGGT
TACCTTATCAATT GAGCTCAAGCAAAGGT             N                

TACCTTATCAATT GAGCTCAAGCAAAGGTT

TACCTTATCAATT GAGCTCAAGCAAAGGTT

TACCTTATCAATT GAGCTCAAGCAAAGGTT

TACCTTATCAATT GAGCTCAAGCAAAGGTC

TACCTTATCAATT GAGCTCAAGCAAAGGTC

TACCTTATCAATT GAGCTCAAGCAAAGGTC

TACCTTATCAATT GAGCTCAAGCAAAGGTC

TACCTTATCAATT GAGCTCAAGCAAAGGTC

TACCTTATCAATT GAGCTCAAGCAAAGGTT

TACCTTATCAATT GAGCTCAAGCAAAGGTT

595

595

595

595

595

595

595

595

595

595

625

625

625

625

625

625

625

625

625

625

Printed from SnapGene®:  29 Dec 2019  1:13 AM Page 12



1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC
TTGAAAGTTCAATAAGAGCTCGGCTTAAAC                              

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TTGAAAGTTCAATAAGAGCTCGGCTTAAAC

TCGAGCTTGATAAGTCTCATCGAGATCGAG
TCGAGCTTGATAAGTCTCATCGAGATCGAG                              

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

TCGAGCTTGATAAGTCTCATCGAGATCGAG

655
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655
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TTCAAAAAAGGATGGTGCTTGGCTCGATTCAG
TTCAAAAAAGGAGGTGCTTGGCTCGATTCG                              

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGA GTGCTTGGCTCGATTCT A

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

TTCAAAAAAGGAGGTGCTTGGCTCGATTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG
GCTCATTTATCCCCTAGTTTTAGTGCTTCG                              

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

GCTCATTTATCCCCTAGTTTTAGTGCTTCG

715

715

715

715

715

715

715

715

715
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745
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745
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745

745
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745
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TTGAGTAGTTGGACCTGAACTGGTCTTTGA
TTGAGTAGTTGGACCTGAACTGGTCTTTGA                              

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTGAGTAGTTGGACCTGAACTGGTCTTTGA

TTT
TTT   

TTT

TTT

TTT

TTT

TTT

TTT

TTT

TTT

TTT

TTT

775

775

775

775

775

775
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778
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Sequence Logo: 50% GC base composition

Consensus Threshold: >50%

Compare to: the consensus

Bases that match the reference are marked with 4-color highlighting.
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2.0% agarose

MW:  HyperLadder™ 25 bp

1:  J1
HindIII

1.   477 bp  =   Start (0)   −  HindIII (477)
2.   398 bp  =  HindIII (477)   −   End (875)

2:  J6-F
HindIII

1.   468 bp  =   Start (0)   −  HindIII (468)
2.   408 bp  =  HindIII (468)   −   End (876)

3:  J1
HinfI

1.   466 bp  =  HinfI (409)   −   End (875)
2.   169 bp  =  HinfI (61)   −  HinfI (230)
3.   102 bp  =  HinfI (307)   −  HinfI (409)
4.   77 bp  =  HinfI (230)   −  HinfI (307)
5.   61 bp  =   Start (0)   −  HinfI (61)

4:  J6-F
HinfI

1.   476 bp  =  HinfI (400)   −   End (876)
2.   169 bp  =  HinfI (52)   −  HinfI (221)
3.   102 bp  =  HinfI (298)   −  HinfI (400)
4.   77 bp  =  HinfI (221)   −  HinfI (298)
5.   52 bp  =   Start (0)   −  HinfI (52)
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5:  J1
ClaI

1.   358 bp  =   ClaI (517)   −   End (875)
2.   289 bp  =   Start (0)   −   ClaI (289)
3.   228 bp  =   ClaI (289)   −   ClaI (517)

6:  J6-F
ClaI

1.   368 bp  =   ClaI (508)   −   End (876)
2.   280 bp  =   Start (0)   −   ClaI (280)
3.   228 bp  =   ClaI (280)   −   ClaI (508)

7:  J1
TaqI

1.   278 bp  =   TaqI (517)   −   TaqI (795)
2.   125 bp  =   TaqI (164)   −   TaqI (289)
3.   80 bp  =   TaqI (795)   −   End (875)
4.   70 bp  =   TaqI (358)   −   TaqI (428)
5.   64 bp  =   Start (0)   −   TaqI (64)
6.   48 bp  =   TaqI (116)   −   TaqI (164)
7.   45 bp  =   TaqI (472)   −   TaqI (517)
8.   44 bp  =   TaqI (428)   −   TaqI (472)
9.   37 bp  =   TaqI (310)   −   TaqI (347)
10.   27 bp  =   TaqI (64)   −   TaqI (91)
11.   19 bp  =   TaqI (97)   −   TaqI (116)
12.   16 bp  =   TaqI (289)   −   TaqI (305)
13.   11 bp  =   TaqI (347)   −   TaqI (358)
14.   6 bp  =   TaqI (91)   −   TaqI (97)
15.   5 bp  =   TaqI (305)   −   TaqI (310)

8:  J6-F
TaqI

1.   278 bp  =   TaqI (508)   −   TaqI (786)
2.   173 bp  =   TaqI (107)   −   TaqI (280)
3.   90 bp  =   TaqI (786)   −   End (876)
4.   81 bp  =   TaqI (338)   −   TaqI (419)
5.   55 bp  =   Start (0)   −   TaqI (55)
6.   45 bp  =   TaqI (463)   −   TaqI (508)
7.   44 bp  =   TaqI (419)   −   TaqI (463)
8.   37 bp  =   TaqI (301)   −   TaqI (338)
9.   27 bp  =   TaqI (55)   −   TaqI (82)
10.   19 bp  =   TaqI (88)   −   TaqI (107)
11.   16 bp  =   TaqI (280)   −   TaqI (296)
12.   6 bp  =   TaqI (82)   −   TaqI (88)
13.   5 bp  =   TaqI (296)   −   TaqI (301)

9:  J1
Bsp119I

1.   367 bp  =   Bsp119I (428)   −   Bsp119I (795)
2.   305 bp  =   Start (0)   −   Bsp119I (305)
3.   80 bp  =   Bsp119I (795)   −   End (875)
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4.   70 bp  =   Bsp119I (358)   −   Bsp119I (428)
5.   53 bp  =   Bsp119I (305)   −   Bsp119I (358)

10:  J6-F
Bsp119I

1.   367 bp  =   Bsp119I (419)   −   Bsp119I (786)
2.   296 bp  =   Start (0)   −   Bsp119I (296)
3.   123 bp  =   Bsp119I (296)   −   Bsp119I (419)
4.   90 bp  =   Bsp119I (786)   −   End (876)

Printed from SnapGene®:  29 Dec 2019  1:48 AM Page 3
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Abstract. The main target of the present study is the validation of sex-specific markers previously 
described and the detection of new markers for further use in breeding programs of jojoba in Saudi 
Arabia. The used molecular approaches included random amplified polymorphic DNA (RAPD), inter-
simple sequence repeat (ISSR), Cleavage-amplified polymorphic sequence (CAPS) and amplified 
fragment length polymorphism (AFLP). RAPD and ISSR analyses were not useful in determining the sex 
of jojoba. CAPS with the J888 marker indicated the presence of two new sex-specific SNPs and 
consequent presence of several sex-specific markers. AFLP analysis successfully resulted in the recovery 
of several male- and female-specific markers. Whole genome sequencing was also done to detect new and 
validate already-known sex-specific markers. Use of NUCmer module resulted in no new sex-specific 
markers. BLAST analysis to validate sequence-related amplified polymorphism (SRAP) marker indicated 
its existence. Analysis of the possible functioning of OGI/MeGI sex determination system in jojoba was 
not proven. In conclusion, a number of sex-specific markers were detected in jojoba plants growing in 
Saudi Arabia might help promoting the biofuel production industry in Saudi Arabia and the Arab region 
as a new approach to be adopted in the near future. 
Keywords: RAPD, CAPS, AFLP, WGS, BLAST, NUCmer, SRAP, OGI/MeGI 

Introduction 

Biofuels can be either bioalcohol or biodiesel. The latter is made of renewable 
resources that are generated from plants like jojoba and jatropha (Pinzi et al., 2009). 
Comparing biofuels to fossil fuels indicates that the first reduces pollution and greenhouse 
effects. Jojoba (Simmondsia chinensis (Link) C. K.) is a perennial and plant native to 
Arizona, southern California and northern Mexico (Benzioni, 1995). The plant is 
dioecious, e.g., bearing male and female flowers on different plants with the axillary 
inflorescences of male plants harbor a number of 3-20 flowers, while axillary 
inflorescences of female plants harbor single flower (Ince and Karaca, 2011). The use of 
jojoba in biofuel production is advantageous because the plant is non-edible, unlike corn 
or sugarcane, and can be irrigated with low quality water and cultivated in areas with high 
levels of drought, salinity and heat. Jojoba possesses unique favorable properties, such as 
low acidity and viscosity, good oxidation stability and its oil possesses ˂ 3% triglyceride 
and is highly resistant to oxidation (El-Mallah and El-Shami, 2009). Jojoba oil has several 
applications that make it economically feasible (Passerini and Lombardo, 2000). It is used 
in lubricants, pharmaceuticals and cosmetics, besides its potential use in industry, e.g., 
plastics, printer ink, surfactants and leather lubricants (Inca and Karaca, 2010). 

The most common method for jojoba breeding is the non-sexual propagation along 
with the selection of plants with desirable characteristics (Vaknin et al., 2003; Tobares 
et al., 2004; Benzioni et al., 2005). However, there is a shortage of yield with the use of 
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clones or cuttings in commercial plantations, therefore, the application of supplemental 
pollination results in an increased seed yield (Coates et al., 2006). Further analysis 
indicated that selection of appropriate male and female genotypes for plantation and 
breeding studies is mandatory. However, further recovery of low yield results mainly 
from the high female to male plant ratio (Benzioni and Ventura, 1998; Coates et al., 
2006). The plantation with seeds usually results in 84% male and 16% female plants 
whereas only 10% male plants are desirable for optimal yield (Agarwal et al., 2008). 
This ratio can be easily manipulated by planting male plants distantly far from the 
existing females. For economical plantation of jojoba, there is a need to identify the sex 
of the plant at the seedling stage. Early identification of sex will also lead to increased 
efficiency of a plantation program by allowing proper layout of field arrangement of 
male and female seedlings and early elimination of unwanted plants. 

Unfortunately, sex can be determined morphologically, as indicated earlier, at mature 
stages when plants are 3-year-old or older, while sex is difficult to be determined at earlier 
stages. However, sex in young seedlings was determined at the molecular level so far but 
with less success. Therefore, it is important to find effective molecular or DNA markers 
that can reliably be used in the easy determination of sex at early stages of plant 
development. DNA markers have several advantages as they exhibit high allelic variation, 
being neutral to the environmental conditions (Tan et al., 2003; Karaca et al., 2004), 
besides being used in sex identification in several plant crop species including basket 
willow (Salix viminalis L.) (Alstrom-Rapaport et al., 1998), Atriplex garrettii (Ruas et al., 
1998), Viola pubescens Aiton (Culley and Wolfe, 2000), nutmeg (Myristica fragrans 
Houtt.) (Shibu et al., 2000), Pistacia sp. (Kafkas et al., 2001), Mercurialis annua (Khadka 
et al., 2002), hemp (Torjek et al., 2002), Eucommia ulmoides Oliv (Xu et al., 2004), hop 
(Humulus lupulus L.) (Danilova and Karlov, 2006), Encephalartos natalensis (Prakash 
and van Staden, 2006), Carica papaya (Chaves-Bedoya and Nunenz, 2007), Carica 
papaya (Gangopadhyay et al., 2007), bermudagrasses (Cynodon spp.) (Karaca and Ince, 
2008), subtropical carrot (Jhang et al., 2010), Calamus simplicifolius (Li et al., 2010) and 
jojoba (Mohasseb et al., 2009; Ince et al., 2010; Agarwal et al., 2011; Ince and Karaca, 
2011; Heikrujam et al., 2014; Kumar et al., 2019). 

The present study aims at validating a number of sex-specific markers previously 
used in jojoba towards further usage in breeding programs of jojoba growing in Saudi 
Arabia. Results of this study might help determining sex in jojoba more efficiently, 
thus, promoting the biofuel production industry in Saudi Arabia and the Arab region, a 
new approach possibly adopted in the near future. 

Materials and methods 

DNA extraction 

The analysis involved a number of five male and five female plants growing at King 
Abdulaziz Farm station at Hada El-Sham near Jeddah, Kingdom of Saudi Arabia. Flash-
frozen leaf materials from individual plants were crushed into a fine powder in a 
microcentrifuge tube using a sterilized metal rod and DNAs were isolated from leaves 
following the modified procedure of Gawel and Jarret (1991). Isolated DNAs were, 
then, treated with RNase A (10 mg/ml) and incubated at 37 °C for 30 min to remove 
RNA contaminants. DNA concentrations were estimated by measuring optical density 
at 260 nm according to the equation: DNA concentration (ug/ml) = OD260 X 50x 
dilution factor. 
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Random amplified polymorphic DNA (RAPD) and inter-simple sequence repeat 

(ISSR) analyses 

For RAPD analysis, a number of 20 random 10mer primers (Operon Technology, 
USA) from groups A, B and C was used in determining sex in male and female jojoba 
plants (Appendix 1). PCR was carried out in 25 µl reaction volume containing 1x PCR 
buffer, 4 mM MgCl2, 0.2 mM dNTPs, 20 pmole primer, 2 units Taq DNA polymerase 
and 25 ng template DNA. PCR amplification was performed in a Perkin Elmer 2400 
thermocycler (Germany), programmed to fulfill 40 cycles after an initial denaturation 
cycle for 4 min at 94 °C. Each cycle consisted of a denaturation step at 94 °C for 1 min, 
an annealing step at 37 °C for 2 min, and an extension step at 72 °C for 2 min, followed 
by a final extension cycle for 7 min at 72 °C. 

For ISSR, 14 primers were used in detecting polymorphic bands between male and 
female plants (Appendix 1). PCR analysis was performed in 25 µl reaction and 
amplification was programmed to fulfill 40 cycles after an initial denaturation cycle for 
4 min at 94 °C. Each cycle consisted of a denaturation step at 94 °C for 1 min, an 
annealing step at 40 °C for 80 s, and an extension step at 72 °C for 2 min, followed by a 
final extension cycle for 7 min at 72 °C. Amplicons were run on agarose gel (Wide 
Mini-Sub Cell GT Systems, Bio-Rad) at 120 V/50 mA (PowerPac Universal Power 
Supply, Bio-Rad) for 45 min, then gel stained with ethidium bromide (0.3 ug/ml) and 
visually examined with an UV transilluminator and photographed using a CCD camera 
(UVP, UK). 

 
Cleavage-amplified polymorphic sequence (CAPS) 

CAPS was generated for the J888 marker using the primer pair 5`-
AGACCCAGAGCACACACAGC-3` (forward) and 5`-
AGACCCAGAGGATGAGGAATG-3` (reverse) to recover 888 bp as previously 
described (Ince and Karaca, 2011). The amplicons were shipped to BGI, China for 
Sanger sequencing and sequences were analyzed via using SnapGene in order to 
detect Single Nucleotide Polymorphism (SNP) markers and make predicted restriction 
analysis towards the detection of possible polymorphic sex-specific bands. 

 
Amplified fragment length polymorphism (AFLP) 

AFLP analysis was performed using the two combinations EcoRI-GC/MseI-GCG 
and EcoRI-TAC/MseI-GCG of the AFLP Analysis System I (Invitrogen, cat. no. 10544-
013) following manufacturer’s protocol. Genomic DNAs of the five male and five 
female samples were digested with EcoRI and MseI restriction enzymes in which EcoRI 
and MseI adapters were ligated to the digested DNA fragments. Pre-amplification was 
carried out using EcoRI primer plus one extension base at the 3’ position (G or T) and 
MseI primer plus one extension base at the 3’ position (G) to amplify fragments that 
contain complementary sequences. 

 
Whole genome sequencing 

Whole genome sequencing was done for one male and one female randomly-selected 
jojoba samples at BGI, China. About 60 million 100-bp paired-end reads were 
generated from sequencing libraries with 500-bp insert. Data were filtered to remove the 
low-quality reads and trim adaptor using Fastp package 
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(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6129281/). The remaining sequencing 
reads from the two samples were de novo assembled via velvet (v1.2.10) without length 
cutoff as described (https://www.ebi.ac.uk/~zerbino/velvet/). Contigs recovered from 
the two sexes were further used in detecting either new or previously-known sex-
specific markers in jojoba. The raw data was deposited in the Short Read Archive 
database (BioProject ID PRJNA603451) of the NCBI. 

 
Detection of new sex-specific markers 

Multiple contig alignment of the genomes of the two sexes was done using NUCmer 
module 3.0 (NUCleotide MUMmer, part of mummer software) to determine the 
maximal unique matches of a given length (350-500 bp) between the two input 
sequences, a step to increase the overall coverage of the alignment (Kurtz et al., 2004). 
A number of 100 contigs of each genome showed high matching in DNA sequences. 
Contig pairs with high similarity (~90%) and unique sex-specific areas of 350-500 bp 
(sequence similarity/difference criteria) were selected and sex-specific primers were 
generated (Appendix 1). PCR was performed using ready master mix (BioTaq Green 
Master Mix, Promega) and conditions were 95 °C/5 min (initial denaturation), 
95 °C/30 s, 52 °C/45 s and 72 °C/1 min (40 cycles), 72 °C (final extension), then 
reaction was held at 4 °C. Amplicons were run on agarose gel, stained with ethidium 
bromide (0.3 ug/ml), then visually examined and photographed. 

 
Detection of previously-known sex-specific markers 

Resulted contigs from both sexes were blasted (ncbi-BLAST v 2.10.0) against 
previously-known sex-specific sequences referring to an ISSR marker namely UBC-
8071200 (Sharma et al., 2008; Heikrujam et al., 2014), sequence-related amplified 
polymorphism (SRAP) (Kumar et al., 2019) determining sex in jojoba as well as 
OGI/MeGI system determining sex in persimmons (Diospyros spp.) 
(https://www.ncbi.nlm.nih.gov/nuccore/KM408640) (Akagi et al., 2014). 

Results and discussion 

Production of jojoba has spread in many regions of the world (Benzioni et al., 2005) 
including the Middle East. However, no previous comparative analysis has been made 
at the molecular genetic level to detect genetic distances among genotypes existing in 
different regions. Therefore, there is no guarantee that the genetic makeup of the 
genotypes in Saudi Arabia will harbor the same molecular markers published elsewhere. 

In the present study, several types of molecular markers using specific primers were 
proven not to be useful in determining sex in jojoba plants growing in Saudi Arabia 
(Appendix 2). As models, amplicons of two RAPD (with A02 and B09 primers) and two 
ISSR (with 544A and HB11 primers) are shown in Appendix 2. We speculate one 
reason for the failure to detect the known sex-specific RAPD or Td-PCR markers is that 
these two types of markers are likely genotype-specific. Identification of molecular 
marker for ascertaining sex of plants at seedling stage is vital for optimal plantation of 
dioecious plants including jojoba. This approach has previously been followed in many 
plants including Pistacia vera (Hormaza et al., 1994), Carica papaya (Deputy et al., 
2002) and Mercurialis annua (Khadka et al., 2002) using random amplified 
polymorphic DNA (RAPD) approach, while sex in plants like Asparagus officinalis 



Bafeel - Bahieldin: Validation and detection of sex-specific markers in jojoba (Simmondsia chinensis) plants in Saudi Arabia 
- 5027 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5023-5035. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_50235035 
© 2020, ALÖKI Kft., Budapest, Hungary 

(Reamson-Büttner et al., 1998), Cannabis sativa (Flachowsky et al., 2001; Peil et al., 
2003) and Ficus fulva (Parrish et al., 2004) was determined using amplified fragment 
length polymorphism (AFLP) approach. Previous studies to detect sex-specific 
molecular markers in jojoba included a number of RAPD (Agrawal et al., 2007), 
touchdown polymerase chain reaction (Td-PCR) (Ince et al., 2010) and cleavage-
amplified polymorphic sequence (CAPS) (Ince and Karaca, 2011) markers. Out of 72 
RAPD primers, only one primer, e.g., OPG-5 (5`-CTGAGACGGA-3`), produced a 
male-specific marker of ~1.4 kb (Agrawal et al., 2007). Using Td-PCR, another male-
specific marker, namely JMS900, was detected using a 10-mer primer (5`-
AGACCCAGAG-3`) (Ince et al., 2010). Mohasseb et al. (2009) indicated that one 
reason for the failure to generate reliable information from these two types of markers is 
that they might be vulnerable to PCR conditions and quality of the genomic DNA. 

The previous results of CAPS with the J888 marker indicated that the 888 bp 
digested with ClaI, HindIII and HinfI produced polymorphic fragments in male and 
female samples (Ince and Karaca, 2011). In the present study, this was not the case as 
digestion of the 888 bp amplicon with these three restriction enzymes generated no 
polymorphic sex-specific bands (data provided upon request). Therefore, the J888 
marker was sequenced for five male and five female samples and multiple sequence 
alignments of the forward and reverse sequences were done using Clostal Omega 
(Appendices 3 and 4, respectively). The results indicated the presence of two sex-
specific SNPs shown in both the forward [sites 138 (G > A) and 330 (C > T)] (Table 1 
and Appendix 3) and reverse [sites 609 (C > T) and 416 (G > A)] (Table 1 and 
Appendix 4) directions of the clean sequences. 

 
Table 1. List of sex-specific SNPs either lying within restriction sites (colored boxes) or not 
(clear boxes) across five male (J1-J5) and five female (J6-J10) samples existing in the CAP 
marker J888. Sanger sequencing was done for J888 amplicon at the two (forward and 
reverse) directions. SNPs are mainly C/T and A/G, while restriction sites are for Bsp119I 
and TaqI enzymes. Note that TaqI site (T↓CGA) exists within Bsp119I site (TT↓CGAA). 
Red = male, blue = female. Multiple sequence alignments of the forward and reverse 
sequences of J888 marker using Clostal Omega are shown in Appendices 1 and 2, 
respectively 

Primer J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 SNP position (type)/restriction site 

Forward 

A A A A A A A A A T 44 (A > T) 

G G G G G A A A A A 138 (G > A)/TaqI 

G G G G G G G G G A 268 (G > A) 

C C C C C T T T T T 330 (C > T)/Bsp119I/TaqI 

Reverse 

G G G G G A A A A A 416 (G > A)/Bsp119I/TaqI 

C C C C C C C C C T 479 (C > T) 

C C C C C T T T T T 609 (C > T)/TaqI 

T G G G G G G G G G 678 (G > T) 

A G G G G G G G G G 695 (G > A) 

 
 
In addition, restriction analysis and maps of one randomly selected male 

(Appendix 5) and one selected female (Appendix 6) samples were detected using 
SnapGene. The latter software predicted the occurrence of several polymorphic sex-
specific bands when the amplicon is digested with either restriction enzymes TaqI or 
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Bsp119I (Fig. 1 and Appendix 7). These polymorphic bands are consequences of the 
two SNPs sites located within the male and female of the J888 marker sequences. For 
TaqI, two male-specific markers with 125 and 70 bp, while two female-specific markers 
with 173 and 90 bp were detected. For Bsp119I, three male-specific markers with 80, 70 
and 53 bp, while two female-specific markers with 123 and 90 bp were detected. Note 
that the TaqI site (T↓CGA) exists within Bsp119I site (TT↓CGAA). The predicted 
number of restriction fragments of TaqI enzyme is much higher than that of Bsp119I as 
the recognition site of the first is 4-base, while 6- base for the second. We expected that 
DNA sequences of the 90 bp female-specific marker across the two restriction enzymes 
are the same. Then, we claim that we successfully detected two SNPs markers that 
resulted in the production of five male-specific and four female-specific markers when 
the J888 amplicon was digested with both TaqI and Bsp119I restriction enzymes. 

 

 
Hd Hf C B T 

M J1 J6 J1 J6 J1 J6 J1 J6 J1 J6  

 

Figure 1. Predicted restriction analysis displayed on a virtual gel for one male (sample J1) and 
one female (sample J6) samples existing in the CAP marker J888. Restriction enzymes involved 

HindIII (Hd), HinfI (Hf), ClaI (C), Bsp119I (B) and TaqI (T). Note that TaqI site (T↓CGA) 
exists within Bsp119I site (TT↓CGAA). M = 100 bp-ladder. Sizes of restriction fragments are 

shown in Appendix 3. Complete restriction maps of J888 markers for the male and female 
samples are shown in Appendices 4 and 5. Restriction fragment sizes and maps were detected 

using SnapGene 
 
 
AFLP is a reliable approach in detecting molecular markers in dioecious plants 

(Mwase et al., 2007), while RAPD, a dominant marker, has several drawbacks and lacks 
reproducibility (Mohasseb et al., 2009). Then, AFLP has a large chance to detect sex-
specific markers in jojoba (Agarwal et al., 2011) as this type of markers allows the 
testing of large genomic fragments at once compared with the earlier types of molecular 
markers that test very small regions of the genome. Previous efforts utilizing AFLP in 
detecting sex-specific markers resulted in the recovery of two male-specific markers of 
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~525 and 325 bp using primer combinations EcoRI-GC/MseI-GCG and EcoRI-
TAC/MseI-GCG, respectively, while only one female-specific marker of ~270 bp using 
the primer combination EcoRI-TAC/MseI-GCG. In the present study, the primer 
combination EcoRI-GC/MseI-GCG resulted in the recovery of five (428, 307, 190, 163 
and 60 bp) male-specific and three (768, 401 and 25 bp) female-specific markers 
(Appendix 8), while the primer combination EcoRI-TAC/MseI-GCG resulted in the 
recovery of three (340, 196 and 56 bp) male-specific and three (425, 241 and 179 bp) 
female-specific markers (Appendix 9). We disconsidered sex-specific markers 
with > 25 bp. Dendrograms utilizing the two combinations resulted in the complete 
separation of the two sexes (Figs. 2 and 3). Then, we claim that this type of marker 
successfully determines sex in jojoba with high efficiency. 

 
 

 

Figure 2. Dendrogram resulted from AFLP with the primer combination EcoRI-GC/MseI-GCG 
to describe the relationship between male (J1-J5) and female (J6-J10) banding patterns 

 
 

 

 

Figure 3. Dendrogram resulted from AFLP with the primer combination EcoRI-TAC/MseI-
GCG to describe the relationship between male (J1-J5) and female (J6-J10) banding patterns 
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Multiple contig alignment of the genomes of the two sexes done using NUCmer 
module 3.0 (NUCleotide MUMmer, part of mummer software) indicated a number of 
18 male and 17 female unique sequences of 350-500 bp. PCR with the designed sex-
specific primer combinations was done for one male and one female samples and results 
indicated the occurrence of four male-generated (Rx9, Rx11, Rx26 and Rx33) and two 
female-generated (Rx1 and Rx4) amplicons (Appendix 2). Interestingly, the male-
generated amplicons of Rx9 and Rx11 were supposed to be possible female-specific 
markers. PCR for five male and female samples indicated arbitrary inconsistent 
presence/absence of the four male and two female-generated amplicons in the two sexes 
(Appendix 2). We speculate that the failure to detect sex-specific markers via multiple 
contig alignment of the genomes of the two sexes and the use of MUMmer software is 
due to the need for larger yield or coverage of raw reads of genomes of the two sexes or 
due to the lack of appropriate binding sites in the template. Low coverage results in the 
presence/absence of many contig sequences that are not sex-specific. Therefore, we 
recommend repeating the whole genome sequencing of genomes of the two sexes, but 
requesting larger read coverage. 

Two male-specific ISSR (Sharma et al., 2008; Heikrujam et al., 2014) and sequence-
related amplified polymorphism (SRAP) (Kumar et al., 2019) markers have also been 
validated in the present study. ISSR was previously reported to result in the recovery of 
a male-specific marker namely UBC-8071200 utilizing primer UBC-807, while SRAP 
was reported to result in the recovery of a male-specific marker with an amplicon size 
of 396 bp utilizing primer combination Em14/Me10. In the present study, we have 
sequenced the whole jojoba male and female genomes and blasted the de novo 
assembled contigs of the two genomes against the published sequence of the male-
specific ISSR marker in the NCBI (acc. no. HQ166029). The results indicated the 
presence of several fragments of the marker sequence in both male (Fig. 4 and 
Appendix 10) and female (Fig. 4 and Appendix 11) genomes. Results of the blasted male 
and female de novo assembled genomes against the published sequence of the SRAP 
male-specific marker of Kumar et al. (2019) with primer combination Em14/Me10 are 
shown in Appendices 12 and 13, respectively. The results proved that the DNA 
sequence of the SRAP marker was almost completely detected in the male sample 
(Fig. 5), while completely absent in the female sample. We concluded that the SRAP 
marker can successfully determine males in jojoba with high efficiency, while the UBC-
8071200 marker was not proven to be male-specific. 

Dioecy is often associated with the occurrence of sex chromosomes in plant and the 
presence of genetic determinants of sex (Ming et al., 2011; Renner, 2014; Charlesworth, 
2016). After the era of genomics and whole genome sequencing (WGS), it is now 
possible to decipher the architecture of sex chromosomes in several dioecious plants 
(Liu et al., 2004; Ming et al., 2011; Wang et al., 2012, 2013; Charlesworth, 2016; 
Kazama et al., 2016; Harkess et al., 2017; Muyle et al., 2017). Genetic determinants of 
sex were deciphered in some species, including persimmons (Diospyros spp.) (Akagi et 
al., 2014), garden asparagus (Asparagus officinalis L.) (Harkess et al., 2017) and 
kiwifruit (Actinidia spp.) (Akagi et al., 2018). Sex was determined in persimmons 
through the action of one single non-coding RNA gene located on the Y chromosome 
namely OGI gene (Yang et al., 2019). This gene produces a small-RNA sequence that 
targets an autosomal counterpart gene namely MeGI (Yang et al., 2019). The latter is 
thought to be a single integrator of sex expression (Akagi et al., 2014, 2016; Henry et 
al., 2018; Yang et al., 2019). As OGI gene is located on Y chromosome, we expected 
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that if this sex determination system exists in jojoba, then existence of OGI gene will be 
a male-specific marker, while we expect that the MeGI gene exists in the two sexes. 
BLAST results of the de novo assembled contigs in the present study against the 
published sequences of the OGI and MeGI genes are shown for male (Appendix 14 and 
15, respectively) and female (Appendix 16 and 17, respectively) jojoba genomes. The 
sequences of OGI and MeGI genes of persimmon are available in the DDBJ database, 
with the Illumina reads for the mRNA-Seq analysis deposited in the Short Read Archive 
database (BioProject ID PRJDB7688) of the NCBI. The BLAST results indicated that 
OGI gene was not detected in either jojoba sexes, while MeGI gene was detected in 12 
and six contigs of the jojoba male and female samples, respectively. Prior information 
neither confirmed the existence of Y chromosome in male plants of jojoba, nor proved 
the existence of OGI/MeGI system in jojoba. Existence of MeGI, while lack of OGI is a 
question remains to be answered. In general, we confirmed that the published 
OGI/MeGI system does not exist to drive sex in jojoba. 
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Figure 4. BLAST results for the DNA fragments within the UBC-8071200 sequence (acc. no. 
HQ166029) existed in the male (blue) and female (red) de novo assembled genomes of jojoba 

growing in Saudi Arabia 
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Figure 5. BLAST results for the DNA fragments within the SRAP male-specific marker (396 bp) 
existed in the male de novo assembled genome of jojoba germplasm growing in Saudi Arabia 

Conclusion 

Overall results of the present study indicated the possibility to utilize CAPS with 
either restriction enzymes TaqI or Bsp119I in detecting sex-specific markers in jojoba. 
Also, AFLP resulted in the recovery of several sex-specific markers, thus, seems to be 
very useful in separating the two sexes in jojoba very efficiently. The previously 
described male-specific SRAP marker was also confirmed in jojoba plants growing in 
Saudi Arabia. These three types of sex-specific markers might be useful in the future 
industry of biofuel production in Saudi Arabia and the Arab region. The study also 
refers to the necessity to barcode this important plant in different regions of the country 
and re-validate the recovered sex-specific markers way before we decide to incorporate 
this plant in breeding program or at commercial scale. 
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ELECTRONIC APPENDIX 

Appendix 1. List of RAPD (Operon Technologies, USA) and ISSR primers along with their 
nucleotide sequences as well as sex-specific primers generated from NUCmer 

Appendix 2. Banding patterns randomly selected for RAPD (a) and ISSR (b) analyses as well as 
those generated from NUCmer (c & d) in a trial to detect new sex-specific markers. As models, 
amplicons of two RAPD (with A02 and B09 primers) and two ISSR (with 544A and HB11 
primers) are shown. (c) Patterns generated from 35 reactions (Rx) of one male and female 
samples, (d) patterns of five male and five female samples for selected reactions. Mw = 50bp 
DNA Step ladder, 1-5 = M, 6-10 = female, M = male, F = female. Primer sequences are shown 
in Appendix 1 
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Abstract. Stem weevils and pollen beetle are significant pests that attack oilseed rape crops after winter 
hibernation. Correct timing of insecticide application is a key point in control of both pests. The aim of this 
research is whether the mutual control of both pests is possible in order to reduce insecticide input. The 
two-years experiment was set up according to the EPPO guidelines in random block design in four 
replications with nine different treatments. The optimal treatment period was determined by monitoring the 
occurrence and population density of stem weevils using yellow water traps. The decision threshold for 
pollen beetles was determined by beating terminal inflorescences into trays. The use of insecticides against 
rape stem weevils and pollen beetles is possible if thresholds are exceeded at the same time. All insecticides 
applied against stem mining weevils increased rapeseed yield, and in the absence of treatment, the average 
loss of oilseed rape seed yield was 37%. 
Keywords: oilseed rape, pests, integrated pest management, Curculionidae, Nitidulidae 

Introduction 

Oilseed rape stem weevil (Ceutorhynchus napi Gyllenhal, 1837) and cabbage stem 
weevil (Ceutorhynchus pallidactylus Marsham, 1802) (Coleoptera: Curculionidae) are 
the first pests which attack oilseed rape plants after winter hibernation. They are often 
considered as a pest complex due to their biological and ecological characteristics which 
are similar although their life cycles are different and demand different control approach. 
Pollen beetle (Brassicogethes aeneus Fabricius, 1775) (Coleoptera: Nitidulidae) is the 
most important oilseed rape pest from the Brassicogethes genus and appears in oilseed 
rape fields after stem weevils when temperature exceeds 12°C (Láska and Kocourek, 
1991; Alford et al., 2003; Williams, 2010). Direct damage caused by adult forms of stem 
weevils occurs as a result of the oviposition inside plant tissue. More significant damage 
occurs as a result of the larvae feeding inside leave petioles, secondary shoots and stems. 
In general, damages result in short and tiny plants. It is enough to find only one larva 
inside the plant to classify damage from the feeding of the larvae as significant. The plant 
deforms, stunts and decays rapidly. One day after oviposition plants begin to respond with 
histological changes, which are resulted by the slower development of the plant above the 
attacked part, the deformation of the stem and the cracking tissue at different places. Due 
to the destruction of the central part of the stem, a deformation of the tissue and loss of 
plant vigors, the number of siliques per plant is reduced. The plant produces lateral shoots 
and has a bushy appearance which causes a ripening maturity and makes difficulties to 
harvest. Feeding of adults and larvae of the pollen beetle cause bud abscission with 
podless stalks or siliques that can be distorted and weakened (Klukowski and Kelm, 2000; 
Alford et al., 2003; Krause et al., 2006; Williams, 2010). Yield losses up to 50% caused 
by stem weevils and up to 70% by pollen beetle have been reported (Alford et al., 2003). 
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The number of insecticides treatments for pest control in oilseed rape as well as the cost 
of treatment and insecticides in Europe have been changing over the last 30 years 
(Walczak and Mrówczyński, 2006). Continued frequent use of insecticides may decrease 
effectiveness of insecticides for stem weevils and pollen beetle control and is already 
present in most countries in the European Union (Heimbach et al., 2006; Thieme et al., 
2010; Gotlin Čuljak et al., 2013). According to Maceljski (2002) both species of stem 
weevils and pollen beetle are sufficiently controlled with the single insecticide 
application, especially with earlier applications at the beginning of the stem elongation. 
In other EU countries the first treatment is performed against cabbage stem weevil and 
the second against rape stem weevil and pollen beetle as two insecticides application in 
spring significantly reduces the pollen beetle populations (Wahmhoff, 2000). 

The aim of this research was to determine possibility of joint control of stem weevils 
and pollen beetle which might reduce insecticide input and result in slower resistance 
development of the oilseed rape pest. 

Materials and methods 

The experiment was conducted in Croatia during 2017 and 2018 at two locations, 
Koprivnički Bregi (46°7'34.06"N 16°53'42.55"E) in Koprivnica-Križevci county and 
Šašinovec (45°51'2.10"N 16°11'3.01"E) in Zagreb county. Experiments were set up 
according to the EPPO guidelines (2014) for investigating the effectiveness of 
insecticides for the control of stem weevils (PP 1/219 (1)) and pollen beetles (PP 1/178 
(2)). During both growing seasons, the experiment was set up according to a random 
block design in four replications with nine different treatments (Table 1). The size of each 
experimental plot was 30 m2 with average plant density in harvest of 39 plants/m2 during 
both investigation years. Oilseed rape had been drilled on September 5 for both 
experimental years with cultivar PR46W14. Row space was 14 cm and previous crop was 
winter wheat. The crop was fertilized with 90 kg N/ha in autumn and spring and with 
40 kg S/ha in autumn. The experiment included commercial products, applied according 
to recommended and registered doses, with single active ingredient: lambda cyhalothrin 
(6.25 ml of active ingredient/ha) and deltamethrin (5 g active ingredient/ha) as well as 
combined products thiacloprid (55 g of active ingredient/ha) + deltamethrin (5 g active 
ingredient/ha) and chlorpyrifos-ethyl (450 ml active ingredient/ha) + cypermethrin (45 ml 
active ingredient/ha). Chlorpyrifos-ethyl belongs to organophosphates and is classified 
into group 1. Deltamethrin, lambda cyhalotrin and cypermethrin belong to pyrethroids 
and are classified into group 3. Both groups have contact action. Thiacloprid belongs to 
neonicotinoids and is classified into group 4 with systemic action (IRAC, 2019). 
 

Table 1. Treatments and active ingredients during two years experiment 

treatment active ingredient/pests 

1 lambda cyhalothrin/stem weevils 

2 thiacloprid + deltamethrin/stem weevils 

3 deltamethrin/pollen beetles 

4 chlorpyrifos-ethyl + cypermethrin/pollen beetles 

5 lambda cyhalothrin/stem weevils and deltamethrin/pollen beetles 

6 lambda cyhalothrin/stem weevils and chlorpyrifos-ethyl +cypermethrin/pollen beetles 

7 thiacloprid+deltamethrin/stem weevils and deltamethrin/pollen beetles 

8 thiacloprid+deltamethrin/stem weevils and chlorpyrifos-ethyl + cypermethrin/pollen beetles 

9 untreated control 
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Oilseed rape crop was treated using Solo Accu Power sprayer with constant pressure 
of 2 bar after the decision threshold of pest population was exceeded. Optimal treatment 
period was determined by monitoring the occurrence and population density of stem 
weevils using yellow water traps. The decision threshold for pollen beetle was determined 
by beating 50 terminal inflorescences per each treatment into trays when flower buds 
were but still closed with leaves (BBCH 50). The decision threshold for C. napi control 
was 10 adult forms and for the C. pallidactylus control 20 adult forms caught in a yellow 
water traps in three consecutive days (PP 1/219 (1)). The decision threshold for pollen 
beetle was 0.8 - 1 adults per terminal inflorescence in growth stage when the flower buds 
were still covered with leaves and barely noticeable (BBCH 50) (PP 1/178 (2)). The 
experiment was evaluated according to EPPO guidelines (PP 1/219 (1), PP 1/178 (2)) 
(2014) to investigate the effectiveness of insecticides. For stem weevils, the experiment 
was evaluated by dissecting 10 plants taken from each treatment during the flowering 
(BBCH 65 - 69). The number larvae and feeding tubes were recorded. The effectiveness 
of insecticides for the pollen beetle control was evaluated 24 hours and three days after 
the insecticides application. The number of live adult forms was recorded on 50 terminal 
inflorescences. Harvest of each experimental plot was performed by the trial combine and 
seed from each experimental plot was weighed and yield was converted to hectare based 
on 9% seed moisture. A two-way ANOVA was performed to test the difference between 
treatments for the number larvae and feeding tubes caused by the larval feeding, the 
number of live adult forms of pollen beetle and yield. The averages are compared to 
Tukey's rank test. Data were statistically analysed by computer program "R" (Version 
3.1.2., 2014). 

Results 

For the first year of experiment at Koprivnički Bregi location population dynamics of 
stem weevils adults, from yellow water traps, is present in Figure 1. Decision threshold 
for C. pallidactylus was reached on February 26 and on March 21, 24, 26 and 30. Decision 
threshold for C. napi was reached on March 30. Table 2 presents average number of 
pollen beetle adults recorded by beating into trays method. Decision threshold was 
reached on March 29 (BBCH 50). 
 

Figure 1. Average number of adult forms of C. pallidactylus and C. napi per yellow water trap 
at Koprivnički Bregi site (arrows present date of insecticide application) 
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Table 2. Average number of the pollen beetle adults per plant at Koprivnički Bregi site, 
BBCH 50 

replication 
I II III IV 

treatment 

1 0.9 1.2 1.4 0.9 
2 1 1.2 1.4 0.9 
3 0.8 1.2 1.1 0.9 
4 1.3 1.2 1.2 0.9 
5 1 1.1 1.3 1.3 
6 1.2 1.1 1.5 1 
7 0.9 1.2 1.3 0.9 
8 0.9 1.4 1.3 0.9 
9 1.9 0.8 1.5 0.8 

 
 

First insecticides application was conducted on treatments 1, 2, 5, 6, 7, and 8 on March 
2 after threshold for C. pallidactylus was exceeded. Second insecticide application was 
conducted on March 30 after thresholds for both species of stem weevils and pollen beetle 
were exceeded. 

For the second year of experiment at Šašinovec location population dynamics of stem 
weevils adults, from yellow water traps, is present in Figure 2. Decision threshold for 
C. pallidactylus was reached on March 1 and 5. Decision threshold for C. napi was 
reached on March 26. The average number of pollen beetle adults recorded by beating 
into trays method are present in Table 3. Decision threshold was reached on March 30 
(BBCH 50) at treatments 3, 4 and 9. 
 

Figure 2. Average number of adult forms of C. pallidactylus and C. napi per yellow water trap 
at Šašinovec site (arrows present date of insecticide application) 

 
 

Table 3. Average number of the pollen beetle adults per plant at Šašinovec, BBCH 50 

replication 
I II III IV 

treatment 

1 0.06 0.1 0.1 0.08 
2 0.04 0.08 0.06 0.1 
3 0.8 0.8 0.8 0.8 
4 0.8 0.98 0.8 0.8 
5 0.08 0.42 0.04 0.1 
6 0.02 0.1 0.12 0.14 
7 0.04 0.04 0.1 0.08 
8 0.02 0.02 0.04 0.08 
9 0.9 0.82 0.8 0.9 
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First insecticides application was conducted on treatments 1, 2, 5, 6, 7, and 8 on March 
7 after threshold for C. pallidactylus was exceeded. Second insecticide application was 
conducted on March 27 after threshold for C. napi was exceeded. Third insecticide 
application was conducted on treatments 3 and 4 on March 30 after decision threshold for 
pollen beetle was exceeded. 

Results of a two-way ANOVA conducted to test differences between treatments for 
stem weevil larvae for all locations and years are present in Figure 3. Statistical analysis 
showed a significant difference between years (F = 504.8; DF = 1.8; P < 0.001) and 
between treatments (F = 23.4; DF = 8.8; P < 0.0001). Tukey's HSD post hoc test showed 
significant differences between interaction of years and treatments. 
 

Figure 3. Two-way ANOVA for number of stem weevils larvae per plant (each treatment is 
presented by upper and lower quartile, minimum and maximum values; median is presented by 
middle line, middle value by triangle and standard deviation by circle; ranges not connected 

with the same latter are significantly different) 
 
 

Results of a two-way ANOVA conducted to test differences between treatments for 
feeding tubes of stem weevils for all locations and years are present in Figure 4. Statistical 
analysis showed a significant difference between years (F = 536.06; DF = 1.8; P < 0.0001) 
and between treatments (F = 8.4; DF= 8.8; P < 0.0001) as well as interaction between 
treatments and years (F = 4.7; DF = 8.8; P < 0.0001). Tukey's HSD post hoc test showed 
significant differences between interaction of years and treatments. 
 

Figure 4. Two-way ANOVA for number of stem weevils feeding tubes per plant (each treatment 
is presented by upper and lower quartile, minimum and maximum values; median is presented 

by middle line, middle value by triangle and standard deviation by circle; ranges not connected 
with the same latter are significantly different) 
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Results of a two-way ANOVA conducted to test differences between treatments for 
live adults of pollen beetle 24 hours after insecticides application for all locations and 
years are present in Figure 5. Statistical analysis showed a significant difference between 
years (F = 86.06; DF = 1.8; P < 0.0001) and between treatments (F = 54.8; DF= 8.8; 
P < 0.0001) as well as interaction between treatments and years (F = 25.9; DF = 8.8; 
P < 0.0001). Tukey's HSD post hoc test showed significant differences between 
interaction of years and treatments. 
 

Figure 5. Two-way ANOVA for number of live pollen beetle adults 24 hours after application 
(each treatment is presented by upper and lower quartile, minimum and maximum values; 

median is presented by middle line, middle value by triangle and standard deviation by circle; 
ranges not connected with the same latter are significantly different) 

 
 

Results of a two-way ANOVA conducted to test differences between treatments for 
live adults of pollen beetle 3 days after insecticides application for all locations and years 
are present in Figure 6. Statistical analysis showed a significant difference between years 
(F = 89.5; DF = 1.8; P < 0.0001) and between treatments (F = 44.1; DF = 8.8; P < 0.0001) 
as well as interaction between treatments and years (F = 16.5; DF = 8.8; P < 0.0001). 
Tukey's HSD post hoc test showed significant differences between interaction of years 
and treatments. 
 

Figure 6. Two-way ANOVA for number of live pollen beetle adults 3 days after application 
(each treatment is presented by upper and lower quartile, minimum and maximum values; 

median is presented by middle line, middle value by triangle and standard deviation by circle; 
ranges not connected with the same latter are significantly different) 
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Results of a two-way ANOVA conducted to test differences between treatments for 
yield of oilseed rape for all locations and years are present in Figure 7. Statistical analysis 
of data showed a significant difference between years (F = 163.3; DF = 1.8; P < 0.0001). 
No statistically significant differences between treatments (F = 1.5; DF = 8.8; P < 0.1922) 
and interaction between treatments and years (F = 1.2; DF = 8.8; P < 0.3005) were 
recorded. 
 

Figure 7. Two-way ANOVA for oilseed rape seed yield per hectare (each treatment is presented 
by upper and lower quartile, minimum and maximum values; median is presented by middle 

line, middle value by triangle and standard deviation by circle; ranges not connected with the 
same latter are significantly different) 

 
 
Discussion 

During both years of research, the first insecticide application was performed against 
adult forms of C. pallidactylus, which is coincided by the biology of this species. Another 
insecticide application was performed against C. napi and Brassicogethes sp. as both 
species reached the decision threshold at the same time. 

The main indicator of the effectiveness of insecticides is the number of stem weevils 
larvae in plants and the yield of rapeseed (EPPO, 2014). The number of larvae and the 
number feeding tubes caused by the diet of stem weevil larvae in rapeseed plants, were 
significantly higher in the first experimental year compared with second year. The main 
reason is the later positioning of the yellow water traps in the crop of the first year and it 
is very likely that, by the time of the first application of the insecticide, the decision 
threshold for the control of C. pallidactylus had already been reached. As both sexes of 
C. pallidactylus tend to appear simultaneously (Juran et al., 2011) there is a possibility 
that copulation has occurred and that females have laid eggs before insecticide 
application, which is contrary to the results of Büchs (1998), who states that treatment of 
adult forms of C. pallidactylus may be delayed two weeks after the decision threshold is 
exceeded. Due to the large differences in the abundance of stem weevil larvae in plants 
in both years, it can be concluded that insecticides should be applied immediately after 
decision threshold for C. pallidactylus control is reached and not after two weeks when 
females become sexually mature as proposed by Kostal (1992), Büchs (1998) and 
Seidenglanz et al. (2009). The decision threshold should be considered as the number of 
females caught in yellow water traps, as suggested by Wahmhoff (2000). This is 
especially important when pests appear in high adult population and when the number of 
females exceeds the critical number of 10 for C. napi or 20 adult forms for 
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C. pallidactylus per yellow water trap. Considering different temporal occurrence of adult 
stages of both stem weevil species, insecticides application at two deadlines during the 
spring could significantly reduce the population of adult forms (Wahmhoff, 2000). The 
highest efficacy in reducing larval abundance in rapeseed plants in the first year was 
observed with the use of a lambda cyhalothrin against adult forms (treatments 1 and 5). 
Systemic active ingredients should have good efficacy on larvae within plants (Tomlin, 
1994) but on treatments where thiacloprid (treatments 2, 7 and 8) was used in combination 
with deltamethrin, the number of stem weevil larvae was not significantly reduced 
(Gratina et al., 2011). This may be due to lower temperatures at the first insecticide 
application against adult forms of C. pallidactylus (Seta and Wolski, 2006) at which 
neonicotinoids have lower efficacy (Tomlin, 1994). During second year, no significant 
differences were observed in the number of stem weevils larvae in rapeseed plants. 
Differences are not present even on treatments three and four where stem weevils were 
not controlled and as one reason may be the different distribution of these pests across 
the field (Green et al., 1991; Kuhne, 1997). Uneven distribution across the surface has 
also been recorded for adult forms of pollen beetle (Ferguson et al., 2003, 2005). At 
treatments where pollen beetle was controlled with the chlorpyrifos-ethyl and 
cypermethrin (treatment 4), satisfactory effects on stem weevil larvae inside the stem 
were not achieved during both years of the study, although the organophosphorus 
component penetrate deeper into plant tissue (Corteva, 2019) which is partially confirmed 
by Milovac et al. (2017). This is in contradiction with the results of Inđić et al. (2011), 
but the applied insecticide dose per hectare (1l), in their investigation was twice higher 
than recommended. The same authors conclude that there are no statistically significant 
differences in the number of larvae in the plant between the treatment of adult forms of 
stem weevils with chlorpyrifos-ethyl + cypermethrin and deltamethrin. 

The results of the ANOVA for the number of larvae are also accompanied by the 
number of the feeding tubes which is to be expected since the damage depends on their 
presence and their number in the plant. The differences in the number of feeding tubes 
between treatments 1 and 6 (lambda cyhalothrin was used in both treatments to control 
stem weevils) could be explained by the different spatial distribution of adults across the 
field. Thiacloprid did not have a satisfactory effect on the number of feeding tubes in the 
plant due to the lower efficacy at lower temperatures (mean daily temperature ranged 
from 3.4 to 6.7°C) at the time of application of the insecticide (CMHS, 2019). During 
both years of the study, no statistically significant differences were found between 
treatments against adult forms of pollen beetle, although a year later, resistance to 
pyrethroids was confirmed in Croatia (Gotlin Čuljak et al., 2013). 

Although no statistically differences were found between treatments for rapeseed yield 
in both years, it is important to observe the increase in yield from a biological importance, 
not a statistical significance level (Lovell, 2013). In all treatments where insecticides were 
applied, during the two years of the study, a relative increase in the yield of rapeseed 
ranged from 4 to 63% compared to the untreated control. Although the highest insecticide 
efficacy, for number of stem weevil larvae and feeding tubes was observed for the 
lambda-cyhalothrin (treatment 1 and 5 against stem weevils) did not ultimately affect the 
seed yield, as confirmed by Seta and Wolski (2006). The highest yield increasing in the 
first year of investigation was recorded on treatment 7 (63% increase in yield) where stem 
weevils were controlled with combination of thiacloprid and deltamethrin, and pollen 
beetle with deltamethrin, which is in contrast with the results of the statistical analysis for 
the number of larvae. A significant uniformity of the rapeseed yield across all treatments 
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was observed during second year, which again demonstrates that insecticide application 
against adults of C. pallidactylus is required immediately after decision threshold is 
exceeded. Any application of insecticides against stem weevils results in an increase in 
yield regardless results cannot be statistically significant, which is confirmed by Seta and 
Mrówczyński (1999), Seta and Wolski (2006), Petraitiené et al. (2012). The results show 
that stem weevils can reduce rapeseed seed yield by up to 60% and 37% on average, as 
confirmed by several authors (Walczak et al., 1997; Kelm and Walczak, 1998; Kelm and 
Klukowski, 2000; Seta and Mrówczyński, 2000; Alford et al., 2003; Dechert and Ulber, 
2004). 

Conclusions 

Based on the results of the control and considering the life cycle of stem weevils, the 
first application of insecticide against adult forms of C. pallidactylus is critical point in 
protecting rapeseed against these pest. C. napi can be controled with pollen beetles as the 
decision thresholds for these two pests coincide. Considering the confirmed resistance of 
pollen beetle to pyrethroids and possible resistance to organophosphorus insecticides in 
joint control of C. napi and Brassicogethes sp. producers should pay attention of the 
proper selection of insecticides and insecticides rotation to achieve effective control. For 
the future research, it is highly recommended to investigate the impact of stem weevils 
on different components of oilseed rape yield and to determine which component has the 
most significant impact on yield lose. 
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Abstract. Relative feed value and structural mineral differentiation of native grasses and their relationships 
at different plant growth stages were studied to create a more informative multivariate model to predict 
relative feed value. The hierarchical clustering grouped the species and their growth stages under six distinct 
categories with their average relative feed values of 122.6, 108.6, 99.6, 90.3, 80.9 and 71.5. The principal 
component analyses for the relative feed value and the mineral composition of native grasses was efficient 
to classify the forages with the total explained variation of 63.69% with the first two principal components. 
The most important predictors for relative feed value were determined as nitrogen and potassium contents 
of the native grasses according to beta coefficients from the partial least square regression analyses. Three 
partial least square regression based new empirical equations for predicting the relative feed value were 
constructed by using the forage nitrogen content. The coefficients of determination (R2) and the root mean 
square error of prediction (RMSEP) for the equations were 0.92, 0.35, 0.81 and 2.17, 11.29, 5.88, 
respectively. The Fisher’s F test manifested that the actual and the predicted relative feed values were not 
different (P>0.05) for all three equations. 
Keywords: forage quality index, mineral elements, pasture, plant growth stages, PLSR 

Introduction 

Reaching the optimum reflection of animal genetic potential on the phenotype is only 
possible with an accurate diet program. In order to achieve this, delicious and highly 
digestible, quality roughage above the maintenance requirement of the animal is an 
absolute necessity. This will also lead to economic farming via reducing concentrated 
feed because 60 to70% of dairy or beef cattle production costs are concerned with feed 
inputs. Actually sustainable livestock farming requires the use of a pasture-based system. 
High-quality roughage feed from the pastures also encourages a healthy rumen flora by 
enhancing the effectiveness of the bacteria (Schroeder, 1996). This promotes nutrient 
intake and also conversion to energy. 

In the formulation of diets for dairy cattle, the quality and the amount of forage needed 
to meet nutrient and fiber requirements must be considered in the first (Linn and Kuehn, 
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1997). The fiber needed in rations for cud chewing and rumination is provided through 
forage. The feed requirement varies depending on both animal species and their 
physiological growth stages and with this aspect, there are many different criteria to 
express the quality of feed. Knowing this helps in forming the diet program and also 
foreseeing the management cost. Moreover, it is necessary to manage the natural 
ecosystems without any detriment for many years. Forage quality can be expressed with 
the subjective physical evaluations and also with the results of the chemical analysis, 
which entail more accurate assessments. The relative feed value (RFV) has become an 
important criteria for evaluating the quality of the forage. RFV is a forage quality index 
used widely for hay pricing. It is used for forage-quality education and also by seed 
producers to indicate variety improvement (Moore and Undersander, 2002) and it is an 
energy-based scale (Henning et al., 1999). Acid detergent fiber (ADF) estimates forage 
digestibility and neutral detergent fiber (NDF) provides an estimate for forage intake 
(Caddel and Allen, 1994). RFV is obtained on the basis of both intake and digestibility; 
thus, RFV reflects the forage quality in a single digit by using these two animal responses. 
However, the forage-quality parameters including the RFV are variable and almost 
everything can affect them in one way or another in native pastures. The RFV hay-grading 
system is based on the full-bloom alfalfa hay, which has an RFV of 100. However, grasses 
usually have higher concentrations of NDF than legumes at the same plant growth stages 
(Hodgson et al., 2014). But NDF is more digestible than alfalfa (Brown and Pittman, 
1991; Ward, 2008). Therefore, comparing grasses with legumes using such a grading 
underestimates the nutritional value of high-quality grasses relative to legumes. 

The minerals are key to many metabolic reactions most of the time. That is why the 
forage quality is assessed by the accumulation rate of the minerals in plant tissues one 
way or another. The amount of those minerals in grass tissues depend upon many factors 
including genetic capacity to take up minerals from the soil, availability of minerals in 
soil, stage of plant growth, climatic conditions, etc. (Kappel et al., 1983; Stone, 1994; 
Greene, 1997). Forage nutritive value is often evaluated by measuring such characteristics 
related to digestibility and intake. Whereas, the minerals that correlate with these factors 
should not be overlooked. Knowledge on plant nutrient characteristics and its relationship 
with RFV is vital. Also, RFV ignores the important variations in economic value caused 
by variation in crude protein (CP) concentrations (Weiss et al., 2012). Consequently, 
creating more descriptive equations for different forages is important for an accurate 
pricing or planning of feeding. 

Chemometry is a useful tool to explain the best such relations by processing the 
chemical results with mathematics and statistics. Multivariate modelling that is one of the 
important chemometric applications is a statistical tool that uses multiple variables to 
predict the possible outputs. Partial least-squares regression (PLSR) has been one of the 
most widely applied multivariate calibration method because of the quality of calibration 
models produced and the ease of their implementation (Hopke, 2003). It is appreciable 
for constructing predictive models when the explanatory variables are many and highly 
collinear (Yeniay and Göktaş, 2002). 

The study presented in this paper discusses the variations of relative feed values 
(RFVs) and the mineral compositions of the herbage obtained from some important native 
grasses at different plant growth stages, their relationships and the possibilities of 
producing new empirical equations for predicting RFV by applying multivariate analyses 
(MVA) and their literature based comparative accuracy. 
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Materials and methods 

Grass samples 

Some of the native grass species from the natural pastures (between 36°13ʹ04”-
36°29ʹ55”N/36°11ʹ37”-36°14ʹ59”E, 80 m average altitude) of Amik Plain located at the 
east Mediterranean coastal region of Turkey were evaluated in the study. Eight pasture sites 
with different directions and geog. exposure were determined for sampling (Fig. 1). 

 

 

Figure 1. The map of sampling sites from the Amik Plain of Hatay province 
 
 
The climate of the site is a Mediterranean-type with mild, wet winters and warm to hot 

dry summers. The seven cool-season C3 grasses and four warm season C4 grasses were 
studied (Table 1). Five phenological stages being vegetative (VEG), stem elongation 
(STE), head emergence and flowering (HEF), developing seed stalks (DSS) and seed 
ripening (SER), adapted from Cogswell and Kamstra (1976), were included in the study 
for relative feed values (RFV) and mineral composition. 

 
Sample preparation, chemical analyses and calculations 

Grass sampling at each plant growth stages was accomplished in the same habitat in 
the year of 2016. Harvested aboveground materials from 3 individual clones of each 
species at the stages of phenology described above were washed with continuously 
flowing tap water and rinsed with distilled water for possible contaminants, oven-dried at 
70 °C for 48 h and homogenized by particle size reduction (< 0.5 mm). Neutral detergent 
fiber (NDF) and acid detergent fiber (ADF) analyses were performed as described by 
Goering and Van Soest (1970). Digestible dry matter (DDM), Dry matter intake (DMI) 
and Relative feed value (RFV) were estimated by the equations given below suggested 
by Undersander et al. (1993): 

 
 DDM%=88.9-(0.779×ADF%)  
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 DMI % of body weight=120÷NDF%  
 
 RFV=(DDM×DMI)÷1.29  
 
Powdered samples were digested with HNO3 + HClO4 mixture (Jones et al., 1991) and 

analyzed for calcium (Ca), magnesium (Mg), potassium (K), phosphorus (P), iron (Fe), 
copper (Cu), manganese (Mn), and zinc (Zn) contents by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES Varian Liberty Series II). Nitrogen (N) content 
of the samples was determined by the Kjeldahl method (Kjeldahl, 1883). All chemical 
analyzes were performed with three repetitions. 

 
Table 1. The investigated grass species and the abbreviations for plant scientific names 

Species Abbreviation 

Cool-season C3 grasses 

Tall fescue (Festuca arundinaceae L.) Feau 

Tor-grass (Brachypodium pinnatum (L.) Beauv.) Brpi 

Timothy (Phleum pretense L.) Phpr 

Orchard grass (Dactylis glomerata L.) Dagl 

Smooth brome (Bromus inermis Leyss.) Brin 

Perennial ryegrass (Lolium perenne L.) Lope 

Bulbous barley (Hordeum bulbosum L.) Hobu 

Warm-season C4 grasses  

Coolatai grass (Hyparrhenia hirta (L.) Hyhi 

Dallis grass (Paspalum dilatatum Poir.) Padi 

Yellow bluestem (Bothriochloa ischaemum (L) Keng) Bois 

Red oat grass (Themeda triandra Forssk.) Thtr 

 
 

Data analysis 

Significance in differences of RFV means for all species at whole plant growth stages 
were evaluated by Duncan multiple comparison tests at the 1% significance level with 
SPSS software (v24 for Windows; IBM, New York, USA). Hierarchical clustering 
analysis was applied to group the species according to periodically changing RFV with 
Ward method by using the software JMP 13 (SAS Institute Inc. Cary, North Carolina, 
USA). Principal component analyses (PCA) which is the most commonly used ordination 
technique was applied to observe the behavior of RFV and the mineral compositions of 
native grasses at different phenological stages by reducing the dimensionality of the 
original data matrix. To determine the key mineral(s) affecting the RFV and the 
quantitative relationships between them (constructing an empirical multivariate model), 
partial least-squares regression (PLSR) analysis was applied. The performance of the 
developed empirical equations was evaluated with the coefficients of determination (R2), 
root mean square error of prediction (RMSEP) and literature based comparison of the 
predicted RFVs. Differences between the actual RFV from the open access literature and 
the predicted ones obtained in the study were compared with Fisher’s F test. The 
chemometric software XLSTAT v2016 (Addinsoft Inc., New York, USA) was used for 
PCA and PLSR analyses. 
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Results and discussion 

RFV differentiation depending on the plant growth stages 

Mean relative feed values (RFV) of the native grass species averaged over five plant 
growth stages are presented in Table 2. As shown in Table 2 differences between the RFV 
of the native species were significantly important. 

 
Table 2. Relative feed values (RFV) of the native grass species as an average of five plant 
growth stages 

Species Range Mean Std. dev. MAD2 

Feau 79.31 - 103.49 94.67 b1 8.05 7.02 

Brpi 70.33 - 88.54 79.13 de 6.24 5.65 

Phpr 88.78 - 112.87 102.30 a 7.68 6.92 

Dagl 72.68 - 103.79 84.89 c 9.36 8.17 

Brin 87.02 - 100.96 93.26 b 4.33 3.68 

Lope 71.20 - 123.34 103.20 a 15.45 11.70 

Hobu 66.24 - 130.82 95.21 b 19.66 16.09 

Hyhi 65.04 - 87.84 76.33 e 8.29 7.37 

Padi 65.79 - 89.78 80.18 d 7.91 6.24 

Bois 68.91 - 82.58 76.69 e 4.36 3.75 

Thtr 70.12 - 88.78 78.01 de 6.18 5.76 

LSD: 3.362 
1Differences between the groups comprising different letters in the same column is statistically significant 
(P<0.01) 
2MAD=Mean absolute deviation 

 
 
The highest value of RFV (103.20) was determined for Perennial ryegrass but it was 

clustered with the same statistical group with Timothy. Coolatai-grass was evaluated as 
the species having the lowest RFV with 76.33 as an average of whole vegetation. 
However, the species of yellow bluestem, tor-grass and red oat grass were clustered 
together with coolatai-grass, as well. As it is expected, the RFV decreased with the 
advancing plant growth stages (Fig. 2). 

 

 

Figure 2. Relative feed value (RFV) at different plant growth stages of native grasses 
(LSD=1.199, P<0.01) (VEG: Vegetative, STE: Stem elongation, HEF: Head emergence and 

flowering, DSS: Developing seed stalks, SER: Seed ripening) 
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The highest RFV was detected for the earlier phenological stages. Generally, the cool 
season grasses had better RFV than the warm season grasses; however, RFV of the 
species significantly varied depending on their growth stages (Fig. 3). 

 

 

Figure 3. Differentiation of relative feed value (RFV) of native grasses depending on the plant 
growth stages (Dashed lines indicate the warm season C4 grasses) 

 
 
In other words, the quality parameters were substantially under the influence of the 

stage of maturity. Actually, the information about mentioned fluctuations is more 
valuable for pasture management since the grazing period do not cover whole growth 
stages. In that respect, while the highest mean values were observed from perennial 
ryegrass (Lope) without any small deviation till DSS, it reached one of the lowest 
averages at the end stage with a severe reduction. In fact, this is a critical stage for pasture 
plants when the grazing process should be terminated to avoid some physiological 
damages to the plants. Therefore, the decline on RFV at this critical stage gives some 
advantages to plants in respect to storing nutrients and seed maturation. On the other hand, 
the decline for Timothy (Phpr) was not obvious as in perennial ryegrass in maturity 
stages. In this respect, the most remarkable reduction was recorded for bulbous barley 
(Hobu). It had the lowest RFV at SER with a distinctive reduction while it stood the 
highest at the beginning of the vegetation. However, it was one of the good species with 
a moderate RFV index as an overall average. On the other hand, it was consequently 
determined as the worst species in terms of dry matter digestibility together with tall 
fescue, which also has good RFV index (data not shown). Something similar can also be 
said for orchard grass (Dagl). Tall fescue (Feau) seemed to be the most stable species in 
terms of RFV differentiation throughout the maturity stages. The investigated four warm 
season C4 grasses produced the worst RFV indexes even in VEG stage. This is an 
expected result since the higher temperatures increase the lignocellulosic structure and 
reduce the soluble carbohydrates (Pearson and Ison, 1997). Therefore, the C4 species start 
to accumulate more lignin at earlier stages. The constellation plot in Figure 4 summarizes 
the clusters formed with the RFV differentiation of the species at different plant growth 
stages. The hierarchical clustering grouped the species and their growth stages under six 
distinct clusters (Clu). The HobuVEG and LopeVEG were constituted the first cluster 
(Clu1) with the highest average RFV (122.6). The warm season grasses were mostly 
clustered in Clu5 and Clu6 with the worst RFV (80.9 and 71.5, respectively). It is clear 
that the later stages of the cool season grasses such as FeauSER or PhprSER were closely 
aggregated with the very early stages of the warm season grasses. 
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Figure 4. The hierarchical clusters (Clu) formed with the relative feed value (RFV) 
differentiation of the plant species at different plant growth stages (VEG: Vegetative, STE: Stem 

elongation, HEF: Head emergence and flowering, DSS: Developing seed stalks, SER: Seed 
ripening) 

 
 
High animal gains require an adequate nutrition program. Hence, matching the forage 

quality to animal nutritional needs greatly increases the productivity. Producing high-
quality forage requires the knowledge of the factors that affect forage quality and 
management accordingly. Stage of maturity when harvested or grazed is the most 
important factor affecting the forage quality. Relative feed value (RFV) is an index that 
makes it possible to compare forages based on their digestibility and intake. Forage 
quality is highest when pasture plants are young and vegetative. Timothy (Phpr) species 
reached the superior RFV index at HEF stage, even higher than the index calculated at its 
VEG while the other species tend to decrease at HEF (Fig. 3). This is because of the 
extremely poor cellulosic structure of timothy at mentioned stage. It is one of the fast-
growing species that accumulates more cytoplasmic compounds (Poorter and Bergkotte, 
1992; Niemann et al., 1992). Pasture or forage quality is very closely related with the 
amount of leaves (Lacefield et al., 2012). The leaf/stem ratio of the species at harvest; 
however, is one of the major determiners of lignocellulosic structure along with RFV. 
Ball et al. (2001) propounded that the higher the leaf content, the higher the forage quality 
since the NDF in legume or grass leaves is significantly more digestible than NDF in stem 
tissue (Hoffman et al., 2003). Timothy (Phpr) is a leafy species, which translates to high 
digestibility and intake (Peeters, 2004). It has a higher capacity to accumulate water- 
soluble carbohydrates (WSC) like fructose. Humphreys (1989) reported a positive 
correlation between WSCs and dry matter digestibility DMD. Likewise, Pearson and Ison 
(1997) attributed that the reason of the lower digestibility of C4 plants is related to a rapid 
decrease in soluble carbohydrate content as a result of the increased temperature. WSCs 
are also an indicator of palatability of the forages (Mayland et al., 2000). Sturla (1960) 
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indicated that Timothy as the most palatable species followed by perennial ryegrass. 
Thus, the first four growth stages of Timothy species were clustered in the best quality 
region (Clu2 and Clu3). Therefore, it is possible to infer that the higher the RFV in 
forages, the more digestible and palatable they become. 

In fact, forage plants differentiate so rapidly that it is possible to detect significant 
declines in forage quality every two or three days (Fulgueira et al., 2007). Schroeder 
(1996) pointed out as well that quality declines four to five times a day in RFV in the 
spring. That is why the rapid quality changes make the cutting or grazing time critical 
especially on fast-growing species. Our results targeted bloom stage (HEF) as having the 
maximum quality and yield for most of the investigated native species. Similarly, 
Lacefield et al. (2012) indicated that the RFV index of cool season grasses at vegetative-
boot and boot-head stages were 101-122 and 84-101 respectively. As it is seen in Figure 
4, the first three clusters, even the fourth cluster, are within the mentioned range with their 
average RFV (Clu1: 122.6, Clu2: 108.6, Clu3: 99.6 and Clu4: 90.3 respectively). The 
results of the chemical analyses in the current study covers the entire biomass analyses of 
the native species. However, the animals in pastureland selectively graze native plant 
parts. Hence, native grasses are able to produce higher than expected animal gains 
estimated by the whole plant analyses. Therefore, comparison of RFV of the native 
species with the other forages may result in misevaluation. Because of this, the nutritional 
value of the higher quality native grasses may be underestimated. Moore and Undersander 
(2002) indicated that a current equation to predict DMI is based on the assumption of 
NDF intake with a constant 1.2% of body weight. Whereas, they emphasized that “the 
NDF intake is not exactly a constant 1.2% of body weight”. NDF intake is variable for 
grasses and legumes fed alone. That is why, the authors argue that different equations 
may be needed for alfalfa, cool-season grasses, warm season grasses, grass/legume 
mixtures, corn silage, etc. 

 
The multivariate relationship between RFV and mineral contents 

The mineral composition of the native grass forages at different growth stages are 
given in Table 3. 

 
Table 3. Values of macro and microelement composition as an average of 11 native grass 
species and five plant growth stages 

Macro and micro elements Range Mean Std. dev. MAD1 

Macro minerals (g kg-1) 

N2 5.82 - 26.12 14.78 5.51 4.80 

P 1.05 - 4.92 2.75 1.02 0.84 

K 5.63 - 19.33 12.88 3.73 3.19 

Ca 1.96 - 13.66 5.27 2.34 1.61 

Mg 0.87 - 2.57 1.75 0.47 0.40 

Micro minerals (mg kg-1) 

Zn 12.04 - 57.10 22.20 7.12 4.76 

Cu 3.87 - 18.89 8.65 2.85 2.15 

Fe 75.39 - 702.67 190.25 102.76 64.61 

Mn 12.41 - 191.74 64.43 48.54 37.93 

1MAD=Mean absolute deviation 
2N (Nitrogen), P (phosphorus), K (potassium), Ca (calcium), Mg (magnesium), Zn (zinc), Cu (copper), 
Fe (iron) and Mn (manganese) 
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The range and the mean values are the averages of eleven species and five plant growth 
stages. The mineral content of forages varies and depends primarily on forage species and 
their growth stages (Rayburn, 1997). Principal component analysis (PCA) and partial 
least square regression (PLSR) analyses were carried out on the relationship among RFV, 
mineral contents, grass species and growth stages and the results were presented below. 

 
PCA analyses 

PCA analyses showed both the mentioned mineral differentiations and the 
relationships between the RFV of native grass species at different growth stages (Fig. 5). 

 

 

Figure 5. Principal component analyses (PCA) for relative feed value (RFV) and the mineral 
composition of native grass species at different plant growth stages. (The markers ““ 

represent the clusters Clu1, Clu2 and Clu3, “O” Clu4, ““ Clu5 and “×” Clu6) 
 
 
The PCA was effective to classify the samples explaining the total variation of 63.69% 

with the first two principal components (PC). The clusters of the forage samples of 
different species and growth stages that had higher RFV and assigned as Clu1, Clu2 and 
Clu3 in Figure 4 were located up on the positive side of the PC1 axis. However, it is seen 
that the clusters in Figure 3 are dispersed and the new elements are added to the area that 
we can define as quality zone or some of them are located beyond the boundaries of this 
zone. The coefficients of the eigenvectors for nitrogen (0.423), phosphorus (0.421) and 
potassium (0.456) were found to be about same on PC1 axes. That means the contribution 
of these elements on PC1 for the explanation of the variation (40.5%) is about equal. PC1 
axis represents the forages that have higher minerals of N, P, K, Cu and Mg on their 
biochemical structure. So, the forages which had higher RFV accumulated higher 
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amounts of these elements. As it is seen from the biplot graph, this region mostly covers 
the earlier plant growth stages. In this respect, the forages of perennial ryegrass (Lope) at 
VEG, STE and bulbous barley (Hobu) at VEG stage had good quality in view of both 
mineral composition and RFV. When the forages are evaluated only on the basis of RFV, 
the species and their growth stages contained within the clusters Clu1, Clu2 and Clu3 
were prominent in view of quality (Fig. 4). Whereas, the multivariate relation, by adding 
the minerals, considered the components from Clu4 (especially DaglSTE, PadiVEG and 
BrinVEG), Clu5 (BoisSTE, PadiSTE and BoisVEG) and Clu6 (BoisDSS and DaglDSS) 
moved them to the quality zone. That means that while some of the forages such as the 
ones from the early phenological stages of yellow bluestem (Bois) and dallis grass (Padi) 
were underestimated before they will be evaluated with valuable cool season grasses in 
the new assessment. On the other hand, some of the components of Clu2 moved towards 
the border of the quality zone. The plant growth stage DSS was mainly clustered around 
the center of the biplot graph which expresses the lower RFV and mineral accumulation. 
The forage samples obtained from the latest stage of SER, which were aggregated under 
the cluster Clu6 (Fig. 4), were located around the negative regions of both PC1 and PC2 
axis. The eigenvectors of the iron (0.546) and calcium (0.542) were similar on PC2 axis. 
Therefore, the negative region of the PC2 axes covers the species and plant growth stages 
that have both lover RFV and Fe, Ca and Zn accumulation capacity. Even the other warm 
season grasses of coolatai grass (Hyhi) and red oat grass (Thtr) were evaluated as the poor 
RFV species and they have the important sources of the minerals Fe, Ca, Zn and Mn at 
earlier stages. Therefore, the versatile evaluation of any forage provided information that 
is more valuable to the pasture manager for managing the ration. 

 
PLSR-based new equation construction 

Partial least square regression (PLSR) was applied to relate and predict to RFV to 
structural mineral composition of the hay. The variable importance of the projection 
(VIPs) for each explanatory mineral elements showed that N, K, Mg and P contributed 
the most to the RFV (VIP>1) (Fig. 6). 

On the other hand, Figure 7 shows the standardized coefficients, which provide a 
comparison of the relative weight of the variables on the RFV. The higher the coefficient, 
the greater the impression of the corresponding variable (Perez-Arevalo et al., 2015). 
Thus, the most important predictors for RFV were determined as N and K at 95% 
confidence interval. 

In most of the studies related to forage quality, data related to protein content of forage 
are included. The Kjeldahl method (Kjeldahl digestion) is a very common method for the 
quantitative determination of nitrogen contained in organic substances developed by 
Johan Kjeldahl in 1883. Since the 16% of the protein is nitrogen, the protein content of 
any forage is mostly determined by multiplying the nitrogen content with a constant of 
6.25 (Mariotti et al., 2008). The Kjeldahl protocol includes the steps digestion, 
distillation, and titration which require sophisticated equipment (Sáez-Plaza et al., 2013). 
It appears to be at least as a laborious protocol as the ones for other macro or 
microelements. However, the advantage of the nitrogen (or protein content) is that it is a 
very common forage quality data. Therefore, the PLSR based equations for predicting the 
RFV were constructed as N% based. The equations and their prediction accuracy related 
statistics are given in Table 4. 
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Figure 6. The variable importance of the projection (VIPs) from partial least squares 
regression (PLSR) analyses for each explanatory variable of relative feed value (RFV) at 95% 

confidence interval 
 
 

 

Figure 7. Standardized/beta coefficients from partial least squares regression (PLSR) model at 
95% confidence interval 

 
 
Table 4. New PLSR based equations for predicting the RFV from forage nitrogen content 
along with the data range and the prediction accuracy statistics 

Equations n Range Std. dev. R2 RMSEP (Eq.1)  RFV=57.11+20.52 N% 5 
RFV: 75.12 - 98.58 

N%: 0.88 - 1.84 
2.80 0.92 2.17 

(Eq.2)  RFV=65.20+15.07 N% 55 
RFV: 65.44 - 127.26 

N%: 0.58 - 2.61 
11.50 0.35 11.29 

(Eq.3)  RFV=54.25+23.95 N% 106 
RFV: 65.04 - 123.84 

N%: 0.52 - 2.43 
5.94 0.81 5.88 
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The empirical model Eq. 1 was constructed with the data produced by averaging the 
165 data comprising 11 grass species, 5 phenological stages and 3 repetitions. Equation 
2 is a model constructed from the average data of 11 species and 5 phenological stages 
whereas Equation 3 is based on an outlier or noisy data filtering of 165 samples 
empirically. As it seen in Table 4 despite data filtering, Equation 3 has the largest and 
best representing data range to the entire sample. Equation 1 has the higher coefficient of 
determination (R2=0.928) with the lowest RMSEP value (2.17) that means the higher 
prediction accuracy. In fact, it includes the whole information about investigated species 
and plant growth stages. However, it reflects mainly the periodical differentiations of 
RFV. Multivariate modelling is highly sensitive to the existence of outliers within a 
dataset. Therefore, the prediction performance statistics of R2 and RMSEP for Equation 
3 were increased with data preprocessing while they were quite low for the raw data in 
Equation 2. If the RMSEP value of Equation 2 was within the acceptable range, the lower 
R2 value may be ignored for a multivariate model. Nevertheless, it was the highest that 
means the predicted value can be out of range. 

The estimation verification of the new equations was carried out by external validation 
test based on the data from literature. Table 5 shows the predicted RFVs for each equation 
with the open access literature notifications. 

 
Table 5. The estimation verification of the new prediction equations by external validation test 

Reference Hay type Ref N%+ Ref RFV Predicted RFV 

Lacefield et al., 2012 

Cool season grasses 

Veg/boot 
1.92-2.56 

101-122 
96.5-109,61 
94.1-103.72 

100.2-115.53 

Boot/head 
1.28-1.92 

84-101 
83.3-96.51 
84.4-94.12 
84.9-100.23 

Warm season grasses 

Pre-boot 
1.6-2.24 

90-104 
89.9-103.11 
89.3-98.92 
92.5-107.93 

Mature/head 
0.96-1.6 

62-90 
76.8-89.91 
79.6-89.32 
77.2-92.5 

Hackmann et al., 2008 

Cool season grasses 1.96 90 
97.31 
94.72 

101.13 

Warm season grasses 2.88 109 
116.21 
108.62 
123.23 

Lewis et al., 2006 Tripsacum dactyloides 2.92 100.0 
117.01 
109.22 
124.13 

Albayrak et al., 2011 
Agropyron intermedium 

Host. Beauv. 

1.62 
(two years 

average value) 
89.2 

90.31 
89.62 
93.03 

DairyOne, 2019 
Grass hay 

(data from the years of 
2000-2018) 

1.74 
(average of 94301 

samples) 

89.4 
(average of 92571 

samples) 

92.81 
91.42 
95.93 

+It was calculated by dividing the protein content from the open access literature to 6.25 
1Predicted RFV by Equation 1 
2Predicted RFV by Equation 2 
3Predicted RFV by Equation 3 
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It was not expected to estimate the exact experimental results with the empirical 
equations. Nevertheless, it is clear that the predictions were quite close to the actual data. 
However, the Fisher’s F test, for the 13 samples provided in Table 5, manifested that the 
actual and the predicted RFVs were not different at the significance level of 5% since 
having the p values for Equations 1, 2 and 3 were 0.96, 0.13 and 0.58 respectively 
(P>0.05). Actually, RFV index classified the forages as grade 1 (>140), grade 2 (124-
140), grade 3 (101-123), grade 4 (83-100), and grade 5 or supreme, good and premium 
(83) (Rohweder et al., 1978) according to the limit range where the calculated RFV 
value is to be included. Therefore, even if the predictions from the new equations were 
not exactly overlapped with the actual ones, they were within the same grading class. 
Rohweder et al. (1978) reported another definition and physical descriptions for grass 
grading. According to this specification, the best pure grass hays appeared to have a grade 
not higher than grade 2. That is why, the grade as “prime” for grasses is with the range of 
the second grading step of legumes. Different grazing animals have different feed needs. 
Dairy cattle, cows in late-term pregnancy, heavily lactating beef cattle, pregnant heifers, 
and cattle in poor condition need hay of higher RFV (Nelson, 2010) and protein content. 
Thus, the knowledge on the variation of RFV of native pastures depending on the 
phenological stages and its relationships between the mineral compositions will give 
opportunities to the farmers to manage the harvest or grazing. Even, adjusting the stocking 
rate that is vital for the sustainability of native pastures might be possible with the help 
of new RFV equations provided here. 

Conclusion 

Relative feed value (RFV) is an evaluation criteria not only for marketing but also to 
express the forage quality. It ranks the forages based on energy. However, two forages 
with the same RFV do not always perform the same because the RFV index does not 
reveal any information on protein content. Whereas, the forage evaluation should include 
a complete information of nutrient composition including digestibility and crude protein 
(CP) because the energy requirement of livestock fed on low-quality native pastures 
increases and energy supplementation to diet is needed (Martin and Hibberd, 1990). Since 
the new PLSR models developed in the current study based on forage nitrogen content, 
their predictions may give more explanation about quality and protein content also. 
Moreover, because of the reflection of the multivariate relation between the other 
minerals, the PLSR based equations are more valuable and informative. However, it 
should not be ignored that the natural pasture composition contains many species 
including legumes. Therefore, the accuracy and so the effectiveness of such equations 
should also be supported by the future animal experiments that contain different plant 
families. That knowledge will improve the reliability and accuracy of the new equations 
in preparing rations for different animal requirements. 
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Abstract. This study analyzed saline-alkali paddy sois of different reclamation durations in the western 
Jilin Province of China to identify the distribution and variation of humus components so as to provide a 
scientific basis for rationally utilizing land resources. Test samples were collected from the former 
Guoerluosi irrigation area in western Jilin. Paddies with five different farming durations (1, 10, 20, 30 and 
55 years) under which single-cropping rice was planted from May to October every year and where all 
other conditions were common, were selected as the test plots. The results showed that: (1) The ratio of 
Soil Humus content to organic carbon in paddy field with different cultivation years showed humin > 
humus carbon > humic acid > fulvic acid, and the content of Humus and its components decreased 
gradually with the deepening of soil layer; (2) Soil humus components were closely correlated with the 
content of organic carbon in soil as the regeneration and activation of soil humus had a direct bearing on 
the variations of the organic carbon pool in soil; (3) The HA/FA and PQ values of saline-alkali paddy soil 
were positively correlated with farming duration, with the biggest increase in the 20–30 cm soil layer. 
Keywords: cultivation, carbon variation, vertical distribution, saline-alkaline rice fields, humus 
composition 

Introduction 

[Study significance] A large amount of CO2 has accumulated in the Earth's 
atmosphere since the 19th century due to the conversion of natural forests and 
grasslands to farmland (Jonczak, 2014). Therefore, the ebb and flow of carbon in 
farmland soils will exert direct influences on the atmospheric CO2 level (Shao et al., 
2018). The former Guoerluosi (Qianguo) irrigation area, western Jilin Province, China, 
is one of the four largest irrigation areas in Northeast China and also one of the world's 
three largest areas of saline-alkali soil; therefore, the region is of importance for global 
carbon cycle studies (Tang et al., 2011). Included among recent efforts to improve land 
salinization in this area are the artificial enclosures of degraded grasslands and some dry 
land or the conversion of these areas to paddy fields. Changing carbon fixation capacity, 
soil fertility and CO2 emissions of paddy soils is evident with changing land use (Ding 
et al., 2013; Zhang et al., 2015). Therefore, it is of great significance to study the factors 
driving the variations and regeneration patterns of humus components in saline-alkali 
soils under different farming durations so as to derive knowledge for improving the soil 
quality, fertility and carbon sequestration capacity of saline-alkali paddy fields. 
[Previous study progress] Soil humus is one of the main components of soil organic 
matter and is a key indicator of soil fertility and quality as its amount and composition 
can reflect certain soil-forming conditions and processes (Six et al., 2004; Dong et al., 
2017; Wiao et al., 2020). As an organic substance formed by the decomposition of dead 
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organisms by soil microorganisms, humus is mostly derived from plant litter and 
decaying roots. Humus is not a single organic compound, but rather a mixture of 
organic compounds with commonalities and differences in composition, structure and 
properties, including humus carbon (HE), humic acid (HA), fulvic acid (FA) and humin 
(HM) (Brady, 1974; Bunting, 1987; Brady et al., 2000; Zheng, 2019). Much research, 
both in China and globally, has been performed in recent years on the factors 
influencing the composition of soil humus (Andreetta et al., 2011; Vos et al., 2015; 
Dong and Dou, 2017; Daryanti et al., 2019). It has generally been shown that humus is a 
relatively stable soil component and is notably affected by the geographical 
environment and biological factors (Zhu et al., 2018). [Study approach] It is known that 
farming practices and duration both affect the content and distribution of soil humus to 
some extent (Wang et al., 2015; Li et al., 2016). Therefore, the present study has 
analyzed the variation in the vertical distribution of humus over time in saline-alkali 
paddy soil. [Proposed solutions to key problems] The present study has analyzed the 
variations in the composition of humus for different paddy soil layers as a result of 
farming duration to provide a scientific basis for the rational use of land resources so as 
to improve both rice yield and soil carbon sequestration capacity. Saline-alkali soil is an 
important reserve land resource. Through this study, the response of Humus 
composition to reclamation years and soil layers can be determined, which is the focus 
of this study, the results can provide reference for the rational development and 
utilization of saline-alkali land. 

Materials and Methods 

Study Area 

The study area is located in the irrigation region of the former Guoerluosi Mongolian 
Autonomous County of Jilin Province (E123°35' - 125°18', N44°17' - 45°28'). This 
region has a temperate continental monsoon climate with four distinct seasons. Highest 
and lowest temperatures are approximately 36 ℃ and −36 ℃, respectively. The region is 
dry and windy in spring, hot and humid in summer, cool in autumn with a large diurnal 
temperature difference and cold in winter with little snowfall and a long freezing period. 
The annual averages of sunny days, hours of sunshine and temperature are 110 d, 2,879 
h and 4.5 ℃, respectively. The first day of frost generally falls in the middle of or late 
September, whereas the final frost date generally falls between late April and early 
May; hence, the frost-free duration is 130 – 140 d. The average annual precipitation is 
400 – 500 mm. The annual average evaporation is > 1,200 mm, with evaporation from 
April to May accounting for 531.2 mm or 45.2% of the annual total (Tang et al., 2012; 
Liu et al., 2018). Single-cropping rice seedlings are generally planted in mid-May, and 
the mature plants are harvested in October. The rice growth stage is mainly supported 
by application of urea and potassium and phosphate fertilizers. Figure 1 shows the 
monthly average precipitation and temperature in the study area in 2015. 

Test Design 

Investigation of maps of soil types and land use types combined with the paddy field 
farming history and field investigation was performed to facilitate the selection of 
representative sampling plots and universal test results (Fig. 2). Sampling was 
conducted on plots with paddy soils farmed over five different durations (1, 10, 20, 30 
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and 55 years) under basically the same natural conditions. Three 20 m × 20 m sampling 
areas were established in each sampling plot before rice planting in 2015 (early May). 
Each sampling area contained five S-shaped sampling points where soils were collected 
from five levels (0 cm -10 cm, 10 cm -20 cm, 20 cm -30 cm, 30 cm -40 cm and 40 cm -
50 cm), soil samples were taken by a drill with a diameter of 10 cm. The collected soil 
samples were then processed to remove grit and plant residues, air-dried and then 
sequentially filtered with 0.2 mm and 0.125 mm sieves before being analyzed for soil 
organic carbon and humus components (Fig. 3). The basic information of the plots is 
shown in Table 1. 
 

Figure 1. Mean precipitati on and temperature in the study area in 2015 
 

 

Figure 2. The location of the study area and the distribution of the sampling points 
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Figure 3. Test Design and procedure 
 
 

Table 1. Overview of study area 

 
 
Test Indicators and Methods 

Soil organic carbon and humus components were determined using the potassium 
dichromate volumetry-thermodilution method (Cha, 2017). The humus components 
were extracted by weighing 2.5 gair-dried soil sample in 100 mL centrifuge tube, 
adding 0.1 mol·L-1 Na4P2O7·10H2O, 0.1 mol·L-1 NaOH mixture 50 mL, shaking 
145 r·min-1 at 70 ℃ in a constant temperature water bath oscillator, extracting for 1 h, 
then centrifuging and filtering, the humic acid (HE) can be extracted in a 50 mL 
volumetric flask. The residue in the centrifuge tube is called crude humin (HM). The 
Alkali extract was extracted with 30 mL in 50 mL flask, and 1 mol·L-1 H2SO4 was 
added to adjust the pH value to 1.0-1.5. Place the solution in a 60-70 ℃ water bath for 
1-2 h, then leave overnight. On the next day, the solution was quantitatively filtered 

Sample 

number 

Cultivation 

history 

Geographical 

location 

Soil 

type 
pH 

Salt 

content 

Electrical 

conductivity 

Water 

content 

Bulk 

density 
Porosity 

/% /ms·cm−1 /% /g·cm−3 /% 

R1 1 a 
E124°42′27″, 
N45°00′05″ 

rice 
soil 

8.7 2.088 0.306 0.54 1.01 0.63 

R10 10 a 
E124°41′40″, 
N45°00′23″ 

rice 
soil 

8.53 1.923 0.218 0.48 0.87 0.67 

R20 20 a 
E124°40′41″, 
N45°00′25″ 

rice 
soil 

8.56 1.961 0.211 0.50 0.83 0.70 

R30 30 a 
E124°42′45″, 
N45°01′24″ 

rice 
soil 

8.12 1.784 0.132 0.47 0.90 0.66 

R55 55 a 
E124°43′03″, 
N45°00′19″ 

rice 
soil 

8.07 1.736 0.104 0.48 0.92 0.64 
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with medium speed filter paper, and the precipitate was HA, and the solution was FA 
(Zhang et al., 2004). 

Data Processing 

Statistical analysis was performed using SPSS 19.0 statistical software (SPSS Inc., 
Chicago, IL, USA). Statistical significance of soil organic carbon and humus 
components in different reclamation years and in different soil layers was determined 
by one-way analysis of variance (ANOVA) and Fisher's least significant difference 
(LSD) test. Multivariate analysis of variance was used to examine the differences of soil 
carbon and Statistical significance of soil organic carbon and humus in different 
reclamation years and soil layers. Pearson correlation analysis was used to estimate the 
relationship between organic carbon and humus components. 

Results 

Interannual Variation in Saline-alkali Paddy Soil Humus Components 

Variations in Humus Carbon Content 

The content of extractable humus carbon (HE) in reclaimed soil increased 
significantly, and showed an increasing trend with the extension of reclamation years. 
He in reclaimed soil was about 5.64 - 8.22 g·kg-1 in 55 years, which was about 10 times 
higher than that in unreclaimed soil. He was significantly higher in 0-10cm than in 
40-50 cm (P < 0.05) in different soil layers, and there was no significant difference in 
HE between 30-40cm and 40-50cm soil layers (Fig. 4). 

Variations in Humic Acid Content 

Humic acid (HA) is a brown to deep-brown extractable humus that is soluble in 
dilute alkali soil but dilute acid soil. HA has colloidal properties and is one of the 
relatively active parts of soil humus, playing an important role in soil structure 
composition (Gong et al., 2009; Chu et al., 2013). As illustrated by Figure 5, the HA 
content of each soil layer generally increased with increasing farming duration, with the 
lowest and highest HA contents were found in R1 and R55 soils, respectively. The HA 
content of the R0 0 cm–10 cm soil layer was significantly higher than those of the R1, 
R10, R20 and R30 soils by 48.25%, 29.01%, 17.35% and 11.19%, respectively 
(P < 0.05). For the 10 cm–20 cm soil layer, no significant difference in HA content 
were evident between R1, R10 and R20 soils as well as between R30 and R55 soils; 
however R55 HA content increased by 50% compared with R1. For the 20 cm–30 cm 
soil layer, no significant difference in HA content was evident between R10, R20 and 
R30 soils; however, R55 HA content was significantly higher than those of other 
farming durations, and increased by 68.87% compared with R1. For the 30 cm–40 cm 
soil layer, R20 soil HA content was significantly higher than those of R1, R10 and R30 
soils; the R55 soil HA content was in particular higher than those of other farming 
years. For the 40 cm–50 cm soil layer, no significant differences in HA content were 
evident between R1 and R10 as well as between R20 and R30; however, that of R55 
was significantly higher than those of other farming durations. A decrease in HA 
content with increasing depth was evident for soils of all farming durations. The soil 
HA contents between the 0 cm–10 cm and 40 cm–50 cm soil layers were significantly 
different (P < 0.05). The 0 cm–10 cm soil HA contents for R1, R10, R20, R30 and R55 
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soils were higher than their respective 40 cm–50 cm layers by 1.07 g·kg−1, 1.64 g·kg−1, 
1.4 g·kg−1, 1.4 g·kg−1 and 1.23 g·kg−1, respectively. These results indicates a buildup of 
soil HA with increasing farming duration. In addition, HA content decreased with 
increasing depth, suggesting that the surface layer gains the most HA with increasing 
farming duration. 
 

  

Figure 4. Vertical distribution of humus 
carbon in saline-alkaline soil over different 

farming durations 

Figure 5. Vertical distribution of humic acid in 
saline-alkaline soil over different farming 

durations 
Note: lowercase letters indicate a significant difference at P< 0.05 

 
 
Variations in Fulvic Acid Content 

Fulvic acid (FA) is low in molecular weight, with a brown or black surface appearance 
and is soluble in acid, alkali and ethanol solutions and water. FA is beneficial to soils in 
that it assists in the adsorption of heavy metals and in releasing nutrients (Sądej and 
Żołnowski, 2015; Borowska et al., 2015). Figure 6 illustrates that the 0 cm-10 cm R1 soil 
layer FA content was dramatically higher than those of other farming durations (P < 0.05) 
and those of R10, R20, R30 and R55 soils remained relatively stable across all farming 
durations at 3.15 g·kg−1, 3.23 g·kg−1, 3.29 g·kg−1 and 3.39 g·kg−1, respectively. For the 10 
cm–20 cm soil layer, no significant difference in FA was evident between Rl and R30 as 
well as between R30 and R55, whereas that of R30 (3.05 g kg−1) was significantly lower 
than those of other farming durations. For the 20 cm–30 cm soil layer, no significant 
differences were evident between R1 and R10 as well as between R20 and R55, whereas 
that of R20 (1.98 g·kg−1) was notably lower than those of other farming durations. For the 
30 cm–50 cm soil layer, no significant difference was evident between R1 and R10 as 
well as between R20 and R30. No consistent pattern was evident in soil FA content for 
different farming durations and between soil layers. The soil FA content appeared to 
accumulate with increasing farming duration in the 0 cm–10 cm and 40 cm–50 cm soil 
layers, whereas it decreased before increasing in the 10 cm–40 cm soil layer, and was 
relatively low in R20 and R30 soils. 

Variations of Humin Content 

Humin (HM) is a humus component which combines most closely with soil 
minerals, and cannot be extracted by any acid, alkali or organic solvents. Therefore, as 
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an inert humus component, it is the most resistant to decomposition and can exist in soil 
for over a thousand years (Newcomb, 2015). In recent years, studies have shown that 
HM is composed of carbonized microbial protoplasmic and plant residues, and that due 
to its ubiquitous presence in the natural environment, can be used as an electron 
mediator to promote bioremediation of organic pollutants. As a result, there is a 
growing interest in this substance (Kramer et al., 2004). Figure 7 illustrates that the 
0 cm–10 cm HM soil content tended to increase first and then decrease with increasing 
farming duration. In addition, R1 and R30 soils had the lowest and highest HM contents 
at 6.89 g·kg−1 and 8.06 g·kg−1, respectively, with no significant difference evident 
between R1 and R10 as well as between R30 and R55. HM in the 10 cm–20 cm soil 
layer appeared to increase with increasing farming duration. However, HM contents for 
this layer in the R1, R10 and R20 soils remained stable at between 6.08 g·kg−1–
6.64 g·kg−1 and between 7.73 g·kg−1–7.81 g·kg−1 for R30 and R55 soils. The HM 
content of the 20 cm–50 cm soil layer increased, then decreased and then increased 
again with increasing farming duration, and was highest in the R10 and R55 soils with 
no significant difference between R1 and R20 soils. R55 presented the highest HM 
content, with values of 6.57 g·kg−1, 6.82 g·kg−1 and 5.64 g·kg−1 for the 20 cm–30 cm, 
30 cm–40 cm and 40 –50 cm soil layers, respectively. All soils showed decreasing HM 
content with increasing soil depth, indicating that that uppermost soil layer is subject to 
heavier HM accumulation. 
 

  

Figure 6. Vertical distribution of fulvic acid in 
saline-alkaline soil over different farming 

durations 

Figure 7. Vertical distribution of humin in 
saline-alkaline soil over different farming 

durations 
Note: lowercase letters indicate a significant difference at P< 0.05 

 
 
Analysis of the Variations in Humus Components in Saline-alkali Paddy Soil 

Variations in the composition and content of soil humus reflect the mechanisms 
behind soil formation and evolution (Liu et al., 2019). Table 2 shows the proportions of 
humic components (HE, HA, FA and HM) in organic carbon. It can be seen that HM 
accounted for the largest proportion at > 50% of soil organic carbon. Generally, the 
proportions of soil components in soil organic carbon was in the order of 
HM > HE > HA > FA, indicating that stable HM made up the majority of soil humus. In 
the 0 cm–10 cm, 10 cm–20 cm, 20 cm–30 cm and 30 cm–50 cm soil layers, the value of 
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[(HM)/(SOC)]% and [(HE)/(SOC)]% decreased and increased with increasing farming 
duration, respectively. Table 3 shows a consistently significant positive correlation 
between soil HE, HA, FA, HM and SOC across all farming durations. This indicates a 
close internal correlation between soil humus components. A strong correlation between 
soil humus components and soil organic carbon was also evident, indicating that the 
stability of soil organic carbon was related to humus content. 
 

Table 2. Soil humus composition as a proportion of organic carbon 

Sample 

number 

Proportion of 

organic carbon 

in soil 

Soil layer/(cm) 

0–10 10–20 20–30 30–40 40–50 

R1 

[(HM)/(SOC)]% 53.91 51.61 54.31 50.67 55.43 

[(HE)/(SOC)]% 46.09 48.39 45.69 49.33 44.57 

[(HA)/(SOC)]% 24.65 25.30 24.36 26.16 25.40 

[(FA)/(SOC)]% 21.44 23.09 21.33 23.17 19.17 

R10 

[(HM)/(SOC)]% 51.19 52.21 55.31 54.02 59.74 

[(HE)/(SOC)]% 48.81 47.79 44.69 45.98 40.26 

[(HA)/(SOC)]% 26.10 25.29 25.63 24.73 23.10 

[(FA)/(SOC)]% 22.71 22.50 19.07 21.25 17.15 

R20 

[(HM)/(SOC)]% 55.47 55.94 53.52 50.05 51.18 

[(HE)/(SOC)]% 44.53 44.06 46.48 49.95 48.82 

[(HA)/(SOC)]% 24.58 25.44 27.89 31.43 28.96 

[(FA)/(SOC)]% 19.95 18.62 18.59 18.52 19.87 

R30 

[(HM)/(SOC)]% 51.83 52.34 57.25 51.99 52.63 

[(HE)/(SOC)]% 48.17 47.66 42.75 48.01 47.37 

[(HA)/(SOC)]% 27.01 27.01 29.02 30.52 28.90 

[(FA)/(SOC)]% 21.16 20.65 13.73 17.50 18.47 

R55 

[(HM)/(SOC)]% 50.49 50.32 50.69 52.62 50.86 

[(HE)/(SOC)]% 49.51 49.68 49.31 47.38 49.14 

[(HA)/(SOC)]% 28.69 28.80 33.49 31.79 31.02 

[(FA)/(SOC)]% 20.82 20.88 15.82 15.59 18.12 

Abbreviations: humus carbon (HE), Humic acid (HA), fulvic acid (FA), Humin (HM), soil organic 
carbon (SOC) 

 
 
Variations in Humus Composition of Saline-alkali Paddy Soil 

The degree of soil humification and quality of humus are generally measured by values 
of HA/FA and PQ (the ratio of HA to HE), with higher values indicating better soil 
quality (Shu et al., 2015). The results of Figure 8 and Figure 9 showed that the HA/FA 
and PQ values of soil humus in different tillage years had the same trend, which was R55 
> R30 > R20 > R10 > R1. However, the changes of HA/FA and PQ of humus in different 
soil layers were not completely consistent, and the changes of HA/FA and PQ of R1 and 
R10 showed a “W”-type trend with the depth of soil layers, the values of HA/FA and PQ 
of R20, R30 and R55 in the soil layers of 10-20 cm and 30-40 cm, respectively showed a 
trend of increasing first and then decreasing with the depth of soil layers, and the peak 
value was 20-30 cm. The HA/FA and PQ of Soil in different tillage years were higher 
than 1 and 0.5, respectively, because the humus in soil was renewed and activated every 
year. The values of HA/FA and PQ in 20-30 cm soil layer increased the most, and the 
values of HA/FA and PQ in R55 were 85.96% and 28.3% higher than those in R1 soil 
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layer, which indicated that the tillage years could significantly increase the values of 
HA/FA and PQ, the proportion of humic acid increased gradually, and the soil humus 
quality improved gradually. In addition, we also know that soil layer and reclamation 
years are the two factors that control the contents of HE, HA and FA (Table 4). 
 

Table 3. Analysis of the correlation between soil humus composition and soil organic carbon 

Sample number Index SOC HM HE HA FA 

R1 

SOC 1 .979** .977** .988** .959* 
HM  1 .913* .939* .882* 
HE   1 .995** .996** 
HA    1 .982** 
FA     1 

R10 

SOC 1 .990** .997** .999** .978** 
HM  1 .976** .996** .940* 
HE   1 .991** .992** 
HA    1 .966** 
FA     1 

R20 

SOC 1 .996** .990** .963** .993** 
HM  1 .974** .938* .984** 
HE   1 .987** .990** 
HA    1 .955* 
FA     1 

R30 

SOC 1 .988** .989** .994** .971** 
HM  1 .955* .977** .925* 
HE   1 .989** .994** 
HA    1 .966** 
FA     1 

R55 

SOC 1 .994** .995** .910* .936* 
HM  1 .978** .916* .905* 

HE   1 .894* .954* 
HA    1 0.719 
FA     1 

Note: Correlation coefficients labeled by * and ** indicate significant difference at P = 0.05 and 
P = 0.01, respectively. Abbreviations: humus carbon (HE), Humic acid (HA), fulvic acid (FA), Humin 
(HM), soil organic carbon (SOC) 

 
 

  

Figure 8. Trends in the relative proportions of 
saline-alkaline soil (CHA/CFA) over different 

farming durations 

Figure 9. Trends in PQ values of saline-
alkaline soil over different farming durations 

Note: The error line in figure shows the positive and negative deviation of the value 
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Table 4. Multifactor Variance Analysis of Soil HE, HA and FA in Saline-alkali Rice Paddy 
Soil during Soil Layer, Reclamation years 

Index Source of variation 
Sum of 

squares 

Degree of 

freedom 
Mean square F P 

HE 

Soil layer 608.312 4 152.078 1221.48 * 

Reclamation years 1755.474 4 438.868 3524.965 * 

Soil layer * Reclamation years 62.121 16 3.883 31.184 * 

HA 

Soil layer 157.722 4 39.431 1163.278 * 

Reclamation years 448.556 4 112.139 3308.319 * 

Soil layer * Reclamation years 14.206 16 0.888 26.194 * 

FA 

Soil layer 126.172 4 31.543 1298.59 * 

Reclamation years 318.766 4 79.692 3280.811 * 

Soil layer * Reclamation years 12.144 16 0.759 31.246 * 

Note: P<0.001 

 
 
Discussion 

Humus generally undergoes synthesis and decomposition during its formation. Soil 
humus composition is partly derived from the decomposition of plant residues and 
partly from the synthesis of microorganisms (Cu, 2015); therefore, its content is related 
to the process of soil mineralization and humification. In the present study, the 
proportions of soil humus components (HA, FA and HM) gradually increased with 
increasing farming duration, consistent with the results of Clark et al. (1998), Pimente et 
al. (2005) and Melerol et al. (2006), who showed consistent increases in soil organic 
carbon and humus carbon with increasing soil cultivation time. This can be explained 
by considering that soil microorganisms directly participate in the degradation and 
humification of organic residues; farming provides more suitable temperature and 
humidity conditions for microorganisms, thereby increasing microbial activity in soil. In 
this way, the decomposition of soil organic carbon is increased along with soil 
mineralization and humification, resulting in a rise in the soil organic carbon and humus 
contents (Yu et al., 2004; Watanabe et al., 2007; Wissing et al., 2013). 

The variances of soil carbon content and humus components across different farming 
durations and soil layers has also resulted in some regular variations in the proportion of 
organic carbon in each component. HM was found to make up the largest proportion in 
soil, accounting for approximately half of organic carbon. In general, the rank 
proportion of each component in soil was HM > HE > HA > FA, with a significant 
correlation between soil humus components and organic carbon evident. This indicates 
that the majority of humus exists as stable HM, and that saline-alkaline paddy soils have 
certain potentials for carbon sequestration. 

The relative variations in soil humus components can also be analyzed by comparing 
the values of specific indicators, namely HA/FA or PQ. The total amount of humus and 
the degree of soil humification increased with increasing soil maturity, with HA/FA 
values of 1.4, 0.5 and 0.2–0.3 for highly mature, moderately mature and relatively 
immature paddy soils, respectively (Liu et al., 2017). In the present study, increasing 
farming duration resulted in an improvement in HA content across all soil layers. 
Moreover, both HA, HA/FA and PQ values increased with increased duration of rice 
farming. This indicates that an increase in the amount of soil HA resulted in an increase 
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in soil humification, thereby also improving soil maturity, humus quality and fertility 
(Liu et al., 2018). The variations in and regeneration of soil humus can not only be used 
to evaluate soil quality and vegetation restoration, but also bears vital significance for 
soil carbon sequestration. Paustian pointed out that the chemical combination of soil 
humus and soil minerals serves as an important mechanism for the stabilization of 
organic carbon and prevention of microbial degradation (Paustian et al., 1992). 
Therefore, further studies on the molecular structure of humus and the mechanism of 
regulation of molecular in-situ polymerization for saline-alkali paddy soils would play 
an important role in limiting soil microbial mineralization and improving soil organic 
carbon sequestration. 

Conclusion 

(1) Variations in soil humus were found across different farming durations and soil 
layers. Soil humic acid content increased significantly with increasing farming duration. 
In general, the soil humus components were found to decrease in value with increasing 
soil depth. Farming maintained soil fulvic acid content at a relatively stable level across 
all farming durations. Humin made up the largest proportion of humus in saline-alkaline 
paddy soil and increased remarkably with increased farming duration, with the largest 
accumulation in the top soil. (2) Soil humus components (humic acid, fulvic acid and 
humin) were significantly correlated with organic carbon content, and the regeneration 
and activation of soil humus exerted direct impacts on the variations of the soil organic 
carbon pool. (3) Farming duration significantly increased the values of HA/FA and PQ 
of saline-alkali paddy soils with the largest increase shown in the 20-30 cm soil layer. 

As a stable carbon component in soil, soil humus carbon increased with the extension 
of cultivation years. The content of soil humus carbon after cultivation was significantly 
higher than that of uncultivated saline-alkali wasteland, the results showed that saline-
alkali soil was improved and reclaimed as a back-up soil of farmland, and it was also 
beneficial to improve the function of soil carbon sink. This suggests that we should 
make better and reasonable use of the reserve land resources, increase production, and 
at the same time, improve the climate change also has a certain role in promoting. 
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Abstract. In order to reveal the interaction effect between Aspergillus niger (A. niger) and Amorpha 
fruticosa (A. frusticosa), to guide the large-scale production and cultivation of A. fruticose in ecological 
restoration, and to promote the greening of rock slope and improve the ecological environment, a study 
on the effect of fermentation broth with different dilutions of A. niger strain XF-1 on soil nutrient 
elements and the growth of A. fruticosa was conducted by pot experiment in a green house. The results 
showed that the contents of chlorophyll a, chlorophyll b and total chlorophyll in the leaves of A. fruticosa 
significantly increased with the 10-2 dilution. A. niger strain XF-1 fermentation broth, and the plant 
height, fresh weight and dry weight of A. fruticosa significantly increased. Whether the condition of 
planting A. fruticosa or not, the contents of available phosphorus, iron, copper, and zinc in soil by 
watering were higher in A. niger strain XF-1 fermentation broth than that of control (no watering A. niger 
strain XF-1 fermentation broth), and the contents of the above-mentioned nutrients by watering with the 
10-2 dilution were the highest in soil in A. niger strain XF-1 fermentation broth, which could significantly 
promote the growth of A. fruticosa. Therefore, A. niger strain XF-1 has a good growth promotion effect 
on A. fruticosa. 
Keywords: Aspergillus niger, nutrient element, growth-promoting, Amorpha fruticosa, weathering 

Introduction 

Aspergillus niger (A. niger) can dissolve the elements in rocks and minerals, 
releasing phosphorus, potassium, calcium, silicon and other elements in a form that is 
easy to be absorbed by plants (Wu, 2018). Meanwhile, it can also secrete oxalic acid, 
tartaric acid and citric acid to promote the growth of plants (Wang et al., 2018). It is a 
good strain used as a biological fertilizer. Zhang Lizhen et al. isolated and screened a 
strain of A. niger from caragana rhizosphere soil from a saline-alkali land, and found 
that this strain could convert insoluble inorganic phosphorus into available phosphorus 
nutrients for plants to absorb through metabolism, and improve the effective utilization 
rate of phosphorus (Zhang et al., 2011). Qian Linzhao found in his study that after 
adding A. niger fermentation broth, the pH value in the soil was significantly reduced, 
and the effective P, exchangeable Ca, Mg and effective Fe, Cu and Zn in the soil were 
effectively released in the acidic environment, resulting in a significant increase in the 
content of nutrient elements in the soil (Qian, 2014). Wang Yanqiu et al. used A. niger 
Ap-2 strain to produce biophosphorus bacterial fertilizer, and found that the content of 
available phosphorus in soil increased by 141.94%. The weight of single leaf, the 
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proportion of superior tobacco and the internal quality of tobacco leaf were all better 
than the control (Wang et al., 1993). Li Song et al. found that secondary metabolites of 
A. niger could promote the growth of potted tomatoes and reduce the incidence of 
tomato root knot nematode disease (Li et al., 2011). Gong Mingbo et al. inoculated A. 
niger in the corn field experiment, and the corn yield increased by about 15% compared 
with the control treatment (Gong et al., 2010). Lu Jing et al. found that the chlorophyll 
content, photosynthetic rate and the accumulation of carbon assimilation products in 
wheat leaves were enhanced when 100 times of A. niger fermentation broth was 
irrigated. It also significantly promoted the nitrate reductive activity of wheat leaves and 
roots (p < 0.05), and the nitrogen metabolism rate, protein content, total phosphorus 
content of plant tissues in wheat seedlings (up to 61%) and biomass accumulation in 
wheat parts above ground all increased significantly (up to 21%). After applying A. 
niger fermentation broth diluted 100 times, the available phosphorus content of the soil 
increased by 122% during the experiment. The decrease of soil total phosphorus was 
greater than that of the corresponding control group (Lü et al., 2015). Relevant studies 
have shown that microorganisms can resist diseases and insect pests, absorb heavy 
metals, dissolve phosphorus and release potassium, therefore, they can be successfully 
used in bioremediation, promotion of crop growth and improvement of crop quality. 

Amorpha fruticosa (A. fruticosa), also called Shrubby falseindige, is a perennial 
deciduous shrub, that has a strong vitality, resistance to drought (Yan et al., 2017), 
resistance to water dipping, resistance to cold, resistance to the sand, resistance to pests, 
resistance to stress, and resistance to pollution (Cui et al., 2016). It is currently an 
important plant in the flood control and highway defence in China, and it is also one of 
the common species of slope greening trees. A. fruticose is a good green fertilizer and 
animal feed, leaves of which are large and rich in nutrition. At the same time, the root 
wart of A. fruticose in the part of root plays an important role in soil improvement. 
When Yang Chuanxing et al. investigated the weathering soil thickness of gangue hill in 
semi-arid areas, they found that the weathering soil thickness of A. fruticosa was the 
thickest in the five years old young trees among A. fruticosa, Robinia pseudoacacia, 
Ulmus pumila and Seabuckthorn. Compared with other tree species, A. fruticose can 
save 50% of the cost in the greening of gangue hill. Planting A. fruticose can accelerate 
the surface weathering of gangue, forming of soil, thus afforestation cost is lower 
(Yang, 2008). 

Plant beneficial rhizospheric microorganisms (PBRMs) are able to colonize the 
rhizosphere and to improve plant growth, development and nutrient use efficiency by 
means of a wide variety of mechanisms like organic matter mineralization, biological 
control against soil-borne pathogens, biological nitrogen fixation, potassium, 
phosphorous and zinc solubilization and root growth promotion (Meena et al., 2017; 
Eriola, 2018). The growth promotion effect of A. niger XF–1 on A. fruticosa was 
studied in a green house. We tested the effect of different concentrations of 
fermentation broth of A. niger XF-1 on the growth of A. fruticosa, the number of soil 
microorganisms, available phosphorus, iron, copper, zinc, manganese, exchangeable 
calcium and magnesium in soil. The physiological and biochemical characteristics of A. 
fruticosa seedling were analysed under different concentrations of A. niger, and the 
interaction effect between the A. niger and the A. fruticose was revealed, so as to 
provide theoretical and technical support for guiding the large-scale production and 
cultivation in the ecological restoration of rock side slope. 
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Materials and methods 

The tested seeds of A. fruticosa 

Seeds of A. fruticosa were collected from Taihang mountain in Henan province. It 
was preserved in the Key Laboratory of Soil and Water Conservation and Ecological 
Restoration in Nanjing Forestry University. 

 
Collection of soil and rock samples 

Soil samples were taken from the closed mine in Jindingshan (E 120°30’, N31°17’) 
in Suzhou, Jiangsu. The content of soil organic matter (OM) was 13.67 g·kg-1, total 
nitrogen (N) 0.92 g·kg-1, pH 7.10, available P was 9.01 mg·kg-1, exchangeable calcium 
was 9.70 cmol·kg-1, exchangeable magnesium was 3.16 cmol·kg-1, effectiveness of iron, 
manganese, copper, zinc was 2.66, 5.24, 0.50, 1.23 mg·kg-1 respectively in tested soil. 
Samples were sterilized at 121 ℃ for 20 min. 

The rocks used in this study are porphyritic granites. The collected samples were 
placed in a sterile kraft bag and stored in a refrigerator at -20 ℃. Fresh rock samples 
used in the experiment were washed with distilled water, dried naturally, ground, 
screened with 100 mesh, particle size < 90 μm, and sterilized under high pressure at 
121 ℃ for 20 min. 

 
Testing strain 

A. niger strain XF-1 was activated, inoculated and fermented in PD culture solution 
for 72 h for later use. 

 
Medium and preparation 

PD medium (liquid): 200 g of diced potatoes were boiled for 20 min, filtered by 8 
layers of gauze to remove residue. 20 g of glucose was added in it, and distilled water 
was added to 1000 mL. Then, the potatoes were thoroughly stirred and sterilized at 
115 ℃ for 20 min (Wu, 2018). 

 
Seed treatment and seedling cultivation of A. fruticosa 

Seeds of A. fruticosa were soaked in sodium hypochlorite solution (2.5% of active 
chlorine) for 10 min to eliminate the bacteria on the surface of the seed, washed several 
times with sterile water, put on the sterilized tray containing quartz sand (hand knead as 
dough, openhanded as powder), covered with a sterile gauze, then put in the darkness of 
the incubator at 28 ℃. Right amount water was sprayed to maintain appropriate 
humidity every day, sprouting seed germinated after 4 d, the consistent germinated 
seeds were selected and transferred to the pot for culture. 

The pots (12.5 cm in diameter and 14.5 cm in height) used in the experiment were 
filled with 1.0 kg of soil and 100 g of granite powder each, and were divided into two 
groups: one group was planted with A. fruticosa, and the other group was not planted 
with A. fruticosa. Three plants were planted in each pot. When the plants emerged for 
10 days, A. niger fermentation broth was diluted by 50, 100 and 200 times respectively. 
and poured into the two groups of the test bowls. A total of 5 mL irrigation was applied 
at one time, and tap water irrigation was applied for control treatment. The experimental 
treatments and their codes were shown in Table 1. The treatments of planting A. 
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fruticosa were CK (T0-A), T50-A, T100-A, T200-A. The treatments without A. fruticosa 
were CK (T0), T50, T100 and T200, as shown in Table 1. Each treatment was repeated 10 
times. The experiment began on May 20, 2017, with a growth cycle of three months, 
and 50 mL water was sprayed on every other day to maintain appropriate humidity. 

 
Table 1. The different treatments and corresponding codes 

Treatment Without A. fruticosa group Planting A. fruticosa group 

CK CK (T0) CK (T0-A) 

50 times nutrient solution of A. niger XF-1 T50 T50-A 

100 times nutrient solution of A. niger XF-1 T100 T100-A 

200 times nutrient solution of A. niger XF-1 T200 T200-A 

 
 

Determination of microbial quantity in rhizosphere 

A. fruticosa was removed from soil, 0.2 g plant roots were carefully cut and placed in 
100 mL sterile water, diluted and spread on PDA solid medium, cultured at 28 ℃ for 72 
h and counted. A. niger PDA plates were cultivated, 1 g of the soil of various treatments 
were taken and put in a 100 mL conical flask, 50 mL sterile water was added in it, it 
was diluted it into four gradient, namely 10-1, 10-2, 10-3, and 10-4 in super clean 
workbench after 3 h, and then last two gradient coating to its corresponding medium 
were selected and put through the shaking table at 28 ℃. After 4 d, the number of tested 
fungi in the soil was observed and recorded. 

 
Determination of soil pH value, effective P, Cu, Zn, Fe, Mn, exchangeable Ca, and Mg 

PH value of soil was determined by PHS-3CT. The available phosphorus in soil was 
determined by sodium bicarbonate extraction–molybdenum antimony anticolorimetric 
method (Olsen method). The contents of exchangeable Ca and Mg in soil were 
determined by 1 mol·L-1 ammonium acetate exchangeable atomic absorption 
spectrometry (Bao, 1981). The soil availability of Cu, Zn, Fe and Mn were determined 
by DTPA solution extraction-atomic absorption spectrometry (Zhang, 2004). 

 
Determination of chlorophyll content 

Chlorophyll content of A. fruticosa was extracted by ethanol and 80% acetone 
mixture (V ethanol: V80% acetone) = 1:1), and determined by colorimetry at wavelengths of 
646 nm and 663 nm, respectively, to calculate chlorophyll content of w(Chla), w(Chlb) 
and w(Chl) (Wang et al., 2017). 

 
Determination of plant height and biomass of A. fruticosa 

Put the whole pot of A. fruticosa under the tap pipe, rinse the soil with slender water. 
Take out the whole plant, clean it with deionized water several times, and then dry the 
water on the root surface with absorbent paper. The A. fruticosa roots were cut off, the 
height, root length and fresh weight were measured respectively. The whole plant of A. 
fruticosa were washed with deionized water, and then water was removed at 105 ℃, and 
dried at 85 ℃ to a constant mass. The dry and fresh mass of each part of A. fruticosa 
were recorded, and the root-crown ratio was calculated. 
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Scanning electron microscope observation of root complex of A. fruticosa 

The root part of A. fruticosa was cut off with scissors, put in a 1.5 mL centrifuge 
tube, and placed in an oven at 40 ℃. After drying, the samples were fixed on the copper 
table of scanning electron microscope, and sprayed metal. The root of the plant was 
analyzed by Hitanchi-S3400N scanning electron microscope and energy spectrometer. 

 
Statistical analysis method of data 

Excel 2010 was used to process the data, and SPSS 20.0 was used for variance 
analysis. 

Results 

Influence of A. niger strain XF-1 on the number of microorganisms tested in soil 

rhizosphere 

The determination results from Figure 1 showed that all the quantity of rhizosphere 
microorganisms of A. fruticosa inoculated with A. niger were above 103 cfu·g-1, which 
was significantly higher than that of control. With the decrease of irrigation 
concentration, the number of rhizosphere microorganisms decreased gradually. The 
number of microorganisms of A. niger XF-1 treated with T50-A was maximum, reached 
3.16×104, which was significantly higher than other treatments. It indicated that A. niger 
XF-1 could colonize the rhizosphere of A. fruticosa, and then interacted with plants to 
form a soil-microbe-plant system with soil. 

 

 

Figure 1. Fungi numbers in A. fruticosa rhizosphere in different treatments 
 
 

Effects of A. niger XF-1 on soil pH value 

As shown in Table 2, the pH values of the treated group after irrigation of A. niger 
XF-1 fermentation broth were significantly lower than that of the control group and 
were slightly acidic, indicating that irrigation of A. niger XF-1 nutrient solution had a 
significant impact on the soil pH value. The pH value of soil of planting A. fruticosa 
treated with the same A. niger concentration was lower than that without planting A. 
fruticosa, but the difference was not significant, indicating that the growth of A. niger 
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strain XF-1 secreted organic acids to reduce the soil pH value. Compared with the 
control without A. fruticosa, the soil pH values of treatments of the control group of 
planting A. fruticosa, diluted 50 times, diluted 100 times and diluted 200 times 
decreased to 7.0, 6.2, 6.1 and 6.3 respectively, and the pH value of the treatment diluted 
100 times decreased to the lowest, indicating that the organic acid produced by watering 
at this concentration was the most. 

 
Table 2. pH values of different dilutions of fermentation broth of A. niger strain XF-1 

Treatment pH value 

CK (T0-A) 7.0 ± 0.09a 

CK (T0) 7.1 ± 0.12a 

T50-A 6.2 ± 0.11b 

T50 6.3 ± 0.08b 

T100-A 6.1 ± 0.19b 

T100 6.2 ± 0.07b 

T200-A 6.3 ± 0.13b 

T200 6.4 ± 0.08b 

Different letters after the same column of numbers indicate significant differences at the 0.05 level 

 
 

Influence of A. niger strain XF-1 on effective P, Cu, Zn, Fe and Mn in soil 

As can be seen from Table 3, after watering A. niger strain XF-1 nutrient solution, 
the content of effective P in soil was generally higher than that of CK (T0-A and T0). 
For dilution of 50 times, 100 times and 200 times, the available P content of soil planted 
with A. fruticosa increased by 16.9%, 35.91% and 26.76%, respectively compared with 
CK (T0-A), and that of soil without A. fruticosa increased by 17.69%, 32.24% and 
23.32%, respectively compared with CK (T0). After watering A. niger strain XF-1 
nutrient solution, the contents of effective Fe, Cu, zinc, and Mn in the soil were higher 
than CK (T0-A and T0). The content of effective Fe of treatments of planting A. 
fruticosa diluted 50 times, 100 times and 200 times in the soil after 90 days increased by 
24.04%, 27.10% and 25.95% than CK (T0-A), respectively, the content of effective Cu in 
soil increased by 4.91%, 11.48% and 6.56% than CK (T0-A), respectively, the content 
of effective zinc in soil increased by 6.30%, 7.87% and 7.09% than CK (T0-A) 
,respectively, the content of available Mn in soil increased by 6.65%, 11.49% and 
6.85% than CK (T0-A), respectively. For dilution of 50 times, 100 times and 200 times, 
the content of effective Fe of treatments without A. fruticosa in soil after 90 days 
increased by 26.89%, 26.89% and 25.76% than CK (T0), respectively, and the content 
of effective Cu in soil increased by 1.61%, 11.29% and 6.45% than CK (T0), 
respectively, the content of available Zn in soil increased by 5.43%, 6.30% and 4.65% 
than CK (T0), respectively, and the content of available Mn in soil increased by 6.85%, 
11.49% and 6.85% than CK (T0), respectively, but the difference was not significant. 

 
Effects of A. niger strain XF-1 on exchangeable Ca and Mg in soil 

As can be seen from Table 4, after watering of A. niger XF-1 nutrient solution, the 
contents of exchangeable Ca and Mg in soil were higher than CK (T0) and CK (T0-A), 
but the difference were not significant. 90 days after watering, the contents of 
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exchangeable Ca of treatments diluted 50 times, 100 times and 200 times with planting 
A. fruticosa in soil were 1.23%, 1.91% and 0.90% higher than CK (T0-A), and the 
contents of exchangeable Mg of that in soil were 0.61%, 1.22% and 0.91% higher than 
CK (T0-A), respectively. The contents of exchangeable Ca of treatments diluted 
50 times, 100 times and 200 times without planting A. fruticosa in soil after 90 days 
increased by 1.57%, 2.68% and 1.12% than CK (T0) respectively, and the content of 
exchangeable Mg of that in soil increased by 0.61%, 1.21% and 0.91% than CK (T0), 
respectively, but there was no significant difference. 

 
Table 3. Effect of different dilution fermentation broth of A. niger XF-1 on available P, K, 
Cu, Zn, Fe, Mn (mg·kg-1) in soil 

Treatment P Cu Zn Fe Mn 

CK (T0-A) 7.10 ± 0.12b  0.53 ± 0.01b 1.27 ± 0.03b 2.62 ± 0.05b 4.96 ± 0.02b 

CK (T0) 7.63 ± 0.19b 0.62 ± 0.02a 1.29 ± 0.04b 2.64 ± 0.06b 4.96 ± 0.06b 

T50-A 8.30 ± 0.09b  0.64 ± 0.02a 1.35 ± 0.02a 3.25 ± 0.04a 5.29 ± 0.04ab 

T50 8.98 ± 0.13ab 0.63 ± 0.01a 1.36 ± 0.01a 3.29 ± 0.03a 5.30 ± 0.03a 

T100-A 9.65 ± 0.08a 0.68 ± 0.01a 1.37 ± 0.03a 3.33 ± 0.02a 5.53 ± 0.05a 

T100 10.09 ± 0.15a 0.69 ± 0.02a 1.37 ± 0.02a 3.35 ± 0.01a 5.53 ± 0.03a 

T200-A 9.00 ± 0.08a 0.65 ± 0.01a 1.36 ± 0.01a 3.30 ± 0.03a 5.30 ± 0.06a 

T200 9.41 ± 0.12a 0.66 ± 0.01a 1.35 ± 0.02a 3.32 ± 0.02a 5.30 ± 0.07a 

Different letters after the same column of numbers indicate significant differences at the 0.05 level 

 
 
Table 4. Effect of different dilution fermentation broth of A. niger on exchangeable Ca and 
Mg (mg·kg-1) in soil 

Treatment Ca Mg 

CK (T0-A) 8.92 ± 0.04a 3.29 ± 0.07a 

CK (T0) 8.94 ± 0.05a 3.30 ± 0.09a 

T50-A 9.03 ± 0.06a 3.31 ± 0.05a 

T50 9.08 ± 0.13a 3.32 ± 0.07a 

T100-A 9.09 ± 0.08a 3.33 ± 0.08a 

T100 9.18 ± 0.15a 3.34 ± 0.07a 

T200-A 9.00 ± 0.11a 3.32 ± 0.05a 

T200 9.04 ± 0.12a 3.33 ± 0.06a 

Same letters after the same column of numbers indicate no significant differences at the 0.05 level 

 
 

Effect of A. niger strain XF-1 on chlorophyll content of A. fruticosa 

As can be seen from Figure 2, the photosynthetic pigment content of A. fruticosa 
seedlings could be increased to different degrees after watering dilution nutrient solution 
of A. niger at different multiples. The contents of chlorophyll a, chlorophyll b and total 
chlorophyll in treatments of watering diluted 100 times were the highest, higher than that 
in treatments of watering diluted 50 times, but the difference was not significant 
(p < 0.05). The content of chlorophyll a and total chlorophyll were significantly higher 
than that of watering diluted 200 times, and significantly higher than that of control 
(p < 0.05). There was no significant difference in chlorophyll b content. The contents of 
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chlorophyll a, chlorophyll b and total chlorophyll in treatments of watering diluted 50 
times were higher than that in treatments of watering diluted 200 times, but the difference 
were not significant (p < 0.05). The contents of chlorophyll a and total chlorophyll were 
significantly higher than that of the control group (T0 and T0-A), while the content of 
chlorophyll b was not significantly different (p < 0.05). The contents of chlorophyll a, 
chlorophyll b and total chlorophyll in the watered locust with a concentration of 200 times 
dilution were higher than that of the control (T0-A), the contents of chlorophyll a and total 
chlorophyll were significantly higher than that of the control (T0-A), and the content 
difference of chlorophyll b was not significant (p < 0.05). To sum up, the results showed 
that the contents of chlorophyll a, b and total chlorophyll of A. fruticosa in treatments of 
watering diluted 100 times were higher than that in treatments of watering diluted 50 
times, and the contents of chlorophyll a, b and total chlorophyll of A. fruticosa in 
treatments of watering diluted 200 times were the lowest. The chlorophyll content was 
T100-A > T50-A > T200-A in turn. 

 
■Chlorophyll a■ Chlorophyll b ■Chlorophyll a, b 

 

Figure 2. Effect of different dilution fermentation broth of A. niger XF-1 on chlorophyll content 
of Amorpha fruticosa 

 
 

Effect of A. niger XF-1 on plant height and biomass of A. fruticosa 

Effect of watering three kinds of different dilution concentrations of A. niger 
fermentation broth on plant height, root system and biomass were shown in Figures 3 
and 4 and Tables 5 and 6. 

 
 

T100-A T50-A T200-A 

 

Figure 3. Effect of different dilution fermentation broth of A. niger XF-1 on the growth of A. 
fruticosa 
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CK（T0-A） T100-A 

 

Figure 4. Comparison of plant height of A. fruticosa between treatment T100-A and CK (T0-A) 
 
 
Tables 5 and 6 show that treatments of watering different dilution concentrations of 

fermentation broth of A. niger XF-1 can obviously promote the growth of A. fruticosa 
above ground. The analysis of plant height, fresh and dry weight above ground of A. 
fruticosa showed that the promoting effect of T100-A was the best, of T200-A was the 
second, of T50-A was the worst. The plant height of A. fruticosa for T100-A was 6.09 cm, 
2.02 cm and 4.20 cm, which was significantly higher than that for T0-A, T50-A and T200-A 
respectively. The fresh weight above ground for T100-A was 0.11 g, 0.21 g and 0.24 g, 
which was significantly lower than that for T50-A, T200-A and T0-A, respectively. The dry 
weight above ground for T100-A was 0.04 g, 0.08 g and 0.12 g, which was significantly 
lower than that for T50-A, T200-A and T0-A, respectively. The promoting ability of the 
three kinds of A. niger XF-1 nutrient solution to root length of A. fruticosa was T100-
A > T50-A > T200-A, and the root length of A. fruticosa for T100-A was 2.34 cm, 3.92 cm, 
and 3.15 cm, which was significantly higher than that for T50-A, T200-Aand T0-A, 
respectively. The root diameter circumference and dry weight of A. fruticosa for the three 
kinds of A. niger XF-1 nutrient solution were significantly lower than that for T0-A. The 
root diameter circumference of A. fruticosa for T100-A was 0.26 mm and 0.58 mm, which 
was significantly higher than that for T50-A and T200-A respectively, but 0.21 mm was 
significantly lower than that for T0-A. Root fresh weight of A. fruticosa for T100-A was 
significantly higher (0.04 g and 0.05 g) than that for T50-A and T200-A respectively, but 
0.04 g was significantly lower than that for T0-A. The dry weight of root system of A. 
fruticosa for T100-A was significantly lower than that for T50-A and T0-A by 0.02 cm and 
0.04 cm respectively, and significantly higher than that for T200-A by 0.02 cm. Compared 
with the control T0-A, the root cap ratio of A. fruticosa with different concentrations of A. 
niger XF-1 fermentation broth was significantly decreased, indicating that A. niger XF-1 
nutrient solution improved the condition of nutrition supplies of A. fruticosa, was 
advantageous to the rapid growth of above round parts. Among them, T100-A treatment 
promoted the growth of A. fruticosa the fastest, but there was no significant difference 
with the other two concentrations of A. niger XF-1 nutrient solution. On the whole, T100-
A treatment has the best effect in promoting the growth of A. fruticosa, which is 
suggested as a reference for ecological restoration. 

 
Scanning electron microscope (SEM) observation of root complex of A. fruticosa 

The above studies indicated that A. niger XF-1 had a significant effect on promoting 
A. fruticosa. In order to better study the weathering of plants and microorganisms on 
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granite rocks, the effect of A. niger XF-1 on the granite and the roots of A. fruticosa was 
observed by SEM. As can be seen from Figure 5, the surface of the granite which is not 
planted with A. fruticosa and not inoculated with A. niger XF-1 was relatively smooth, 
angular and without a large number of fragments. However, A. niger XF-1 was 
distributed on the surface of the granite treated by inoculation without A. fruticosa, and 
there were a large number of granular substances, even the presence of fungal secretions. 
It can be seen that the granite underwent different degrees of weathering under the action 
of A. niger XF-1. 

 
Table 5. Effect of different dilution fermentation broth of A. niger XF-1 on plant height, root 
length and diameter circumference of A. fruticosa 

Treatment Plant height (cm) Root length (cm) Diameter circumference (mm) 

CK (T0-A) 7.43 ± 0.19d 9.42 ± 0.22c 2.03 ± 0.45a 

T50-A 11.50 ± 0.17b 10.23 ± 0.26b 1.56 ± 0.09c 

T100-A 13.52 ± 0.35a 12.57 ± 0.69a 1.82 ± 0.06b 

T200-A 9.32 ± 0.23c 8.65 ± 0.19d 1.24 ± 0.03d 

Different letters after the same column of numbers indicate significant differences at the 0.05 level 

 
 
Table 6 Effect of different dilution fermentation of A. niger XF-1 on the above ground part 
and root biomass of A. fruticosa 

Treatment 
Fresh weight (g∙plant-1) Dry weight (g∙plant-1) Root cap 

ratio Overground Root system Total Overground Root system Total 

CK (T0-A) 0.40 ± 0.09d 0.45 ± 0.09a 0.85c 0.26 ± 0.09c 0.25 ± 0.09a 0.51 ± 0.09c 0.96a 

T50-A 0.55 ± 0.09b 0.37 ± 0.09c 0.92b 0.34 ± 0.09a 0.21 ± 0.09c 0.55 ± 0.09b 0.62b 

T100-A 0.66 ± 0.09a 0.41 ± 0.09b 1.07a 0.38 ± 0.09a 0.23 ± 0.09b 0.61 ± 0.09a 0.61b 

T200-A 0.45 ± 0.09c 0.36 ± 0.09c 0.80c 0.30 ± 0.09ab 0.19 ± 0.09d 0.49 ± 0.09d 0.63b 

Different letters after the same column of numbers indicate significant differences at the 0.05 level 

 
 

 
a b 

 

Figure 5. SEM photos of granite surfaces without planting A. fruticosa. (a) Granite surface 
without A. niger strain XF-1. (b) Granite surface with A. niger XF-1 

 
 
Figure 6 showed the scanning electron microscope (SEM) images of the root system 

of plant and the attached granitoid particle complexes planted with A. fruticosa without 
inoculation. As can be seen from the picture, the root (or root hair) of the A. fruticosa can 
absorb fragments of granite. According to the result of energy spectrum analysis, the 
weathering effect of granites adsorbed on the root surface of A. fruticosa is not obvious. 
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Figure 6. SEM photos of granite planted A. fruticosa without A. niger XF-1 
 
 
Figure 7 is a scanning electron microscope image of the root system and the attached 

granitoid particle complex of A. fruticosa by inoculation. It can be seen from the figure 
that there were a large secretions of A. niger XF-1 and granites on the root system surface 
of A. fruticosa treated by inoculation. It can be seen that A. niger XF-1 could colonize the 
surface of granite rocks and root of A. fruticosa, and multiply to produce hyphae and 
secrete metabolites. According to the results of energy spectrum analysis, the surface of 
A. niger XF-1 and root system of A. fruticosa adsorbed a lot of elements. A. niger XF-1 
had a significant effect on the granite weathering of the root surface of A. fruticosa. 

 

 

Figure 7. SEM photos of granite, that plant A. fruticosa, treated with A. niger XF-1 
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Discussion 

A. niger XF-1 can well colonize surfaces of plant roots and rock, appropriately 
reduce the soil pH value, increase the content of available phosphorus, iron, copper, 
zinc and manganese in the soil, and promote the growth of plants and the increase of 
biomass. It is a strain that can effectively dissolve soil elements and promote the growth 
of plants. The results of this experiment showed that the pH value of soil was decreased 
from 7.1 to 6.1 after watering the fermentation broth of A. niger star in XF-1. The 
decrease of pH value was due to the strain producing a large amount of oxalic acid, 
lactic acid and succinic acid (Wu, 2018). The secretion of organic acids is the main 
mechanism of releasing nutrient elements from rock minerals (Wu et al., 2017a, b). 
During the reproduction process in soil, microorganisms secrete organic acids, cause the 
increase of the number of H+ in soil reduce the pH value in soil and can chelate with 
some plasmas such as iron, aluminum, calcium and so on, which makes the undissolved 
phosphorus render into effective phosphorus (Zhong et al., 2015), and the calcium, 
magnesium, iron, copper, zinc, silicon and other nutrients in soil can be activated with 
the increase of H+ to improve the availability of these nutrients in the soil (Wu, 2018; 
Wu, 2019). Meanwhile, microorganisms can also secrete polysaccharides, amino acids 
and other substances to directly improve plant stress resistance (Huang et al., 2009; Li 
et al., 2012). 

In the process of screening microbial strains of weathered rock minerals from soil, in 
addition to its ability to weathering rock minerals, its role in plant-microbial systems 
should be considered. As the rhizosphere microorganism, the function of microbial strains 
may be influenced by other factors (Benoit et al., 2015). As living organisms, microbial 
strains also secrete metabolites, which may affect plant growth and development. For 
example, metabolites affect the effective absorption, and deposition of nutrients, the 
activity of plant pathogens, the occurrence and degree of plant diseases, and the stress 
resistance of plants, so as to promote or inhibit the growth of plants (Jiang et al., 2000). 
Saxena et al. have shown that applying bioinoculated A. niger K7 and biochar 
simultaneously is a good measure to improve soil fertility and crop yield. In the soil-plant 
experiment, all treatments significantly increased the growth, root nodule and yield of 
soybean plants (p < 0.05) (Saxena, 2016). Rhizosphere microorganisms stimulate plant 
growth because they produce a variety of plant growth hormones and vitamins in solution 
and in plants. These compounds can promote plant growth to some extent. 

Nitrogen, phosphorus and potassium are essential elements for plant growth and 
development. Released nutrients by weathering rock mineral and substances secreted by 
metabolism for single strain cannot completely meet the requirements of  plant growth. 
Therefore, using the mutual composite of microorganisms with different functions in 
soil, such as compound utilization of phosphorus-soluble microorganisms and microbial 
strains which can resolve nitrogen or potassium, can meet the plant’s nutritional 
requirements. At present, the compounding and use of compound bacterial preparation 
has become a hot research problem, and if microbial strains are used in combination 
with microorganisms that can decompose the remaining chemical fertilizers and 
pesticides in the soil, or kill pests, or sterilize bacterials, and or improve physical and 
chemical properties of soil, it is bound to strengthen the ability of microorganisms to 
adapt to the environment, optimize the structure of soil, stimulate the accumulation of 
the microbial metabolites, and meet the supply of plant growth nutrients, which will 
benefit the rapid coverage of bare rock slope vegetation and promote the sustainable 
development of ecological restoration. 
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Conclusion 

In this study, the number of rhizosphere microorganisms was significantly higher 
than that of control group after inoculation. Moreover, with the increase of irrigation 
concentration, the number of rhizosphere microorganisms of A. fruticosa increased 
gradually. It indicated that A. niger XF-1 can colonize the rhizosphere of A. fruticosa, 
which is conductive to the formation of soil-microbial-plant system. 

After inoculation with A. niger XF-1 fermentation broth, the pH value of soil 
decreased significantly. The contents of exchangeable Ca and Mg in soil were generally 
higher than those in control. Different concentration of A. niger XF-1 fermentation 
broth could increase the photosynthetic pigment content and the growth of A. fruticosa 
seedlings significantly. 

SEM results showed that the root surface of A. fruticosa had a large number of 
metabolites and granites after inoculation of A. niger XF-1. It indicated that XF-1 could 
colonize on the granite and the root surface of A. fruticosa, produce a large number of 
mycelia and secrete metabolites. The granite weathering effect on A. fruticosa was 
obvious. This study provides a new idea for ecological restoration of degraded habitats 
and a new model for rapid soil formation and wall greening of exposed rocks in 
abandoned mining areas. At present, the use of microorganisms for ecological 
restoration is still in the experimental stage, and the effect of mountain slope greening 
remains to be further studied. 
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Abstract. Lodging reduce sugarcane yield, also results in the increase of harvest loss and head-splitting 
rate in mechanical harvesting. Although there are some researches on lodging resistance of sugarcane, 
there are few studies on the effects of root-soil multi-factor, which limits the discovery of the most 
important lodging resistance influence factors and the most effective lodging resistance technical measure 
of sugarcane. This study aimed at: (1) establishing the mathematical model of the relationship between 
F30° and the root and soil parameters using the artificially induced tilt experiment for sugarcane. F30° is the 
maximum pulling force in the process of the tilt angle (the angle between stem and ground) changing 
from 90° to 30°; (2) studying the effects of lodging resistance using the model. The results show that the 
established model is reasonable. The two most important influence factors of sugarcane lodging 
resistance are number of roots and interaction between planting depth and soil hardness. The most 
effective measure to improve the lodging resistance is to increase the number of roots through breeding 
and reasonable fertilization, and to increase the planting depth, meanwhile, to establish good drainage 
measures to timely drain water in typhoon season for reducing soil moisture and maintaining greater soil 
hardness. 
Keywords: tilt induction test, multi-factor, mathematical model, influence law, lodging resistance 
technical measure 

Introduction 

Lodging reduces crop yields (Goodman and Ennos, 1999; Berry et al., 2000; 
Terashima et al., 2003; Sposaro et al., 2008; Loades et al., 2013; Manzur et al., 2014; 
Bian et al., 2018; Liu et al., 2018; Wu and Ma, 2018). And sugarcane (Saccharum 
officinarum L.) is the main sugar material in the world and China, of which, the 
sugarcane planting area in the world is about 26 million ha, China’s sugarcane planting 
area is about 1.6 million ha (Li et al., 2017, 2019; Wang and Zhang, 2018). Lodging 
normally reduce sugarcane yield by 10-20%, and when lodging is serious, the yield can 
even be reduced by more than 50% (Singh et al., 2002; van Heerden et al., 2015). 
Meanwhile, lodging also results in the increase of harvest loss and head-splitting rate in 
mechanical harvesting of sugarcane (Wang et al., 2010; Ou et al., 2013). And because 
of its high growth height, sugarcane is more prone to lodging. Thus, it is necessary to 
study the lodging resistance of sugarcane. Berding and Hurney (2005) conducted the 
comparison tests of sugarcane planting with different planting depths and varieties. The 
result showed that lodging in a planting depth of 260 mm was lower than that in a depth 
of 120 mm. Lodging of sugarcane variety Q152 was less than that of sugarcane varieties 
Q187 and Q174. Babu et al. (2009) investigated the relationship between the hardness 
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of sugarcane skin and lodging by experiment. The result showed that the sugarcane was 
not prone to lodge when the hardness of sugarcane skin was high. Loganandhan et al. 
(2013) conducted the comparison tests of sugarcane planting with different planting 
depths and hilling conditions. The result showed that lodging could be diminished at a 
high planting depth and hilling thickness. Jongrungklang et al. (2018) studied the effects 
of stalk height, stalk diameter, leaf and stalk weight, root length density (RLD), root 
length density percentage (% RLD) on lodging of sugarcane. The results showed that 
high stalk dry weight is a key factor that induces lodging. The low stalk heights and 
stalk dry weights as well as a good partition of the root in the upper soil layer had better 
lodging resistance. The cultivars with large root systems in the upper soil layer should 
be selected in breeding for strong lodging resistance. Li et al. (2019) studied the lodging 
grade, fracture resistance force, basal stem diameter, middle stem diameter and brix. 
With the data of lodging classification, the lodging resistance index was established. 
The results showed that the lodging resistance index was significantly and positively 
correlated with the ratio of basal and middle stem diameters and brix. These authors 
carried out some researches on lodging resistance of sugarcane. However, there are few 
studies on the effects of root-soil multi-factor on the lodging resistance, which limits the 
discovery of the most important lodging resistance influence factors and the most 
effective lodging resistance technical measure of sugarcane. 

The root system of sugarcane is composed of main stem and root, and its 
morphological structure is complex. The root system of newly planted sugarcane 
studied in this paper is shown in Figure 1. Meanwhile, the root plate (the soil–root 
volume that rotates in the broader soil matrix when lodging occurs) which has large 
influence on lodging is closely associated with the complex root and soil parameters 
(Sposaro et al., 2008). It is difficult to study the effect of lodging resistance by 
mechanical analysis alone. The objectives of the work presented here were to establish 
the mathematical model of the effect of root and soil parameters on lodging resistance 
using field experiments and regression analysis method, and to study the influence law 
and mechanism of root-soil parameters on the lodging resistance. The study outcomes 
will discover the most important lodging resistance influence factors and the most 
effective lodging resistance technical measure of sugarcane. 

Materials and methods 

Lodging resistance measurements 

Test scheme and method 

The lodging resistance of sugarcane is associated with the length, the diameter, the 
density, the tensile strength of sugarcane roots, the planting depth of sugarcane, the 
complex soil parameters (including density, cohesion, moisture content, internal friction 
angle, elastic modulus, etc.) and the comprehensive friction coefficient between 
sugarcane roots and soil. And the comprehensive friction coefficient between roots and 
soil is closely related to soil water content that significantly associate with soil hardness 
which is a comprehensive index to measure the properties of soil (Ren, 2011). Thus, the 
number of roots x1, the length of roots x2, the diameter of roots x3, the planting depth of 
sugarcane x4, the tensile strength of roots x5 and the soil hardness x6 were selected as 
experimental factors. 
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Strong lodging resistance of sugarcane required large wind load to produce the same 
tilting angle. Therefore, the wind load that makes sugarcane produce the same tilting 
angle can be regard as a measuring index of lodging resistance. However, it is difficult 
for different sugarcane to produce the same tilting angle by controlling wind load in 
field test. And the distributed wind load acting on sugarcane can be replaced by a 
concentrated load. Hence the test of sugarcane lodging resistance under wind load can 
be replaced by the artificially induced tilting experiment of sugarcane applying the 
pulling force (Manzur et al., 2014). Meanwhile, when the tilting angle (i.e., the angle 
between stem and ground) is 30°, it indicates that a severe lodging occurs (Mou et al., 
2010). Thus, F30° was taken as the test index. F30° is the maximum pulling force in the 
process of the tilt angle changing from 90° to 30°. 

 
 

main stem 

root 

 

Figure 1. Sugarcane root system 
 
 
When loading height and loading speed on the stem are different, the corresponding 

required pulling forces for producing the same tilting angle are different. Nevertheless, 
the effect of root and soil parameters on lodging resistance is not changed. Thus, to 
facilitate the operation of the test, the loading height of the pulling force set at 0.5 m 
above the ground, and the pulling force was applied slowly and uniformly. Meanwhile, 
the upper part of the sample sugarcane was removed for reducing the influence of 
gravity, and only 0.6 m of the stem was retained. Guangxi Province is main sugarcane 
production base in China, and its planting area accounts for more than 60% of China. 
Thus, in order to obtain the representative experiment results, the sugarcane with well 
growth, no pests and no diseases were randomly selected in different main sugarcane 
producing areas of Guangxi, China for the experiment. The number of test sites is 3, and 
the number of samples taken per sites is 15. The number of verifying test sites is 2, and 
the number of samples taken per sites is 4. The easy lodging period of sugarcane in 
Guangxi is from July to September. During this period, the root growth is different due 
to the different length of growth time, but it does not change the influence of root 
parameters on lodging resistance. Therefore, the sugarcane tilting tests were carried out 
from July to September in this paper. 

Simultaneously, in order to obtain soil water content in the monsoon and typhoon 
days, artificial irrigation was carried out before the tilting experiment. During irrigation, 
the soil wall with a radius of about 1 m was built around the sample sugarcane, and then 
water was filled into the wall. Moreover, in order that water can permeate downward 
sufficiently, the experiments were carried out after filling the water for 24 h. 

After the experiments, the root system of sugarcane was dug out and the planting 
depth of sugarcane was measured. And then the soil on the root system was washed 
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away with water, and the number, average length and diameter of roots were obtained. 
Finally, eight roots were randomly selected for measuring the tensile strength, and then 
their average value was taken as the tensile strength of individual sugarcane roots. 
Tensile strength test of the roots was performed using the electronic universal testing 
machine. To avoid root damage caused by clamping parts, the gauze was used to wind 
round the both ends of root. The measurement of the soil hardness and the tilt induction 
test were carried out simultaneously. The measured soil located near the sugarcane 
sample. Because the soil hardness is closely related to the soil depth (Yang et al., 2015), 
the soil hardness was measured in three layers according to the planting depth. Twelve 
test points were selected in each layer, and then the average hardness value of all test 
points in three layers was taken as the soil hardness. 

The higher the prediction accuracy of the established mathematical model, the more 
induction tests are needed. However, the tilt induction test of each sugarcane needs a lot 
of time, thus, after comprehensive consideration, 45 sugarcane samples were selected 
for the test. The experimental scheme and results are shown in Table A1 in the 
Appendix. 

 
Test equipment and site 

The main test equipment are as follows: self-made inducing sugarcane tilt test 
system, electronic tension meter, hardness tester, NKK-4005 microcomputer-controlled 
electronic universal testing machine (Shenzhen Nanfangjinke Instruments and 
Equipment Co., Ltd., China, the maximum load is 5 kN and the load resolution is 
0.1 N), electronic balance, oven and protractor, etc. The tilt induction test system of 
sugarcane is shown in Figure 2. 

 

 

frame 

 

load  

 

rope electronic tension meter 
clamp 

 

sugarcane 

 

soil 

 

Figure 2. The tilt induction test system of sugarcane 
 
 
The test sites and the sugarcane varieties are as follows: 
(1) The sugarcane planting base is in Jinguang Farm, Nanning City, Guangxi 

Province, China (lat. 22°56′48.03″N, long. 107°53′43.25″E). The soil type is yellow 
clay. The sugarcane varieties are GT-32, GT-42, GT-46, Liucheng 07-150 and GT-22, 
respectively. The sugarcanes were planted in wide and narrow row alternately using 
machine. The wide row spacing is 1.2 m and the narrow row spacing is 0.5 m. The 
sugarcanes were covered by film. The planting time was from January to February 
2017. 3 sugarcane was chosen in each variety, and test time is July 2017. The total 
number of the samples was 15. 
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(2) The sugarcane planting base is in Qianwei Farm, Nankang Town, Beihai City, 
Guangxi Province, China (lat. 21°35′47.39″N, long. 109°28′46.49″E). The soil type is 
sandy soil. The sugarcane varieties are GT-46, GT-22, 03-23, GY-1 and Liucheng 05-
136, respectively. The sugarcanes were planted in the same row using machine. The 
row spacing is 1 m. The sugarcanes were covered by film. The planting time was from 
January to February 2017. 3 sugarcane was chosen in each variety, and test time is 
August 2017. The total number of the samples was 15. 

(3) The sugarcane planting base is in Guizhong Farm, Liuzhou City, Guangxi 
Province, China (lat. 24°29′17.12″N, long. 109°40′11.93″E). The soil type is loam. The 
sugarcane varieties are YT 94-128, GT-22, Liucheng 05-136, ROC 22 and GT-41, 
respectively. The sugarcanes were planted in wide and narrow row alternately using 
machine. The wide row spacing is 1.3 m and the narrow row spacing is 0.5 m. Trickle 
irrigation was used in the middle of the narrow row. The sugarcanes were covered by 
film. The planting time was February 2017. 3 sugarcane was chosen in each variety, and 
test time is September 2017. The total number of the samples was 15. 

The test sites in this paper have been marked on the map, as shown in Figure 3. 
 

 

Figure 3. The map with location of test sites 
 
 

Regression analysis 

SPSS software is a powerful and mature mathematical statistics software. Therefore, 
using this software, regression analysis of the test data in Table A1 was implemented, 
and the mathematical model of the relationship between F30° and root-soil experiment 
factors was established. Meanwhile, using the software’s significance test function, the 
mathematical model and regression coefficients were tested, and the significance of the 
mathematical model and the order of the influence of the experimental factors on F30° 
were analyzed. 

 
Verification of mathematical model 

Firstly, F30° was measured by the artificial induced tilt test, meanwhile, the 
parameters of soil hardness and sugarcane root were obtained by the above soil and root 
measurement methods. Then the predicted values of F30° were calculated by substituting 
the parameters of soil hardness and root into the established mathematical model. 
Finally, the rationality of the mathematical model was verified by comparing the 
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measured and predicted values of F30°. The sugarcane planting bases for verification are 
in Jinguang Farm, Nanning City, Guangxi Province, China (lat. 22°56′48.03″N, long. 
107°53′43.25″E) and Wuming County, Nanning City, Guangxi Province, China (lat. 
23°13′12.89″N, long. 108°07′59.43″E). In the two bases, the soil types are yellow clay 
and red clay, and the sugarcane varieties are GT-32 and ROC 22, respectively. The 
sugarcanes were planted alternately in wide and narrow row using machine. The wide 
row spacing is 1.2 m and the narrow row spacing is 0.5 m. The sugarcanes were covered 
by film. The planting time was March 2018. The experiment time was September 2018. 
4 sugarcane with no pests were randomly selected in each variety for the verified tests. 

 
Factor influence analysis 

Using the established mathematical model, the relationships between significant 
factors or factor interactions and F30° were obtained, and the influence laws of factors or 
factor interactions on F30° were analyzed. Meanwhile, combined with observation in the 
experiment and relevant theoretical analysis, the influence mechanisms of factors or 
factor interactions on F30° were discussed. When analyzing the relationships between a 
certain factor or factor interaction and F30°, except for the factor or factors considered, 
all other factors were average in the mathematical model. 

Results 

Regression analysis 

The mathematical model of the relationship between F30° and root-soil experiment 
factors is as follows. 

 

 
6463615141

532130

656.5352.5713.0057.0042.0
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xxxxxxxxxx

xxxxF

+−+−−

++++−=
 (Eq.1) 

 
where x1 is number of roots, x2 is root length, x3 is root diameter, x4 is planting depth, x5 

is tensile strength of root, and x6 is soil hardness. The significance test results of the 
mathematical model and regression coefficients demonstrate that the mathematical 
model is significant at the level of 0.0001, and the regression coefficients are also 
significant at the level of 0.04-0.0001. The mathematical model is highly significant 
and fits well. Meanwhile, the significance test of the regression coefficients indicates 
that the order of factors affecting F30° (lodging resistance of sugarcane) is number of 
roots and interaction between planting depth and soil hardness, root diameter and 
interaction between root diameter and soil hardness and interaction between number 
of roots and planting depth, tensile strength of root, interaction between number of 
roots and tensile strength of root, root length, interaction between number of roots and 
soil hardness. 

 
Verification of mathematical model 

The measured results of field validation tests and the predicted results according to 
Equation 1 are shown in Table 1. Table 1 shows that the minimum relative error 
between the predicted and the measured value is 5.9%, while the maximum is 15.8%, 
and the average relative error is 10.7%. The main existence reason of error is that the 
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root growth shape and soil structure are complex, and some factors could not be 
considered. The mathematical model is reasonable and can be used for analyzing 
lodging resistance of sugarcane. 

 
Table 1. Measured and predicted results 

Test 

number 

Number 

of roots 
x1/bar 

Root 

length 
x2/cm 

Root 

diameter 
x3/mm 

Planting 

depth 
x4/cm 

Tensile 

strength of root 
x5/MPa 

Soil 

hardness 
x6/10-1MPa 

Predicted 
maximum pulling 

force 

F30°/N 

Measured 
maximum pulling 

force 

F30°/N 

Relative 

error/% 

1 62 7.78 1.8 17.5 10.95 1.49 81.27 68.4 15.8 

2 56 7.44 1.68 14.2 11.3 1.29 63.95 59.6 6.8 

3 94 8.51 1.98 16.5 9.05 2.61 68.27 75.3 10.3 

4 108 8.81 1.82 16 6.73 1.16 75.31 63.6 15.5 

5 103 11.01 2.04 17 8.26 0.84 90.26 84.9 5.9 

6 114 10.17 2.28 15.8 12.15 1.88 83.29 91.7 10 

7 100 9.41 2.14 19.5 10.64 2.42 99.73 87.6 12.1 

8 127 8.8 1.78 17.5 8.23 1.26 91.58 83.3 9 

 
 

Influence factor analysis 

Single factor influence 

The relationships between F30° and factors are shown in Figure 4. 
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Figure 4. Relationship between factors and maximum pulling force F30° 
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Figure 4 shows that with the increase of number of roots, root length, root diameter 
and tensile strength of root, F30°

 increases linearly and lodging resistance increases. 
 

Influence of factor interaction 

The relationships between F30° and interaction of factors are shown in Figure 5. 
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Figure 5. Relationship between interaction of factors and F30°
 

 
 
When number of roots is small, F30° increases with the increasing of planting depth, 

while when number of roots is large, F30° decreases with the increasing of planting 
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depth. When planting depth is small, with the increasing of number of roots, F30° 
increases, while when planting depth is large, with the increasing of number of roots, 
F30° increases slowly (Fig. 5a). 

When tensile strength of root is small, F30
o increases with the increasing of number 

of roots, while when tensile strength of root is large, F30
o increases slowly with the 

increasing of number of roots. When number of roots is small, with the increasing of 
tensile strength of root, F30

o increases, while when number of roots is large, with the 
increasing of tensile strength of root, F30

o decreases (Fig. 5b). 
Figure 5c shows that F30

o increases with the increasing of number of roots and soil 
hardness. 

When soil hardness is small, F30° increases with the increasing of root diameter, 
while when soil hardness is large, F30° decreases with the increasing of root diameter. 
When root diameter is small, F30° increases with the increasing of soil hardness, while 
when root diameter is large, F30° decreases with the increasing of soil hardness 
(Fig. 5d). 

When soil hardness is small, F30° decreases with the increasing of planting depth, 
while when soil hardness is large, F30° increases with the increasing of planting depth. 
When planting depth is small, F30° decreases gently with the increasing of soil hardness, 
while when planting depth is large, F30° increases with the increasing of soil hardness 

(Fig. 5e). 
In the meantime, according to the above analysis, the order of factors affecting F30°

 

and Equation 1, we can obtain that when number of roots, root length, planting depth 
and soil hardness are at the maximum value, meanwhile, root diameter and tensile 
strength of root are at the minimum value, F30° is the largest, and the maximum value is 
378.3 N. 

Discussion 

In this study, we obtained a mathematical model of the effect of multiple factors on 
lodging resistance of sugarcane, and the multiple factors include number of roots, root 
diameter, tensile strength of root, root length, planting depth and soil hardness. The order 
and the law of root-soil factors influencing the lodging resistance of sugarcane were 
clarified. And the most effective lodging resistance measure of sugarcane was proposed. 

The mathematical model in this paper and the method using the model to study the 
influence of multiple factors on lodging resistance have not been reported in previous 
studies. The method can find out the order of the influence of root-soil factors on 
lodging resistance and analyze the influence of factor interaction on lodging resistance. 
The results of the effect of single factor on lodging resistance are consistent with the 
literature (Goodman and Ennos, 1999; Berry et al., 2000; Terashima et al., 2003; 
Berding and Hurney, 2005; Loades et al., 2013; Loganandhan et al., 2013; Manzur et 
al., 2014; Bian et al., 2016; Wu and Ma, 2018; Jongrungklang et al., 2018), while the 
effect of factor interaction on lodging resistance is complex. 

 
The effect of factor interaction on lodging resistance 

Number of roots and planting depth 

When number of roots is small, the porosity of the root plate is relatively small. 
Although with the increasing of planting depth, the water penetrates downward and 
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moisture content of the root plate increases slightly, which cause the resistance ability 
of deformation and shear decrease slightly. However, the center of gravity of the root 
plate moves downward and the supporting force’s arm of sugarcane increases. Thus, for 
all the above reasons, F30° increases. When number of roots is large, with the increasing 
of planting depth, the center of gravity of the root plate moves downward and the 
supporting force’s arm of sugarcane increases. Nonetheless, moisture content of the root 
plate increases, and the resistance ability of deformation and shear decreases. Therefore, 
for all the above reasons, F30° decreases. 

With the increasing of number of roots, the root plate increases (Berry et al., 2000; 
Manzur et al., 2014; Bian et al., 2018; Wu and Ma, 2018). Furthermore, when planting 
depth is small, the moisture content of the root plate is small. Therefore, when planting 
depth is small, with the increasing of number of roots, although the porosity of the root 
plate also increases, but the moisture content maintains lower and the resistance ability 
of deformation and shear maintains stronger, F30° increases. When planting depth is 
large, with the increasing of number of roots, although the root plate increases, but the 
moisture content increases and the resistance ability of deformation and shear decreases, 
thus, F30° increases slowly. 

 
Number of roots and tensile strength of root 

The roots with low tensile strength are the new roots, which have strong growth 
vigor, more branches and root hairs (Fig. 6). The anchoring effect of a single root on 
soil is strong. Thus, when tensile strength of root is small, with the increasing of number 
of roots, the root plate increases, which cause F30

o increases. And when tensile strength 
of root is large, with the increasing of number of roots, the dragging effect of roots 
increases, however, the root plate increases slowly, which cause F30

o increases slowly. 
The number of roots is small, the root plate is small (Wu and Ma, 2018). Therefore, 

when number of roots is small, with the increasing of tensile strength of root, although 
the root plate decreases slightly, but the dragging effect of roots increases, which cause 
F30

o increases. And when number of roots is large, with the increasing of tensile 
strength of root, although the dragging effect of roots increased, but the root plate 
decreases, which cause F30

o decreases. 
 

 
Old roots 

New roots 

 

Figure 6. Sugarcane roots 
 
 

Number of roots and soil hardness 

When the number of roots is numerous and the soil hardness is large, the root plate is 
large, and the resistance ability of deformation and shear is strong, the lodging 
resistance is strong. It is consistent with the literatures (Goodman and Ennos, 1999; 
Loades et al., 2013). 
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Root diameter and soil hardness 

When soil hardness is small, the moisture content is high, and the adhesion and 
friction between roots and soils are large (within the range of the tested soil hardness). 
Therefore, when soil hardness is small, with the increasing of root diameter, the new 
roots turn into the old roots, although the root plate decreases relatively, however, the 
adhesion and friction between roots and soils increase, for all the above reasons, F30° 
increases. And when soil hardness is large, the root plate decreases with the increasing 
of root diameter, and the adhesion and friction between roots and soils increase slowly, 
which cause F30° decreases. 

When root diameter is small, with the increasing of soil hardness, although the 
adhesion and friction between roots and soils decrease slightly, the resistance ability of 
deformation and shear of the root plate increases, result in the increase of F30°. And 
when root diameter is large, with the increasing of soil hardness, although the resistance 
ability of deformation and shear of the root plate increases, however, the adhesion and 
friction between roots and soils decreases, result in the decrease of F30°. 

 
Planting depth and soil hardness 

The soil hardness (the average value of three soil layers) is small, the moisture 
content is high. And moisture content can be higher in a deeper soil depth due to the 
downward infiltration of water. Therefore, when soil hardness is small, with the 
increasing of planting depth, although the supporting force arm of sugarcane increases, 
but the hardness of the lower part of the root plate decreases, result in the decrease of 
F30°. And when soil hardness is large, the hardness of the lower part of the root plate 
decreases slightly with the increasing of planting depth, but the supporting force arm of 
sugarcane increases, result in the increase of F30°. 

When planting depth is small, the supporting force arm of sugarcane is small. 
Therefore, when planting depth is small, with the increasing of soil hardness, although 
the resistance ability of deformation and shear of the root plate increases and the 
stabilizing effect of sugarcane also increases slightly, nevertheless, the adhesion and 
friction between roots and soils decrease, result in the decrease of F30°. And when 
planting depth is large, with the increasing of soil hardness, although the adhesion and 
friction between roots and soils decrease, nevertheless, the resistance ability of 
deformation and shear of the root plate increases, and the stabilizing effect of sugarcane 
also increases, result in the increase of F30°. 

 
Lodging resistance measure 

Many scholars have studied the effects of number, length, growth depth and strength 
of roots, planting depth, soil hardness, drainage and fertilization on crop lodging 
resistance, and their results showed that when the planting depth, the soil hardness, and 
the number, length, growth depth and tensile strength of roots were large, the crop 
lodging resistance was strong, however, they did not indicate which of these factors has 
the greatest effect on crop resistance (Goodman and Ennos, 1999; Berry et al., 2000; 
Terashima et al., 2003; Berding and Hurney, 2005; Loades et al., 2013; Loganandhan et 
al., 2013; Manzur et al., 2014; Bian et al., 2016; Jongrungklang et al., 2018; Wu and 
Ma, 2018; Liu et al., 2018). And according to the research in this paper, we clarified the 
order of the influence of root-soil factors on the lodging resistance of sugarcane. And 
the order is number of roots and interaction between planting depth and soil hardness, 
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root diameter and interaction between root diameter and soil hardness and interaction 
between number of roots and planting depth, tensile strength of root, interaction 
between number of roots and tensile strength of root, root length, interaction between 
number of roots and soil hardness. It shows that the number of roots and the interaction 
between planting depth of roots and soil hardness are the two most important influence 
factors of lodging resistance, meanwhile, our results show that when the number of 
roots, planting depth and soil hardness are large, lodging resistance is the greatest. 
Therefore, the most effective measure to improve the lodging resistance of sugarcane is 
to increase the number of roots through breeding and reasonable fertilization, and to 
increase the planting depth of sugarcane, meanwhile, to establish good drainage 
measures to timely drain water in typhoon season for reducing soil moisture and 
maintaining greater soil hardness. 

Conclusions 

In this study, a mathematical model of the effect of root-soil factors on lodging 
resistance of sugarcane was established by using field tilt test and regression analysis 
method. Using the model, the research on the influence of multiple factors on lodging 
resistance was carried out. The most important influence factors of lodging resistance 
and the influencing law of factor interaction on lodging resistance were clarified. And 
the most effective lodging resistance measure of sugarcane was proposed. In 
conclusion, we believe that the established mathematical model is reasonable. The 
change of sugarcane lodging resistance is the result of the comprehensive influence of 
number of roots, root diameter, tensile strength of root, root length planting depth and 
soil hardness. The two most important influence factors of sugarcane lodging resistance 
are number of roots and interaction between planting depth and soil hardness, while the 
influence of factor interaction on sugarcane lodging resistance is complex. The most 
effective measure to improve the lodging resistance of sugarcane is to increase the 
number of roots through breeding and reasonable fertilization, and to increase the 
planting depth of sugarcane, meanwhile, to establish good drainage measures to timely 
drain water in typhoon season for reducing soil moisture and maintaining greater soil 
hardness. Increasing the influence of root growth distribution on lodging resistance of 
sugarcane is the subject of future research. 
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APPENDIX 

Table A1. Test scheme and results 

Test 

number 

Number of 
roots 

x1/bar 

Root length 

x2/cm 

Root 
diameter 

x3/mm 

Planting 
depth 

x4/cm 

Tensile 
strength of root 

x5/MPa 

Soil hardness 

x6/10-1MPa 

Maximum 
pulling force 

F30°/N 

1 87 11.98 1.67 15.5 11.76 0.79 76.51 

2 117 23.74 1.59 17 15.26 2.4 152.67 

3 81 15.43 1.89 11.8 6.55 0.89 80.65 

4 97 12.76 1.94 16.6 8.44 1.2 93.38 

5 66 14.4 2.10 16.2 9.55 0.76 78.92 

6 88 11.49 1.62 17.9 8.01 0.9 85.31 

7 141 12.10 1.66 22 8.29 0.65 72.5 

8 119 15.00 1.75 17 8.94 1.5 115 

9 77 14.50 1.41 19.5 11.91 0.73 88.5 

10 238 16.40 1.2 10.5 6.25 1.28 176.44 

11 195 13.80 1.62 17.5 7.37 1.23 125.8 

12 138 13.20 1.65 21 7.5 0.9 102.65 

13 215 14.80 1.34 17 7.21 0.72 108.14 

14 142 10.10 1.55 15.5 5.87 2 105.72 

15 136 11.40 1.34 13 8.33 1.8 102.72 

16 159 11.60 1.22 15.5 6.19 0.61 74.48 

17 61 9.04 1.11 19.5 10.4 0.92 65.6 

18 180 12.60 0.92 17.5 8.73 1.07 94.38 

19 179 16.30 1.32 13.5 10.61 1.22 180.44 

20 199 12.50 1.22 14 10.27 1.66 169.5 

21 77 16.10 1.01 18.2 11.1 1.21 94.3 

22 179 10.50 1.18 12.5 8.05 0.67 91.97 

23 119 10.30 1.75 25 9.06 1.25 128.59 

24 285 12.30 1.75 18.5 6.81 2.7 226.39 

25 209 16 1.39 14 12.48 1.3 128.59 

26 97 11.8 1.1 14.5 13.64 1.22 103.54 

27 156 14.5 1.24 13 8.99 1.07 105.31 

28 170 14.5 1.13 12.5 9.16 1.53 128.64 

29 153 10.6 1.07 13 5.88 1.6 105.32 

30 151 9.25 1.13 20 7.43 1.09 88.69 

31 221 11.4 1.03 14.5 5.06 2.02 192.13 

32 238 12.6 1.14 19 6.07 1.37 150.92 

33 347 16.5 1.3 18.5 9.33 2.44 257.84 

34 273 13.2 1.1 12.5 12.07 1.44 145.6 

35 98 11.5 1.04 11.5 10.92 0.92 75.5 
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36 221 12.2 0.98 16 7.69 1.84 191.1 

37 149 13.8 1.23 12 11.18 1.44 105.89 

38 119 10.9 1.16 12.5 16.78 1.11 105.55 

39 150 9.68 1.32 9 6.47 1.64 75.25 

40 183 9.62 1.23 18 8.5 1.99 118.52 

41 121 10.6 1.34 17.5 7.19 1.07 92.08 

42 58 14.8 1.27 13 9.5 1.73 71.63 

43 81 13.5 1.2 17 7.2 0.86 46.46 

44 64 11.9 1.43 12.3 8.6 1.28 51.94 

45 87 17.3 1.97 17.5 8.97 1.49 87.65 
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Abstract. Vegetation is the main cause of power outages; therefore, it is fundamental to carry out 
maintenance to prevent the interruption of electric power. In general, the maintenance of transmission 
lines is performed without previous studies on floristic composition. In this sense, it is necessary to 
establish the floristic composition and the factors that influence the establishment of the species to 
determine the best practices of maintenance. In this study, we evaluated which environmental and spatial 
factors influence species distribution in order to improve the maintenance of vegetation adjacent to high 
voltage transmission lines. The vegetation was sampled in 25 plots of 300 m2, distributed randomly and 
prioritizing the main span of the power transmission line. The main factors that influenced species 
distribution were elevation, leaf area and Mg/K ratio, all associated with the spatial factor. Therefore, 
maintenance along transmission lines should prioritize species associated with higher elevations and leaf 
area, considering a risk height of 7 meters. 
Keywords: Atlantic Forest, environmental variables, electrical energy, power outages, RDA 

Introduction 

The Atlantic Forest is the second largest tropical pluvial forest on the American 
continent, it covers approximately 1,300,000 km2 in Brazil, being more representative in 
the south (Ribeiro et al., 2011; Rocha and Silva, 2013). This unit includes different 
forest types, climatic zones and it presents high species richness and endemism (Rocha 
and Silva, 2013). The Atlantic Forest is currently fragmented, with only 11.7% of its 
original coverage (Ribeiro et al., 2011). These forests are priority areas for the 
conservation of biological diversity, due to the exploitation processes and advanced 
stage of degradation (Ribeiro et al., 2011; Silverio Neto et al., 2015). 

The process of degradation of the Atlantic Forest is usually associated with logging 
and conversion of Forests to agricultural and livestock areas. In addition to these 
activities, the installation and maintenance of power transmission lines has been causing 
severe environmental damage. For example, vegetation removal to build power 
transmission lines exposing the soil to erosive processes, as well as fragmenting 
ecosystems and altering natural succession (Dupras et al., 2015). Among the aspects to 
be evaluated in the maintenance of power transmission lines, we have metal structures 
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and the objects that can cause power cuts (e.g., arboreal vegetation) (Matikainen et al., 
2016). Accidents associated with vegetation are common, both in the urban and rural 
areas, and it is fundamental to carry out maintenance to prevent the interruption of 
electric power (Ahmad et al., 2014). 

Usually, previous monitoring for maintenance of transmission lines is performed by 
aerial and visual survey (Matikainen et al., 2016), without previous studies about the 
floristic composition under the transmission lines. Thus, the improvement of vegetation 
maintenance techniques can benefit the electrical companies and the consumer (e.g., 
costs and risks reduction) (Kuntz et al., 2002). In addition, the use of pruning and 
vegetation cutting techniques can minimize the impacts generated by transmission 
networks, reducing the loss of natural habitats and forest fragmentation (Young, 2010). 

Regardless of the maintenance technique used, it should be considered that the 
vegetation maintains growth variations throughout the year (Lopes, 2013). Therefore, it 
is essential to analyze the floristic composition and density, annual increments and 
growth rates (Lopes, 2013). For example, species growth is associated with several 
factors, such as luminosity, elevation and soil properties (e.g., fertility, depth and soil 
types) (Jurinitz et al., 2013; Moraes et al., 2013; Maçaneiro et al., 2016, 2019). In this 
way, the relationship between environmental variations and floristic composition can 
positively affect the frequency and intensity of vegetation maintenance, directly 
influencing the practice and the cost for the company. 

Therefore, it seems reasonable to evaluate the environmental and spatial factors that 
influence the distribution of species in order to determine the best practices of 
maintenance (e.g., pruning) of vegetation adjacent to the power transmission lines. 
Thus, the goal of this study was to evaluate the influence of environmental and spatial 
variables on the distribution of species of forest fragments adjacent to power 
transmission lines and to determine the best practices of maintenance. 

Material and Methods 

Study area 

The object of the study is forest remnants in distinct stages of succession located in 
an area adjacent to the power transmission line. This transmission line was installed in 
1978. Along these areas, the responsible company for the transmission line regularly 
performs maintenance in the vegetation. In general, pruning and removal of trees or 
branches that may cause a power outage are performed. The maximum height that the 
vegetation can be to the electrical cables is 7 meters. 

The transmission line is 65 km long and it covers 14 municipalities in the state of Rio 
Grande do Sul, southern Brazil (Figure 1). The region is part of the Guaíba river basin 
and it presents an altitude variation between 90 and 600 meters. 

The climate of the region, according to the classification of Köppen, is of the type 
humid subtropical – Cfa, without dry season and with hot summer. The annual mean 
temperature fluctuates between 9°C to 26°C, annual mean precipitation from 1,600 to 
2,200 mm, and relative humidity between 60 and 85% (Alvares et al., 2013). 

The geology of the region is formed by the Botucatu Formation and Serra Geral 
Formation, presenting sandstones and basalts, respectively. The predominant soils are 
Litholic Neosols and Regolithic Neosols (Brazilian Classification) (Santos et al., 2018), 
and in general have high fertility (V% > 70%). 
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Figure 1. Location of the study area and plots in a power transmission line, southern Brazil 
 
 

The predominant forest type is subtropical deciduous forest in distinct stages of 
succession. The structure of the vegetation that represents this formation is linked to the 
altitudinal and climatic variations, which according to Scipioni et al. (2013) guarantee 
heterogeneity of species in different Brazilian forest formations. Among the most 
representative species are Apuleia leiocarpa (Vogel) JF Macbr., Trichilia claussenii C. 
DC., Sorocea bonplandii (Baill.) WCBurger et al., Nectandra megapotamica (Spreng.) 
Mez. 

Data collection 

To characterize forest structure and determine environmental and spatial variables 
we sampled vegetation in 25 plots 300 m2 (10 m x 30 m), parallel to the main span of 
the power transmission line. In each plot we sampled all arboreal individuals with 
diameter at breast height – DBH ≥ 5 m and height > 1.3 m. We collected the data 
between March/2018 and October/2018. We identified the collected botanical material 
by comparison with exsicates deposited in the Herbarium Dr. Roberto Miguel Klein and 
by consulting the taxonomic literature and the specialists the Universidade Regional de 
Blumenau (FURB). 

To obtain the chemical properties of the soil, in each plot we collected soil samples 
in the depth of 0 - 20 cm, i.e. we collected five points per plot and stirred the soil. Then, 
we stored the samples in plastic bags and sent them to the Laboratory of Soil Analysis 
of EPAGRI (Empresa de Pesquisa Agropecuária e Extensão Rural de Santa Catarina) 
to obtain the chemical variables: clay content (m/v - %), pH, phosphorus (P – mg/dm3), 
potassium (K – mg/dm3), organic matter (%), aluminum (Al – cmolc/dm3), calcium 
(Ca – cmolc/dm3), magnesium (Mg – cmolc/dm3), SMP index, potential acidity (H+Al – 
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cmolc/dm3) and calculated the cation exchange (CTC – cmolc/dm3), aluminum 
saturation (m%) and base saturation (V%), base sum (S), and relation Ca:Mg, Ca:K and 
Mg:K (Santos et al., 2018). 

To obtain the physical properties of the soil, we collected samples with volumetric 
rings of the Kopecky type of known volume, i.e. we collected three points per plot. 
After these collections, we stored and weighed the samples for later drying them in a 
drying kiln (105°C). With these samples, we determined the soil humidity (%) through 
the volumetric method and total porosity (%) and soil density (g.cm-3) according to 
Teixeira et al. (2017). 

To verify the luminosity condition of the arboreal stratum, we evaluated through the 
hemispherical photographies the canopy opening (Parker and Russ, 2004). In each plot 
we took four hemispherical photographs. We use a Nikon D3100 digital SLR camera 
and Nikon Fisheye Nikkor 10.5 mm lens. The camera was attached to a tripod and was 
facing the forest canopy at a height of 1.30 m from the ground (Silva, 2016). The photos 
were analyzed in the software Hemisfer 2.2 to obtain the values of canopy opening (%) 
and leaf area (m2.m2) (Thimonier et al., 2010). 

We obtained the elevation through a GPS Garmin 62CSx. We obtained the 
bioclimatic variables (Annual Mean Temperature, Mean Diurnal Range, Isothermality, 
Temperature Seasonality, Max Temperature of Warmest Month, Min Temperature of 
Coldest Month, Temperature Annual Range, Mean Temperature of Wettest Quarter, 
Mean Temperature of Driest Quarter, Mean Temperature of Warmest Quarter, Mean 
Temperature of Coldest Quarter, Annual Precipitation, Precipitation of Wettest Month, 
Precipitation of Driest Month, Precipitation Seasonality, Precipitation of Wettest 
Quarter, Precipitation of Driest Quarter, Precipitation of Warmest Quarter, Precipitation 
of Coldest Quarter), for each plot, in the data base of Fick and Hijmans (2017). 

Data analysis 

We calculated the values of relative density (% individuals of a species in the 
community) and frequency (% absolute frequency of a species in the community) 
through the phytosociological parameters described by Mueller-Dombois and Ellenberg 
(2002). During this process, we used the “spacemakeR” package in R environment (R 
Core Team 2013), according to the recommendations of Borcard et al. (2011) and 
Eisenlohr (2014). 

After that, we removed collinear environmental variables through principal 
component analysis (PCA) in PC-ORD 6.0 (McCune and Mefford, 2011). After this 
procedure, the environmental variables that remained in the analysis were clay content 
(m/v – %), pHH2O, SMP index, aluminum (Al – cmolc/dm3), calcium (Ca – 
cmolc/dm3), magnesium (Mg – cmolc/dm3), potassium (K– mg/dm3), phosphorus (P – 
mg/dm3), organic matter (MO%), potential acidity (H+Al – cmolc/dm3), cation 
exchange (CTC – cmolc/dm3), aluminum saturation (m%), base saturation (V%), base 
sum (S), and relation Ca:Mg, Ca:K and Mg:K, soil humidity (%), soil density (g.cm-3), 
canopy opening (%), leaf area (m2.m2), elevation (m), annual temperature (°C) and 
annual precipitation (mm). 

Subsequently, we used a species composition matrix. To correct the distinct units of 
measure, the environmental matrix was standardized (`standardized score` 
transformation). The spatial matrix (MEMs) was established through the geographic 
coordinates (latitude and longitude). In this procedure we used the Environment R, with 
the package “spacemakeR” (Borcard et al., 2011). The MEMs (Moran’s Eigenvector 
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Maps) were selected through the “forward” method. The environmental variables were 
selected through the canonical analysis of RDA. Finally, the last RDA was processed in 
the PC-ORD 6.0 (McCune and Mefford, 2011), using the composition matrix with the 
environmental (standardized) and spatial (MEMs) variables selected to verify the effect 
of these variables in the distribution pattern of the species in the study site. The 
statistical significance of the RDA ordering axes was verified by means of 999 Monte 
Carlo permutations (Legendre and Legendre, 2012). 

Then, we performed the partitioning of the variance into the data set in order to 
separate the fractions relative to the environment [a], the spatially structured 
environment [b], only the space [c] and the undetermined variables [d]. In this analysis, 
we used the “vegan”, “packfor”, “spacemakeR” and “spdep” packages in the R 
Environment (R Core Team 2013). 

Results 

In the 25 plots along the power transmission line, a total of 1,444 individuals (total 
absolute density= 1,925 ind/ha) were sampled, belonging to 101 species and 38 botanic 
families (Table 1). The species with the highest density and frequency values were 
Cupania vernalis, Nectandra megapotamica, Sambucus australis, Trema micrantha, 
and Allophylus edulis. 
 

Table 1. Species with the highest density and frequency values in the arboreal stratum 
adjacent to power transmission line in southern Brazil 

Family Specie DR FR 

Sapindaceae Cupania vernalis Cambess. 12.9 5.9 
Lauraceae Nectandra megapotamica (Spreng.) Mez 6.4 5.9 
Adoxaceae Sambucus australis Cham. & Schltdl. 6.3 2.6 

Cannabaceae Trema micrantha (L.) Blume 5.1 3.4 
Sapindaceae Allophylus edulis (A.St.-Hil. et al.) Hieron. ex Niederl. 5.1 4.6 
Malvaceae Luehea divaricata Mart. & Zucc. 5.0 3.7 

Primulaceae Myrsine umbellata Mart. 4.8 3.7 
Lauraceae Persea americana Mill. 3.5 1.4 

Escalloniaceae Escallonia bifida Link & Otto 3.4 0.6 
Fabaceae Machaerium stipitatum Vogel. 3.0 3.1 

Euphorbiaceae Alchornea triplinervia (Spreng.) Müll.Arg. 2.6 2.3 
Salicaceae Casearia sylvestris (Vell.) Mart. 2.4 4.0 
Meliaceae Trichilia clausseni C.DC. 2.1 1.7 
Rubiaceae Psychotria suterella Müll.Arg. 2.1 0.3 
Fabaceae Parapiptadenia rigida (Benth.) Brenan 1.8 3.1 

- Others species 33.5 53.7 
- Total 100 100 

DR = relative density (%), FR = relative frequency (%) 

 
 

In the redundancy analysis (RDA) (Figure 2, Table 2), the plots differed according to 
the variation in environmental and spatial variables. The eigenvalues of the first two 
ordering axes explained 14.6% of the data variance (axis 1 = 8.2%, axis 2 = 6.4%) and 
presented significance by the Monte Carlo test (p ≤ 0.05). The environmental and 
spatial variables that correlated with axis 1 were MEM 1 and MEM 5, while for axis 2 
were leaf area (LAI), elevation, Mg:K content and MEM 2. 
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Figure 2. Redundancy analyzes (RDA) produced by plots, species and environmental and 
spatial variables in forest fragments under power transmission lines in southern Brazil 

 
 

Table 2. Environmental and spatial variables produced by the RDA for forest fragments 
under power transmission lines in southern Brazil. R² adjusted, F and p were obtained by 
ANOVA after partitioning the variance 

Predictor R² adjusted (%) F (ANOVA) p (ANOVA) 

Elevation 7.0 1.74 0.001 
MEM 1 5.8 1.41 0.02 

LAI 5.7 1.45 0.02 
MEM 2 5.7 1.43 0.02 
MEM 5 5.6 1.43 0.02 
Mg/K 5.5 1.42 0.01 

 
 

In the ordination diagram of the plots, we verified that the first two axes had a strong 
relation between area leaf and elevation and the spatial variable MEM 1, MEM 2 and 
MEM 5. The axes formed three groups of plots, the first one being related to the leaf 
area. These groups are influenced directly to the spatial variable MEM 5. The second 
group had strong relation with the elevation, and it was influenced by the spatial 
variable MEM 2. We verified the formation of a gradient between MEM 1 and the plots. 
In addition, we observed the formation of a short gradient related to the Mg:K relation 
(Figure 2a). 

In the diagram of species ordination, we verified a strong association with the leaf 
area and the density of arboreal individuals of Apuleia leiocarpa (Vogel) J.F.Macbr., 
Sorocea bonplandii (Baill.) W.C.Burger, Trichilia elegans A.Juss., Allophyllus edulis 
(Figure 2b), therefore, distinct levels of luminosity will affect the density of these 
species. While in areas with open canopy we found other predominant species, like 
Araucaria angustifolia (Bertol.) Kuntze, Nectandra megapotamica, Syagrus 
romanzoffiana (Cham) Glassman, Banara parviflora (A.Gray) Benth., Platymiscium 
floribundum Vogel. 
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In the same sense, the formation of two gradients was observed between species with 
preference to soils with high Mg:K relation and areas with low elevation (e.g., 
Actinostemon concolor (Spreng.) Müll.Arg., Persea americana, Guarea macrophylla 
Vahl., and Guapira opposita (Vell.) Reitz). The species associated with higher elevation 
are influenced directly by the spatial variable MEM 2. Thus, some biotic variation can 
influence directly on the species distribution. On the other hand, the species 
Sambucus australis Cham. & Schltdl., Trichilia clausseni, Myrsine coriacea (Sw.) R.Br. 
ex Roem. & Schult., and Matayba elaeagnoides Radlk, are associated to areas of higher 
elevation and lower Mg/K relation. 

Partitioning of variance revealed that fractions [a] “pure” environment (F = 1.34, 
p = 0.007) and [c] “pure” space (F = 1.24, p = 0.04) were significant (Figure 3). The 
fraction [b], related to space + environment, indicated that part of the analyzed 
environmental variables (2%) is structured in space, while the [a] “pure” environment 
(5%) and [c] “pure” space (3%) stood out among fractions. However, the fraction [d] 
relative to the undetermined variables explained most of the vegetation variation in the 
study area (90%). 
 

Figure 3. Partition of the variance by the redundancy analysis to determine the fractions 
“pure” environment [a], space + environment [b], “pure” space [c] and undetermined 

variables [d] for forest fragments under power transmission line in Southern Brazil 
 
 
Discussion 

In the present study we observed that some environmental variables have influence 
the distribution of species present in forest fragments adjacent to transmission lines. In 
addition, the spatial structure had a direct influence on the environmental variables, 
presenting a relevant role in the species distribution. 

The elevation was the predictor that most influenced the distribution of the species. 
Studies indicate that elevation is an indirect environmental variable that influences 
vegetation distribution and characterization of forest types in the Atlantic Forest 
(Nettesheim et al., 2010; Maçaneiro et al., 2016; Duarte et al., 2019). In this study, not 
just the elevation has influence in the distribution of the species, but local features can 
directly influence the vegetation within the same altitudinal level (e.g., wind actions, 
watercourse) (Sanchez et al., 2013). Thus, higher elevation directly affects the floristic 
composition and, consequently, the maintenance of power transmission lines. 
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We observed that Sambucus australis has high density in plots that were inserted in 
the highest elevation. Generally, this specie is in slopes areas (Grings and Brack, 2009). 
In this study, we identified a strong relation between the species distribution and the 
elevation variation, probably related to the environmental heterogeneity presenting in 
the power transmission line. In this same sense, the species distribution is associated to 
the elevation, luminosity and soil properties, granting predominance of certain species 
(Cardoso and Schiavini, 2002). 

Considering the influence of the environmental variables in the present study, we 
observed that the leaf area positively affects the distribution of certain species (e.g., 
Apuleia leiocarpa, Sorocea bonplandii, Allophyllus edulis). The leaf area is associated 
with mass and energy changes, and is directly related to evapotranspiration, hydrology 
and ecology of the species (Wang et al., 2005; Galvani and Lima, 2014). Studies 
indicate that leaf area vary according to species composition, local conditions, 
successional stage, forest dynamics and light conditions, among others (Leblanc and 
Chen, 2008). According to Moraes et al. (2013), the leaf area is associated with 
ecological variations in the environment, influencing the productivity, growth, and 
reproduction of the species. Therefore, the application of the maintenance in species 
adapted to higher luminosity directly affects its growth and, consequently, if carried out 
in the vegetative period, the growth will be positively affected, increasing the cost and 
number of times to be performed the maintenance. 

In the same way, the Mg:K relation in the soil is associated with the presence of 
some species. In areas with more fertile soils, there are differences in floristic 
composition, density of dominant species, and lower fertility in the soil selects species 
with low nutritional requirements (Moreno et al., 2007). Unlike to the present study, 
floristic composition is generally associated with soil pH, moisture, fertility and texture 
(Mélo et al., 2013). According to Maçaneiro et al. (2019), floristic richness increases in 
relation to water availability and soil depth. In this way, shallower soils may have lower 
floristic richness. In addition, nutritional availability will directly affect plant growth. 
Overall, the area exhibits high fertility rates affecting plant growth positively. 

In addition to elevation, leaf area and Mg:K content in the soil, the spatial factors 
were also predictors that influence the distribution of the species in fragments adjacent 
to power transmission lines. We observed that generally the spatial component is 
associated with the environmental variables that are related to the distribution of the 
species. We believe that it is possible that the soils variations, luminosity and elevation 
are conditioned to biotic and/or stochastic processes (e.g., such as dispersion and 
competition) (Diniz-Filho et al., 2012; Lewis et al., 2014). In this study the spatial 
component revealed a significant fraction on the floristic component, indicating the 
importance of the neutral processes on the vegetation. 

In this study the distribution of Cupania vernalis is directly associated with biotic 
factors. This species presented the highest density and, therefore, is one of the species 
that must be taken into consideration for maintenance practices. This species is 
generally found in different topographic variations, but in higher density at high 
altitudes (~ 700 m) (Souza et al., 2015) and its growth is directly affected by the 
luminosity level (de Castro Lima et al., 2006). The association between the spatial 
predictor MEM 2 and elevation evidence that the specie can be observed in areas of 
higher elevation and it is being influenced of spatial component and linked to the 
altimetric quotes. 
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The biotic variations are usually attributed to the spatial component, like the 
dispersion that provides different distribution patterns of species, such as anemocory 
that provides a random pattern, for example the fruits and seeds are distributed 
randomly in space (Urbanetz et al., 2003; Maçaneiro et al., 2018). The dispersion is 
among the most affected ecological processes in the life cycle of the plants, besides 
playing a fundamental role in the colonization and evolution of the species, it varies 
according to the elevation (Wang and Smith, 2002; Urbanetz et al., 2003; Almeida-Neto 
et al., 2008; Neuschulz et al., 2016). This justifies the relation of spatial factors to 
elevation, whereas the processes of facilitation and competition do not depend on the 
physical factors of the environment and on different climatic conditions (Mélo et al., 
2013). Environments with more adversity (e.g., practice of maintenance of the 
vegetation) directly affects the species performance providing the facilitation process 
and acting like an ecological filter and influencing in the floristic composition 
(Temperton and Hobbs, 2004). Others processes that affect the species distribution are 
polinization and the seeds predation, being responsible for the species maintenance and 
presenting adversity for the establishment of the plants (Wang and Smith, 2002). 
Considering this, we observed that each specie has particularities, like polinization, 
dispersion, and it will be directly associated to the distribution and consequently to the 
density/frequency that the species will be found in certain place, influencing in the 
intensity of the maintenance of the power transmission line. In this case, the association 
of the spatial factors and environmental variables in the comprehension in how the 
vegetation is distributed in the power transmission line to determine the best 
maintenance practices (e.g., pruning intensity and cutting) which may avoid the 
fragmentation of the forests remnants and then reducing the costs for the electrical 
company. 

The partitioning of the variance indicated that the highest percentage of factors that 
interfered in distribution patterns is related to unknown fractions (90%). According to 
Lewis et al. (2014), variation of species composition along the plots and heterogeneity 
are factors that increase the unknown fractions. In addition, the environmental variables 
used are not necessarily the predictors that best explain the species distribution 
variations (Soininen, 2014). Another reason is the weakening of environmental 
responses when using a variance partition (Angeler et al., 2013). However, it revealed 
that purely environmental (5%) and purely spatial (3%) factors were statistically 
significant and could account for part of the distribution of species along in the power 
transmission line. The purely environmental fraction indicates that environmental 
variables are strongly related to the composition of species, while the purely spatial 
fraction presented a low explanation, justified by the high variation along the power 
transmission line. Nevertheless, the spatial component was significant in explaining 
species distribution patterns. In this sense, the inclusion of variables such as dispersion 
factors, water and light are necessary to determine the unknown fractions. In addition, 
the species respond interactively to environmental conditions, evidencing the 
complexity of the soil-plant-environment relationship (Siqueira et al., 2009). 

Another hypothesis for the low environmental explanation is related to the 
maintenance practices that are performed in the vegetation adjacent to the transmission 
line, which may affect the forest structure and ensure greater homogeneity along the 
transmission line. 

The spatially structured environment (2%) affects the spatial distribution of the 
species, influencing where species are distributed, i.e., the greater the distances between 
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the samples, the more floristic differences will be observed (Diniz-Filho et al., 2012). 
This fact is evidenced in the present study, since the power transmission lines cover an 
extension of 65 km, that is, the sites sampled are generally separated at great distances, 
with a distinction being made between ecological sequences and floristic differences. 
The indeterminate variables presented high percentage, this fact occurred due to the 
great environmental heterogeneity and not to include all the variables that can act in the 
distribution of the species. Therefore, the inclusion of new biotic and abiotic factors 
would possibly increase the explanation of the variables on species distribution 
(Maçaneiro et al., 2016), or the inclusion of new plots to reduce floristic and site 
variability. 

Conclusion 

In our study, given the relationship found between vegetation and 
spatial/environmental variations, we suggested to perform selective maintenance in the 
vegetation. Thus, species such as Araucaria angustifolia, Nectandra megapotamica, 
Syagrus romanzoffiana, Banara parviflora, Platymiscium floribundum, which are 
associated with high luminosity should be managed with pruning or, if necessary, tree 
suppression, before reaching the height of risk. In addition to these species, Sambucus 
australis, Trichilia clausseni, Myrsine coriacea, Matayba elaeagnoides, which are 
associated with elevation, must also be managed when they reach the height of risk. 

Although soil (Mg:K) ratio is associated with species distribution, due to 
homogeneity of soil fertility along the transmission line, this factor was not used as a 
criterion for species selection for maintenance. Given the difficulty of selective 
management, it is recommended at least to manage vegetation when it reaches 7 meters 
in height, thereby reducing the intensity of maintenance of areas under power 
transmission lines, minimizing costs with this activity. and minimizing the impacts 
generated. 

In addition, this study was developed on a local scale, in this sense, we suggest the 
development of other studies with complementary information such as competition, 
dispersion and microclimate, since the addition of these variables can increase the 
predictive power of floristic patterns in subtropical forests, and offers indicators to 
improve or plan the management of native forests under electric power lines. 
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Abstract. The aim of this paper is to determine the effect of selected soil conditioners, applied separately 
and with mineral fertilizers, on the intake, digestibility, and feed value of cocksfoot and perennial ryegrass. 
The main experimental factors were three soil conditioners with the following trade names: UGmax, 
Eko-Użyźniacz, and Humus Active Papka, each used on its own or together with NPK fertilizers. They 
were applied to the soil with two forage grasses: the Bora variety of cocksfoot and perennial ryegrass of 
the Info variety. In the case of cocksfoot the Humus Active Papka and UGmax soil conditioners, when both 
used with mineral fertilizers, had the highest impact on dry matter digestibility, but for the biomass of 
perennial ryegrass this parameter was the highest when Humus Active Papka was used on its own, or when 
UGmax was applied together with mineral fertilizers. As an average effect of fertilizer combinations, 
perennial ryegrass had higher digestibility, dry matter content, and relative feed value than cocksfoot. 
Combinations of mineral fertilizers with soil conditioners, particularly with UGmax and Humus Active 
Papka, resulted in the highest relative feed value of perennial ryegrass. This forage met requirements of 
high productive dairy cows. 
Keywords: dry matter intake, dry matter digestibility, relative feed value, cocksfoot, perennial ryegrass 

Introduction 

According to many publications (Fernandez-Nunez et al., 2012; Gardarin et al., 2014; 
Barbero et al., 2020; Deroche et al., 2020) digestibility is dependent on plant species, its 
variety, fertilizer application, development stage at the harvest, but also on the harvest 
and plant preservation methods. Jankowska-Huflejt and Wróbel (2008) found that pasture 
grass had the highest digestibility of 66%, with 64% for meadow hay, and 63% for 
meadow grass. In turn, Harasim (2006) reported that pasture grass digestibility was 
80.9%, while the figure for meadow grass was 77.6%. Acid detergent fibre (ADF) and 
neutral detergent fibre (NDF) fractions both limit animal dry matter intake, its 
digestibility, and its energetic value. Additionally, many publications (Rodrigues et al., 
2008; Bélanger et al., 2013; Stejskalova et al., 2013) point out that present day systems 
of livestock feeding for cows in particular, take into account the intake of both NDF and 
ADF to estimate quality of forage by working out relative feed value; thus, the NDF and 
ADF contents are used to determine it. Nowadays, at the time of organic farming, on the 
one hand, and the intensive use of mineral fertilizers and pesticides, on the other, soil 
conditioners are of a growing importance. They can be successfully applied to grasses, 
and mixtures of grasses and legumes (Sosnowski, 2012a, 2014; Sosnowski and 
Jankowski, 2015; Saby and Abdal-Latife, 2018; Bozhanska, 2019). Most publications on 
this matter deal with UGmax, and because of that, the experiment described here was set 
up to study the effects of other conditioners. 
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The aim of this paper is to determine the effect of selected soil conditioners, applied 
separately and with mineral fertilizers, on the intake, digestibility, and feed value of 
cocksfoot and perennial ryegrass. These are good quality grass species of permanent 
grasslands, and, as many publications point out (Szkutnik et al., 2012; Tilvikiene et al., 
2014; Georgieva et al., 2015; McDonagh et al., 2016), they are different from each other 
in regards the content of nutrients determining their digestibility, such as crude fibre, or 
NDF and ADF fractions. 

Materials and methods 

Experiment location 

Set up in the autumn of 2011 the three-year research was conducted in the experimental 
field of the Institute of Agriculture and Horticulture at the University of Natural Sciences 
and Humanities in Siedlce (52.169°N, 22.280°E), Poland. The experiment was replicated 
three times, with a split-plot arrangement and plots of 3 m2 as experimental units. 

The experiment was conducted on the soil with the granulometric composition of light 
loamy sand, classified according to FAO as technosols. It was found that the soil was of 
neutral pH (pH = 6.8), with the concentration of carbon in organic compounds (Corg) of 
13.50 g kg-1 DM, total nitrogen concentration was 1.30 g kg-1 DM. Assimilable 
phosphorus concentration of 170 mg kg-1 DM was high, with medium concentration of 
potassium (114.00 mg kg-1 DM), and high concentration of assimilable magnesium 
(84.00 mg kg-1 DM). 

Experimental factors 

The main experimental factors were three soil conditioners with the trade names of 
Ugmax (Bogdan, Poland), Eko-Użyźniacz (Biohumuseco, Poland), and Humus Active 
Papka (Ekodarpol, Poland), applied separately and together with mineral fertilizers. 

The UGmax soil conditioner (described as UG in the tables and figures) is an extract 
from compost, containing the following concentrations of macroelements (g kg-1): 
nitrogen - 1.2, phosphorus - 0.2, potassium - 2.9, magnesium - 0.1, sodium - 0.2, and 
0.3 mg kg-1 of manganese as a microelement. The conditioner also contains lactic acid 
bacteria, photosynthetic bacteria, yeast, and actionmycetes. 

The main ingredients of Humus Active Papka (described as HA) are macroelements 
(g kg-1): nitrogen - 0.2. phosphorus - 1.3, potassium - 4.6, calcium - 3.0, magnesium - 0.5, 
microelements (mg kg-1): manganese - 15, iron - 500, zinc - 3.0, copper - 1.0, and enriched 
humus with beneficial microorganisms. 

Eko-Użyźniacz (described as a EU) is an extract from manure vermicompost, 
containing mainly macroelements (g kg-1): nitrogen - 0.6. phosphorus - 0.3. potassium - 
0.7, microorganisms, and enzymes regulating metabolism of earth worms. 

In the present experiment soil conditioners were used every year in spring, before the 
growing season, at the following doses: UGmax - 0.6 dm3 ha-1, Eko-Użyźniacz – 
15 dm3 ha-1, and Humus Active Papka - 50 dm3 ha-1. 

Mineral fertilizers (described as NPK) were used at the following doses: N – 15, 
P (P2O5) – 80, and K (K2O) – 120 kg ha-1. Phosphorus fertilizers were used once, in 
spring, while nitrogen and potassium were applied at equal doses three times a year. 
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Effects of the above soil conditioners were tested on two forage grass species (second 
experimental factor): cocksfoot, the Bora variety, and perennial ryegrass, the Info variety, 
sown in the autumn of 2011 with the sowing rates of 18 and 23 kg ha-1, respectively. 

Weather conditions 

Meteorological data for the years of research were obtained from the Hydrological and 
Meteorological Station in Siedlce (Fig. 1). 
 

Figure 1. Average of air temperature and sum of atmospheric precipitation in the months of the 
growing seasons during the research 

 
 

Based on the data from Figure 1, the Sielianinov’s hydrothermal coefficient was 
calculated (Skowera and Puła, 2004) (Table 1): 
 

 𝐾 = 𝑃0,1 × ∑ 𝑡 (Eq.1) 

 
where: 
K - hydrothermal coefficient value (dimensionless quantity), 
P - total monthly precipitation (mm), 
t - monthly sum of air temperature (ºC). 
 

Table 1. Sielianinov’s hydrothermal coefficient values (K) during the growing seasons 

Years 
Months 

Apr. May June July Aug. Sept. Oct. 

2012 1.12(md) 1.22(md) 1.56 (o) 0.69 (sd) 0.94 (d) 0.27 (ed) 1.32 (o) 

2013 1.60 (o) 2.20 (w) 1.80 (mw) 1.50 (o) 0.25 (ed) 2.70 (sw) 1.22(md) 

2014 1.53 (o) 2.29 (w) 1.20 (md) 0.16 (ed) 1.95 (mw) 0.59 (sd) 0.13 (ed) 

K ≤ 0.4 extreme drought (ed); 0.4 < K ≤ 0.7 severe drought (sd); 0.7 < K ≤ 1.0 drought (d); 1.0 < K ≤ 1.3 
moderate drought (md); 1.3 < K ≤ 1.6 optimal (o); 1.6 < K ≤ 2.0 moderately wet (mw); 2.0 < K ≤ 2.5 wet 
(w); 2.5 < K ≤ 3.0 severely wet (sw); K > 3.0 extremely wet (ew) 
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Analysis 

Chemical composition of grass biomass was measured with near-infrared spectroscopy 
(NIRS), using the NIRFlex N-500 spectrometer (BUCHI, Poland) with the INGOT 
calibration package for dry feed. Acid detergent fibre (ADF) and neutral detergent fibre 
(NDF) concentration were used to evaluate suitability of the forage to feed livestock. It 
was done with Linn and Martin’s test (Linn and Martin, 1989), in which a classifying 
parameter is relative feed value, which, in turn, was calculated using the formula: 
 

 𝑅𝐹𝑉 = 𝐷𝐷𝑀×𝐷𝑀𝐼1.29  (Eq.2) 

 
where: 
RFV - relative feed value (dimensionless quantity), 
DDM - digestible dry matter (%). 
 
 𝐷𝐷𝑀 = 88.9 − 0.779 × 𝐴𝐷𝐹 (Eq.3) 
 
DMI - dry matter intake (percentage of body weight). 
 

 𝐷𝑀𝐼 = 120𝑁𝐷𝐹 (Eq.4) 

 
Using range of values for RFV provided by Linn and Martin (1989), grass was 

classified to specific feed classes meeting requirements of corresponding cattle groups 
(Table 2). 
 

Table 2. Cattle forage quality as relative feed value 

Quality class RFV range Animal 

I > 151 Most productive dairy cows 

II 125 – 151 
Good quality dairy cows, young heifers 

selected for breeding 

III 103 – 124 
Good quality beef cattle, older heifers, less 

productive dairy cows 

IV 87 – 102 Beef cattle and dry cows 

V 75 – 86 
Dry cows for fattening. supplemented with 

high-energy feeds 

 
 

The results were statistically processed using analysis of variance for multi-factor 
experimental design. Tukey’s test was used to determine HSD0.05, and Statistica 12 
software was applied for calculations. 

Results and discussion 

Evaluation of cocksfoot and perennial ryegrass digestible dry matter 

According to Stachowicz (2010) the digestibility of grass forage, as feed for ruminants, 
should be at least 65%. As regards dry matter digestibility, average of experimental years 
and treatments, it was found that mean values of this parameter for cocksfoot and 
perennial ryegrass were significantly different, with 65.9% and 66.9%, respectively 
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(Table 3). Other publications provide similar results (Downing and Gamroth, 2007; 
McDonagh et al., 2016; Cupic et al., 2019), stressing the fact that perennial ryegrass is 
easily digestible because it contains low amounts of such compounds as crude fibre, 
neutral detergent fibre, and acid detergent fibre. According to many authors (Szkutnik et 
al., 2012; Tilvikiene et al., 2014; Georgieva et al., 2015) cocksfoot contains too much of 
the above compounds, which lowers its digestibility. 
 

Table 3. The effects of year and fertilizer on digestible dry matter (%) 

Species / 

Year / 

Cutting 

Fertilizer 
Mean 

0 NPK UG EU HA UG+NPK EU+NPK HA+NPK 

Mean for species 

Cocksfoot 65.5Ba 65.4Aa 65.3Aa 66.0Aa 66.1Aa 66.4Aa 65.8Aa 66.4Aa 65.9B 

Perennial 
ryegrass 

67.5Aa 66.1Aa 65.9Aa 67.4Aa 67.5Aa 67.5Aa 66.4Aa 67.1Aa 66.9A 

Mean for cuttings 

I 66.2Aa 64.8Aa 65.0Aa 65.3Ba 66.2Aa 66.5Aa 64.8Aa 65.9Aa 65.6B 

II 66.0Aab 65.3Ab 65.8Aab 67.9Aa 66.8Aab 66.9Aab 66.6Aab 66.9Aab 66.5A 

III 67.3Aa 67.3Aa 66.1Aa 67.0Aa 67.3Aa 67.5Aa 66.9Aa 67.4Aa 67.1A 

Mean for years 

2012 65.9Ab 65.5Ab 65.7Ab 66.3ABab 67.2Aab 68.2Aa 66.2Ab 67.2Aab 66.5AB 

2013 67.1Aab 66.6Aab 65.9Ab 68.0Aa 67.0Aab 66.6ABab 66.3Aab 67.4Aab 66.9A 

2014 66.5Aa 65.3Aa 65.3Aa 65.9Ab 66.2Aa 66.1Ba 65.8Aa 65.7Aa 65.9B 

Means in lines marked with the same small letters do not differ significantly. Means in columns marked 
with the same capital letters do not differ significantly 

 
 

When both UGmax and mineral fertilizers were used not together but separately, the 
digestibility of forage from both plots was lower, with 65.6% and 65.8%, respectively. In 
the forage form those plots, with UGmax or mineral fertilizers applied, it was 1.4% lower 
than in the control (Table 3). Jankowska-Huflejt and Wróbel (2008) found similar results 
studying digestibility of forage from permanent grassland. They found that it ranged from 
63 to 66% for green grass, while for hay it was 64%. Harasim (2006), however, presents 
much higher values found in research on grass from permanent grassland, with its 
digestibility ranging from 77.6 to 80.9%. In the experiment presented here, for both grass 
species and all combinations of fertilizers the digestibility of the second year forage 
(2013) was the highest (66.9%) and significantly different form the value of the same 
parameter in the third year (2014), which was 65.9%. There is a relationship between the 
value of hydrothermal coefficient and the above values. In the second year weather 
conditions were rather optimal and forage digestibility was the highest, while in the third 
year most of the growing season was dry to extremely dry, which resulted in lower 
digestibility. 

Comparing forage from the two grass species from all experimental units it was found 
that the application of soil conditioners and mineral fertilizers did not significantly affect 
digestibility of cocksfoot (Table 3). But mineral fertilisers and UGmax, when both 
applied on their own, slightly lowered digestibility of perennial ryegrass, by 2.4%, 
compared to the control. Sosnowski (2012a) noticed a similar reaction of plants to 
fertilizers in an experiment with Festulolium brauni, where its digestibility was 60%, not 
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being affected by a soil conditioner, while mineral fertilizers significantly lowered it to 
48.5%. 

Analysing dry matter digestibility in consecutive harvests in the same growing seasons 
it was found that it significantly increased, from 65.6% in the first one, to 67.1% in the 
third one. 

It was found that the treatment effect on digestibility was the highest on plots where 
mineral fertilizers and UGmax were applied together. However, this value did not differ 
significantly from that in the control (Fig. 2), but the increase caused by this combined 
application (about 1.8%) was statistically significant when compared to the effect of the 
soil conditioner used on its own. In the case of other soil conditioners their use together 
with mineral fertilization or separately, did not cause significant differences. 
 

Figure 2. The effects of fertilizer on digestible dry matter (%). Means in columns marked with 
the same lower case letters do not differ significantly 

 
 
Dry matter intake for cocksfoot and perennial ryegrass 

According to Deroche et al. (2020) forage quality depends on the development stage 
at which plants are harvested. Together with plant aging its nutritional value is declining 
because the amount of crude fibre is going up, which in turn affects dry matter intake and 
dry matter digestibility. 

By comparing both grass species (Table 4) it was found that perennial ryegrass had 
significantly higher dry matter intake (2.83%) than cocksfoot (2.60%). Cocksfoot from 
the plot where Eko-Użyźniacz was applied had a significantly higher dry matter intake 
(2.77%) than the same grass species from the control plot. There were no significant 
differences between the forage coming from other plots. 

The highest dry matter intake (2.98%) was for perennial ryegrass coming from the 
plots where UGmax and mineral fertilizers were used together (2.98%), and from the ones 
where Humus Active Papka with mineral fertilizers was used (3.0%). However, the 
parameters did not differ significantly from the results on the control plot. Dry matter 
intake was significantly lower, by 9.4%, for perennial ryegrass from the plot with UGmax 
(2.63%). Sosnowski (2012b) proved that the UGmax soil conditioner slightly raised 
perennial ryegrass dry matter intake, from 2.44 to 2.52%, whereas the same conditioner 
slightly decreased it in cocksfoot, from 2.20 to 2.11%. The results of dry matter intake in 
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the present experiment are higher than those provided by Jankowska-Huflejt and Wróbel 
(2008), who found that it ranged from 1.96% for hay, to 2.42% for pasture grass, while 
Moore and Undersander (2002) found that dry matter intake for forage ranged from 1.93 
to 2.17%. The analysis of this parameter in different cuttings of grass for both species and 
all fertilizer combinations proved that it steadily increased in consecutive cuttings. 
 

Table 4. The effects of fertilizer and year of the experiment on dry matter intake (percentage 
of body weight) 

Species / 

Year / 

Cutting 

Fertilizer 
Mean 

0 NPK UG EU HA UG+NPK EU+NPK HA+NPK 

Mean for species 

Cocksfoot 2.54Bab 2.45Ab 2.51Aab 2.77Aa 2.68Aab 2.61Bab 2.51Bab 2.69Bab 2.60A 

Perennial 
ryegrass 

2.91Aab 2.74Aab 2.63Ab 2.76Aab 2.75Aab 2.98Aa 2.87Aab 3.00Aa 2.83A 

Mean for cuttings 

I 2.72Aa 2.43Aa 2.41Aa 2.67Aa 2.59Aa 2.70Aa 2.56Aa 2.78Aa 2.61B 

II 2.59Aa 2.56Aa 2.60Aa 2.84Aa 2.71Aa 2.80Aa 2.78Aa 2.83Aa 2.71AB 

III 2.86Aa 2.80Aa 2.70Aa 2.80Aa 2.84Aa 2.87Aa 2.71Aa 2.93Aa 2.81A 

Mean for years 

2012 2.65Aab 2.62Aab 2.58Ab 2.79Aab 2.93Aab 2.93Aab 2.76Aab 3.02Aa 2.79A 

2013 2.85Aa 2.66Aa 2.62Aa 2.93Aa 2.63Aa 2.69Aa 2.71Aa 2.84Aa 2.74AB 

2014 2.67Aa 2.50Aa 2.51Aa 2.58Aa 2.58Aa 2.75Aa 2.59Aa 2.68Aa 2.61B 

Means in lines marked with the same small letters do not differ significantly. Means in columns marked 
with the same capital letters do not differ significantly 

 
 

Analysing the effect of fertilizers on dry matter intake (Fig. 3), calculated by using the 
content of neutral detergent fibre, it was found that the lowest value of this parameter was 
for the forage from the plots where UGmax (2.57%) and NPK fertilizers (2.59%) where 
applied separately. 
 

Figure 3. The effects of fertilizer on dry matter intake (percentage of body weight). Means in 
columns marked with the same lower case letters do not differ significantly 
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However, when UGmax and NPK fertilizers were applied together, the amount of dry 
matter significantly increased (to 2.79%), compared to the plots where they were used 
separately. The highest increase of this parameter was in the grass from the plot where 
Humus Active Papka together with mineral fertilizers was applied (2.85%); it was about 
5% higher than in the forage from the control. Comparing this parameter in each 
experimental year it was found that the highest dry matter intake (2.79%) was in the first 
year (2012), and it decreased in consecutive years. Analysing dry matter intake for all 
three harvests it was observed that it significantly decreased, from 2.79% in the first one, 
to 2.61% in the third one. 

Relative feed value 

Linn and Martin’s test (1989) applied in the present experiment showed that, as an 
average for both grass species, the forage from all plots is of second quality class. 
Comparing experimental years only, it was discovered that the grass had the highest value 
in the first year (144), and it was gradually lower in the consecutive years (Table 5). 
 

Table 5. The effects of experimental year and fertilizer on dry matter relative feed value 

Species / 

Year / 

Cutting 

Fertilizer 
Mean 

0 NPK UG EU HA UG+NPK EU+NPK HA+NPK 

Mean for species 

Cocksfoot 129Ba 125Aa 127Aa 142Aa 138Aa 134Ba 128Ba 139Aa 133B 

Perennial 
ryegrass 

152Aab 141Aab 135Ab 145Aab 144Aab 156Aa 148Aab 156Aa 147A 

Mean for cuttings 

I 140Aa 122Aa 122Aa 135Aa 134Aa 140Aa 129Aa 143Aa 133C 

II 132Aa 130Aa 133Aa 150Aa 141Aa 146Aa 144Aa 147Aa 140B 

III 150Aa 146Aa 139Aa 146Aa 148Aa 150Aa 141Aa 153Aa 147A 

Mean for years 

2012 136Aab 133Aab 132Ab 144Aab 152Aab 155Aab 142Aab 158Aa 144A 

2013 149Aa 138Aa 134Aa 155Aa 137Aa 139Aa 140Aa 149Aa 143AB 

2014 138Aa 127Aa 127Aa 132Aa 133Aa 141Aa 132Aa 137Aa 133B 

Means in lines marked with the same small letters do not differ significantly. Means in columns marked 
with the same capital letters do not differ significantly 

 
 

Comparing both grass species (Table 5) it was found that perennial ryegrass had a 
significantly higher RFV (147) than cocksfoot (133). The results indicate that only 
perennial ryegrass from the plot with UGmax and mineral fertilizers applied together 
(156) and form the plot with Humus Active Papka and mineral fertilizers applied together 
(156) was of the first quality class. 

The above results indicate that that forage met requirements of high productivity dairy 
cows. Perennial ryegrass from the control plot also had a high RVF value (152). Forage 
from other plots was classified to the second class, to be used to feed good dairy cows 
and young heifers selected for breeding. According to Sosnowski (2012b) perennial 
ryegrass had a lower RFV (119), but UGmax application slightly raised it (124). The same 
author (2012d) found that for cocksfoot relative feed value was 104 and after UGmax 
application this parameter decreased to 100. Comparing relative feed value of forage from 
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different grass cuttings it was found that it increased significantly, rising from133 in the 
first cutting to 147 in the third. 

Grass from plots where UGmax with mineral fertilizers and form plots where Humus 
Active Papka with mineral fertilizers were applied had the highest feed value, 145 and 
148, respectively (Fig. 4). Compared to the plot where both of them were applied 
together, separate application of UGmax and mineral fertilizers lowered relative feed 
value by 9%. 
 

Figure 4. The effects of fertilizer on relative feed value in dry matter (-). Means in columns 
marked with the same lower case letters do not differ significantly 

 
 
Conclusions 

1. In the case of cocksfoot the Humus Active Papka and UGmax soil conditioners, when both 
used with mineral fertilizers, had the highest impact on dry matter digestibility, but in the 
biomass of perennial ryegrass this parameter was the highest when Humus Active Papka 
was used on its own, or when UGmax was applied together with mineral fertilizers. 

2. As an average affect of fertilizer combinations, perennial ryegrass had higher digestibility, 
dry matter content, and relative feed value than cocksfoot. 

3. Combinations of mineral fertilizers with soil conditioners, in particular with UGmax and 
Humus Active Papka, resulted in the highest relative feed value of perennial ryegrass. This 
forage met requirements of high productive dairy cows. 

4. The diverse and inconclusive results of the experiment with the nutritional value of 
perennial ryegrass and cocksfoot indicate that there should be further research conducted 
to select the most suitable soil conditioner to be used for growing forage grass. 
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Abstract. Physicochemistry was measured weekly from 2014–2017 at sites PD1, PD2, and PD3 in Lake 
Paldang, Korea. The effects of temperature and nutrients on the growth of the freshwater diatoms 
Stephanodiscus and Synedra were determined. PD2 had higher water temperature, dissolved oxygen, and 
conductivity than PD3. Total phosphorus and nitrogen at PD2 were the highest (0.038 mg/L and 
2.181 mg/L, respectively). However, PD3 had more silicon (1.396 mg/L) than PD2 (1.027 mg/L). 
Stephanodiscus and Synedra bloomed mainly between March and May. At all three sites, Stephanodiscus 
was detected at 1.2–22.7°C and its density was the highest at 6.7°C. Synedra was detected at 1.2–32.8°C 
and its density was the highest at 13–15°C. Stephanodiscus and Synedra proliferated when TP was 
≥ 0.020 mg/L and ≤ 0.020 mg/L, respectively, and Si was ≤ 0.4 mg/L and ≥ 0.4 mg/L, respectively. 
Therefore, temperature, phosphorus and silicon significantly influenced diatom growth. 
Keywords: phosphorus, silicon, Si:P ratio, springtime 

Introduction 

Spring diatom bloom frequently occurs in eutrophic rivers, lakes, and seas around the 
world. The mass growth of Asterionella or Stephanodiscus is accompanied by malodor 
(Jüttner, 1983; Deng et al., 2013). When large volumes of these diatoms flow into water 
purification plants, they clog filter basins (Joh et al., 2011). Diatom overpopulation also 
causes many other problems. These problems lead to a reduction of dissolved oxygen 
transparency, which results in clogging and sedimentation issues in water-treatment 
processes and drinking water supply systems, with high diatoms biomass (Hijnen et al., 
2007; Reavie et al., 2016). 

Spring diatom bloom is affected by various environmental factors like light, rainfall, 
water temperature, and nutrient levels (Bleiker and Schanz, 1989; Marshall and Peter, 
1989; Muylaert and Sabbe, 1999; Ye et al., 2007). These factors modify phytoplankton 
development and sustainability. They also determine species composition and seasonal 
succession (McCauley and Downing, 1991; Teubner and Dokulil, 2002; Lv et al., 
2014). Water temperature is a major factor influencing phytoplankton growth (Masaki 
and Seki, 1984; Tsuchida et al., 1984). A rise in water temperature may accelerate 
phytoplankton growth. Nevertheless, temperature fluctuations may cause stress and 
reduce phytoplankton populations (Round et al., 1990; Reynolds, 2006). It was reported 
that a change in water temperature caused the existing predominant species to be 
replaced by another more competitive one at the new temperature (Tilman et al., 1981). 
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Motile freshwater flagellate algae changed their locations according to water 
temperature (Clegg et al., 2003). Nutrients and water temperature affected the 
springtime growth of phytoplankton (Wu et al., 2013). Phosphorus and silicon have 
significant effects on the development and succession of phytoplankton, especially 
diatoms. A low Si:P ratio may partially constrain diatom growth in eutrophic lakes 
(Schindler et al., 1996; Schindler, 2006; Reynolds, 2006). The centric freshwater 
diatoms Cyclotella and Stephanodiscus are known to compete with other diatom genera 
for silicon (Tilman et al., 1986). They grow continuously in the springtime until the 
silicon is almost exhausted. Their growth is not affected by silicon concentration (cited 
in Shatwell et al., 2013). Contrarily, Synedra, Asterionella, and other linear 
Fragilariaceae prefer high silicon concentrations and are more competitive at low 
phosphorus levels (Tilman et al., 1982). Sommer (1985) reported that Asterionella was 
a better competitor for phosphorus than Stephanodiscus, and Synedra acus is the most 
successful competitor for phosphorus when the silicon levels were not limiting. 
Constraints on the availability of silicon restrict diatom growth to a short springtime 
duration. However, the interactions between physicochemical factors like water 
temperature and Si:P play important roles in determining diatom species distributions 
(Shatwell et al., 2013). Analysis of the interaction between phytoplankton and 
environmental factors will help us understand phytoplankton species composition under 
various conditions. It will improve predictions about the growth, development, and 
dynamics of diatoms. 

The objective of this study was to identify the environmental factors affecting the 
growth of Stephanodiscus and Synedra by investigating the development of spring 
diatom blooms (Stephanodiscus and Synedra) in Lake Paldang at the confluence of the 
physicochemically different Bukhan and Namhan Rivers, in South Korea. 

Materials and methods 

Study site 

Lake Paldang is located in the upper region of the Han River running through Seoul, 
the capital city of South Korea, in East Asia. Lake Paldang is a man-made lake 
constructed in 1973 at the confluences of the Bukhan and Namhan Rivers. In 1975, it 
was designated a protected watercourse area. It provides water to 2.4 million people, 
and is the largest drinking water source in South Korea. The surface area is 36.5 km2 
and the total basin area is ~23,800 km2. The Bukhan River catchment occupies 37%, 
while the Namhan River catchment accounts for ~60% of the total basin area. The 
average depth of Lake Paldang is ~6.5 m. Therefore, the vertical distributions of both 
water temperature and DO are more or less uniform and no distinct stratification is 
observed. The Bukhan and Namhan Rivers account for 35.5% and 62.9% of the total 
inflow into Lake Paldang, respectively. The tributaries of Lake Paldang have different 
water quality characteristics. The continuous inflow of domestic sewage and livestock 
wastewater cause eutrophication, and, consequently, algal blooms (Park et al., 2004; 
Park and Jheong, 2003). 

Analytical methods 

A field survey was conducted at three different sites; PD1, PD2, and PD3. PD1 
(N 37°31'24.5" E 127°16'56.6") was located in front of the Paldang Dam. PD2 
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(N 37°30'00" E 127°15'00") was under the influence of the Namhan River. PD3 
(N 37°35'25.2" E 127°20'24.5") was in the trajectory of the Bukhan River (Fig. 1). 
Water samples were collected weekly from March 2014 to October 2017 except when 
the water was frozen, and continuously measured 40 times or more each year. In our 
analysis, Springtime was set between March to May. Water samples were taken at a 
depth of 0.5 m using an 8 L water sampler (Wildco, Yulee, FL, USA). 
 

Figure 1. Location of sampling sites in Lake Paldang 
 
 

At each sampling, water temperature (T), dissolved oxygen (DO), and conductivity 
(C) were measured with a multi water quality checker (YSI EXO; YSI Inc., Yellow 
Springs, OH, USA). An 8-L water sampler (Wildco, Yulee, FL, USA) was used and the 
collected samples were stored in the cold (~4°C) and dark until they were transported to 
the laboratory. For certain samples, total phosphorus (TP, mg/L), dissolved total 
phosphorus (DTP), total nitrogen (TN), dissolved total nitrogen (DTN), and silicon (Si) 
were measured in accordance with the Korean standard methods (ME, 2016). TP and 
DTP were calculated from the absorbance of molybdic acid measured by continuous 
flow at 880 nm. TN and DTN were determined from the absorbance of NO2-N (nitrite 
nitrogen) measured by continuous flow at 550 nm. From March 2015 to October 2017, 
Si was analyzed using the color reactions of supersaturated oxalic acid and the 
absorbance was measured at 630 nm. N:P and Si:P were reported as mass ratios using 
the values of TN and TP. Si:P was calculated from Si and TP. 

The samples for analyzing the cell counts of Stephanodiscus and Synedra were fixed 
by adding Lugol’s iodine solution (final concentration: 2% w/v). They were then used 
unmodified, concentrated, or diluted depending on the phytoplankton density. One 
milliliter of the fixed sample was placed into a Sedgwick-Rafter counting chamber, left 
to settle for ≥30 min, then viewed under a microscope. Cell counts per unit area were 
calculated using an ECLIPSE Ni phase-contrast microscope (Nikon Instruments, Tokyo, 



Youn et al.: Occurrence characteristics of Stephanodiscus and Synedra in relation to water temperature and concentrations of 
nutrients during spring diatom bloom in Lake Paldang, Korea 

- 5138 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5135-5147. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_51355147 
© 2020, ALÖKI Kft., Budapest, Hungary 

Japan). The diatoms were identified based on the methods of John et al. (2002), Joh 
(2010), and Joh et al. (2010). Stephanodiscus and Synedra were differentiated from 
other diatoms by structural characteristics at the genus level. A Pearson correlation 
analysis was used to examine the relationship between environmental factors and 
Stephanodiscus and Synedra cell counts. Data were processed with SPSS v. 12.0 (IBM 
Corp., Armonk, NY, USA). 

Results 

Environmental characteristics of Water quality 

Average annual water temperature, DO and conductivity measurements were higher 
at PD2 than at PD3 every year (Table 1). The average annual water temperature of the 
three sites was 16.8–20.0°C (Table 1). The lowest water temperatures were recorded in 
March (≤10°C). In July and August, the water temperature rose to ≥20°C (Fig. 2). The 
average annual DO ranged from 10.2 to 11.0 mg/L at PD1, 11.5 to 12.7 mg/L at PD2 
and 9.8 to 10.4 mg/L at PD3. The average annual conductivity at PD2 was 236 to 
271 μS/cm, whereas that at PD3 was 119 to 137 μS/cm. Electrical conductivity at PD2 
was twice that of PD3. The conductivity at PD1 was intermediate relative to those at the 
other two sites (206 to 220 μS/cm). There were clear differences in some nutrients 
among three sites (ANOVA, P < 0.01): TN, TP, DTN, and DTP values were higher in 
PD2 compared to PD3 in all years of the survey period (Table 1). The average annual 
TP in PD3 ranged from 0.012 to 0.017 mg/L (i.e., less than 0.020 mg/L), and it had a 
broader range in PD2 that was typically greater than 0.030 mg/L (0.035 to 0.048 mg/L). 
The average annual TN was 1.857 to 2.095 mg/L at PD1, 1.959 to 2.404 mg/L at PD2 
and 1.636 to 1.828 mg/L at PD3 (Table 1). Trends in DTN and DTP were similar to 
those of TN and TP, respectively. At PD1, the average annual DO ranged from 10.2 to 
11.0 mg/L. Si concentrations were higher at PD3 (0.966 to 1.774 mg/L) compared to 
PD2 (0.922 to 1.460) (Table 1). 
 

Table 1. Differences in the values of environmental parameters at three sites in Lake 
Paldang from 2014 to 2017 

Site Year WT (°C) DO 
(mg/L) 

Cond. 
(μS/cm) 

TP (mg/L) 
DTP 

(mg/L) 
TN 

(mg/L) 
DTN 

(mg/L) 
Si (mg/L) 

PD1 

2014 18.4 11.0 206 0.024 0.014 1.929 1.835 - 

2015 18.2 10.2 220 0.023 0.013 1.857 1.786 0.731 

2016 18.3 10.4 215 0.024 0.011 2.027 1.961 1.175 

2017 18.9 10.5 211 0.027 0.011 2.095 2.018 1.511 

PD2 

2014 18.9 12.7 236 0.038 0.020 2.173 2.046 - 

2015 19.3 12.0 271 0.035 0.019 1.959 1.862 0.922 

2016 19.1 11.6 265 0.035 0.015 2.250 2.152 1.306 

2017 20.0 11.5 263 0.048 0.023 2.404 2.299 1.460 

PD3 

2014 16.8 10.4 119 0.012 0.006 1.705 1.636 - 

2015 17.7 10.1 135 0.013 0.008 1.804 1.730 0.966 

2016 17.5 9.8 137 0.016 0.007 1.879 1.828 1.548 

2017 17.6 10.4 121 0.017 0.007 1.810 1.749 1.774 

WT: Water temperature, DO: Dissolved oxygen, Cond.: Conductivity, TP: Total phosphorus, DTP: 
Dissolved total phosphorus, TN: Total nitrogen, DTN: Dissolved total nitrogen, Si: Silicon 
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Figure 2. Weekly variations in water temperature and abundance of Stephanodiscus (a) and 
Synedra (b) at Lake Paldang from March 2014 to October 2017 (except frost period) 

 
 

The concentration ranges of TP and TN in Lake Paldang were 0.006–0.279 mg/L and 
1.002–3.466 mg/L, respectively. The maximum measured Si concentration in Lake 
Paldang was 4.107 mg/L (Fig. 3). TP, TN, and Si significantly increased during the 
summer season because of high rainfall. In fact, the values of all three parameters 
substantially increased in response to every rainfall event. TN concentrations were high 
in March at every site and steadily decreased until early June. In early March, Si was 
≥1.5 mg/L at PD3, but it was ≤1.0 mg/L at PD1 and PD2. In 2016 and 2017, continuous 
rainfall between July and November increased Si to ≥1.5 mg/L (Fig. 3). 
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Figure 3. Temporal variations in TP, TN, and Si from March 2014 to October 2017 (except 
frost period). TP: Total phosphorus, TN: Total nitrogen, Si: Silicon 

 
 
Stephanodiscus and Synedra in relation to water temperature 

Stephanodiscus exhibited increased growth during spring and low growth during 
summer every year. Its cell counts were the highest in early March when the water 
temperature was <10°C, and it gradually decreased thereafter, until Stephanodiscus 
disappeared almost completely after May. As the water temperature fell once again in 
November, Stephanodiscus began to reappear. In March, PD1 had the highest cell count 
(12,950 cells/mL). In March 2014, PD2 had a record Stephanodiscus count of 
32,570 cells/mL, but the cell counts decreased thereafter until May. In 2015, 2016, and 
2017, the cell counts peaked in early March, followed by a steady decline (Fig. 2a). 
From PD3, Stephanodiscus cell counts were 1,150 cells/mL maximum, which was less 
than the other two points. 

Stephanodiscus was detected within the temperature range of 1.2–22.7°C and had the 
highest biomass at 6.7°C. At PD1, the cell counts were >10,000 cells/mL within the 
temperature range of 4.4–9.2°C. At PD2, it was at 5.6–15.7°C that the cell counts 
reached >10,000 cells/mL. At PD3, the cell counts never exceeded 10,000 cells/mL 
(Fig. 4a). 
 

Figure 4. Abundance of Stephanodiscus (a) and Synedra (b) relative to water temperature at 
the three sites at Lake Paldang. Note that cyanobacteria cell count scales are different 
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The temperature-dependent growth pattern of Synedra was essentially the same 
every year. Synedra cell counts began to increase from March and reached their maxima 
by mid-April when the water temperature was ~14 ± 2°C. Thereafter, the cell counts 
significantly decreased and remained low. PD1 had the highest Synedra cell counts of 
all three sites (1,750 cells/mL) between March and May 2016. In contrast, the Synedra 
cell counts at PD2 never surpassed 500 cells/mL and were significantly lower than those 
at the other two sites. The highest Synedra counts were obtained at PD3 
(5,170 cells/mL) (Figure 2b). Synedra appeared from March to May and proliferated at 
13–15°C, except in 2014, when the mean water temperature was only 11°C at that time 
of year. 

At all three sites, Synedra grew under a very wide water temperature range of 
1.2-32.8°C. However, cell counts ≥1,000 cells/mL were measured only at 7.2–23.9°C. 
At PD2, the Synedra cell counts never exceeded 1,000 cells/mL (Fig. 4b). 

Effect of nutrients on the growth of Stephanodiscus and Synedra during springtime 

Correlations between nutrient concentration and cell count were determined for 
Stephanodiscus and Synedra in springtime (March to May) when their cell counts were 
>85% of their annual totals. The average springtime TP concentration was the lowest at 
PD3 (0.011 mg/L). At the same time, PD2 had an average TP concentration of 
0.027 mg/L (>2 times that of PD3). PD1 recorded a TP concentration of 0.019 mg/L, 
which was intermediate between those of PD2 and PD3. PD2 presented with a wider 
TN concentration range than PD3 (Fig. 5). However, the average springtime Si 
concentration at PD3 was 1.116 mg/L, which substantially exceeded that at PD2 
(0.181 mg/L). The Si concentration at PD1 was higher than that at PD2, but lower than 
that at PD3 (Fig. 5). The cell counts of Stephanodiscus and Synedra of Lake Paldang 
varied with site during the springtime. The Stephanodiscus cell count was high at PD2 
(average 6,108 ± 6,954 cells/mL) but significantly lower at PD3 (average 
150 ± 264 cells/mL). In contrast, Synedra had a relatively lower cell count at PD2 
(average 101 ± 103 cells/mL) and a comparatively high cell count at PD3 (average 
1,089 ± 1,362 cells/mL). 
 

Figure 5. Range of nutrients (TP, TN, and Si) and diatoms (Stephanodiscus and Synedra) 
densities during springtime (2014–2017) at Lake Paldang (Median values: horizontal dashed 
line; mean values: solid line; boxes: 25th and 75th percentiles; error bars: 10thth and 90th 

percentiles; circles; outliers). TP: Total phosphorus, TN: Total nitrogen, Si: Silicon 
 
 

The growth rates of Stephanodiscus and Synedra in the springtime varied 
differentially in response to nutrient concentration. Stephanodiscus had the highest cell 
counts when the concentrations of TP, TN, and Si were 0.030 mg/L, 2.688 mg/L, and 
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0.161 mg/L, respectively. The cell counts of Synedra were the highest when the TP, TN, 
and Si concentrations were 0.020 mg/L, 2.412 mg/L, and 0.473 mg/L, respectively 
(Fig. 6). High TP and TN concentrations increased Stephanodiscus cell counts more 
than they did those of Synedra. When TP was ≥0.020 mg/L, Stephanodiscus cell counts 
substantially increased. On the contrary, the cell counts of Synedra were the highest 
when TP was ≤0.020 mg/L. At springtime, Si concentrations were ≤0.4 mg/L, and 
>70% of the total annual Stephanodiscus cells appeared then. In contrast, the Synedra 
cell counts were high even when Si was ≥0.4 mg/L. When TP was ≥0.020 mg/L, and Si 
was ≤0.4 mg/L, (Si:P ratio <20), the cell count of Stephanodiscus increased 
significantly. Contrarily, there were large numbers of Synedra cells when TP was 
≤0.020 mg/L and Si was ≥0.4 mg/L (Si:P ratio > 20) (Fig. 7). 
 

Figure 6. Comparison of cell counts of Stephanodiscus (a) and Synedra (b) as functions of 
nutrient (TP, TN, and Si) concentrations in springtime from 2014 to 2017. TP: Total 

phosphorus, TN: Total nitrogen, Si: Silicon 
 
 

Figure 7. Distribution of Stephanodiscus (a) and Synedra (b) abundance as functions of 
nutrient (TP and Si) concentrations during springtime (2015–2017). TP: Total phosphorus, Si: 

Silicon. Legend unit is ‘cells/mL’ 
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The cell count of Stephanodiscus had weak positive correlations with DO, 
conductivity, and TN, and weak negative correlations with water temperature, Si, and 
Si:P ratio. The Synedra cell counts had weak positive correlations with DO, TN, and 
N:P ratio, and weak negative correlations with water temperature, conductivity, TP, and 
Si (Table 2). In springtime, the cell count of Stephanodiscus had weak negative 
correlations with water temperature, Si, N:P ratio, and Si:P ratio. In contrast, the 
Synedra cell counts had weak positive correlations with Si, N:P ratio, and Si:P ratio 
during that period. 
 

Table 2. Pearson’s correlation coefficients between the abundance of two diatoms and 
environmental parameters during all time periods investigated and during springtime at 
Lake Paldang 

Parameter 
All period Spring 

Stephanodiscus Synedra Stephanodiscus Synedra 

W.T -0.368** -0.187** -0.416** - 

DO 0.431** 0.120** 0.530** -0.172* 

Cond. 0.221** -0.206** 0.396** -0.372* 

TP - -0.130** 0.442** -0.203* 

TN 0.405** 0.163** 0.584** - 

Si -0.274** -0.145** -0.283** 0.233* 

N:P - 0.278** -0.286** 0.258** 

Si:P -0.250** - -0.320** 0.196* 

W.T: Water temperature, Cond.: Conductivity, * P < 0.05, ** P < 0.01 

 
 
Discussion 

In Lake Paldang, the variations in phytoplankton biomass and the spatial 
distributions of the dominant species comprising it were greatly affected by 
environmental factors. Water temperature plays an important role in modifying 
phytoplankton dynamics (Lee et al., 2013). The present study also showed that the 
growth of Stephanodiscus and Synedra were significantly affected by the water 
temperature of Lake Paldang. Both diatom species had the highest cell counts during 
spring. This pattern recurred at about the same time each year. Both species preferred 
low water temperatures, but their cell counts peaked at different ranges of water 
temperature. It was reported that Stephanodiscus adapted to low water temperatures and 
proliferated at <7°C (Ha et al., 2003). Synedra has a similar preference for low water 
temperatures. Bondarenko and Geuselnikova (2002) reported that the optimal water 
temperature range for the proliferation of Synedra acus var. radians was 12–14°C in 
vitro. The growth rates of both diatom species were negatively correlated with water 
temperature throughout the survey period, and they were found to prefer low water 
temperatures to high ones. However, Stephanodiscus grew at the range of 1.2–22.7°C 
whereas Synedra proliferated at 1.2–32.8°C. Accordingly, Synedra was detected at 
higher temperatures than Stephanodiscus. In addition, Stephanodiscus was dominant 
and had the highest cell count at ≤10°C whereas Synedra prevailed at the range of 
10.8-15.7°C. In Lake Paldang, Stephanodiscus flourished at low water temperatures, 
and, therefore, occurred earlier than Synedra. Both species contributed to the spring 
bloom at relatively low water temperatures. However, since they have different 
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temperature optima, they would not proliferate or compete for resources 
simultaneously. 

The types of predominant diatoms and their population densities depend on nutrient 
concentrations. In the Behler See, centric diatoms increased their relative biovolumes by 
>60% at low Si:P ratio (<15). Contrarily, Fragilariaceae species, which are linear, had 
comparatively low biomasses at low Si:P ratio (Makulla and Sommer, 1993). 
Stephanodiscus minutulus, a centric diatom, required significantly more phosphorus 
than silicon. Its optimal Si:P (molar) ratio was ~1.0. In contrast, Synedra grew well 
despite the lack of phosphorus, but did not flourish at low silicon concentrations 
(Kilham et al., 1986). According to Tilman et al. (1982), Synedra was more competitive 
than Stephanodiscus when phosphorus was limited. In a culture with limited phosphorus 
(Si:P ratio> 75), Asterionella and Fragilaria predominated but Stephanodiscus failed to 
thrive (Van Donk and Kilham, 1990). In the present study, PD2 presented with 
Stephanodiscus blooms but Synedra was nearly absent there. Contrarily, PD3 had a low 
Stephanodiscus biomass but substantial quantities of Synedra (Figure 5). The two 
watershed influencing Lake Paldang (Namhan River and Bukhan River) have very 
different water quality properties. The Namhan River has a high nutrient concentration 
because it receives pollution inputs from widely dispersed point- and nonpoint sources. 
In contrast, the upper part of the Bukhan River is adjacent to mountains and is 
mesotrophic or oligotrophic (Park et al., 2004; Kim et al., 2014). In addition, the 
watershed of the Bukhan River is more prone to silicate weathering than that of the 
Namhan River. Therefore, the silicic acid concentration is higher in the Bukhan River 
than in the Namhan River (Ryu et al., 2008). PD2 had low silicon and high phosphorus 
levels; so, its average springtime Si:P ratio was as low as 8. For this reason, 
Stephanodiscus could bloom at PD2, since it prefers low Si:P ratio. As the 
Stephanodiscus population decreased at PD2, the Si:P ratio remained low there and the 
growth of Synedra was restricted, even when its optimal water temperature was 
attained. PD3 showed high silicon and relatively low phosphorus levels. At this site, the 
average springtime Si:P ratio was 109. Since Synedra prefers high Si:P ratio, its 
population density at PD3 was very high. However, Stephanodiscus populations were 
very sparse because they fail to thrive under phosphorus restriction. Consequently, 
Stephanodiscus can flourish at water temperatures <10°C, since its growth is positively 
correlated with phosphorus and nitrogen concentrations and the levels of this nutrient 
are relatively high in springtime (r = 0.442, P < 0.01, r = 0.584, P < 0.01, respectively). 
Therefore, its population density would be high at elevated phosphorus concentrations 
(>0.02 mg/L) and low Si:P ratio. Contrarily, Synedra prefers higher water temperatures 
(10.8–15.7°C) than Stephanodiscus. Moreover, Synedra tends to flourish at high silicon 
levels (>0.4 mg/L). Synedra showed weak negative correlations with silicon 
concentration during springtime. However, throughout the study period, there were 
negative correlations as silicon concentration increased during summer due to heavy 
rain. Synedra did not appear during summer because of high water temperatures. From 
our analysis, it can be inferred that both diatoms can grow at low water temperatures, 
but they have different temperature range preferences. In addition, Stephanodiscus and 
Synedra flourish at low Si:P ratio and high Si:P ratio, respectively. 

Both Stephanodiscus and Synedra were detected at PD1. Since PD1 was located at 
the boundary or interface of PD2 and PD3, its nutrient levels were the combination of 
those for the other two sites. In springtime, the average cell count of Stephanodiscus 
was 3,291 cells/mL, which was only ~54% that of PD2. During the same period, the 
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average cell count of Synedra was 391 cells/mL, which corresponded to ~36% of that of 
PD3. At PD1, the highest cell counts for Stephanodiscus were recorded in early March. 
The same phenomenon was observed at PD2. Synedra cell counts peaked in mid-April. 
The same trend was found at PD3 (Figure 3). The growth rates and patterns of both 
diatoms at PD1 resembled those observed at the Namhan (PD2) and Bukhan (PD3) 
Rivers. Relative to the inflow into Lake Paldang, the cell counts at PD1 were lower than 
those at the other sites. Therefore, the inflow of the Bukhan and Namhan Rivers diluted 
the diatoms. At PD1, then, the growth rates of Stephanodiscus and Synedra were 
affected mainly by the inflow from the upper regions rather than their own population 
densities. However, more detailed investigation is necessary in future to estimate the 
effects of rainfall, flow rate, and zooplankton predation on diatom growth. 

Conclusions 

Through this study, it was demonstrated that the timing and magnitude of spring 
diatom bloom are affected by physicochemical factors like water temperature, and 
nutrient levels and their ratios. (1) Both Stephanodiscus and Synedra prefer low water 
temperatures, but Synedra biomass reaches it maxima at higher temperatures. (2) The 
two diatoms have different optima for available nutrient concentrations. Low levels of 
phosphorus and silicon limit the growth of Stephanodiscus and Synedra, respectively. 
(3) Growth of these diatoms is affected both by nutrient concentrations (especially 
phosphorus and silicon) and water temperature. The growth rates of Stephanodiscus and 
Synedra are controlled by multiple factors. Optimal water temperature, and phosphorus 
and silicon concentrations and their ratios can promote diatom growth. These factors 
must be considered in the prediction of the growth trends and population densities of 
Stephanodiscus and Synedra in Lake Paldang. However, in order to clearly identify the 
effects of environmental factors on the appearances of Stephanodiscus and Synedra, 
future research should be conducted using various types of statistical analyses for 
factors such as hydraulic and hydrologic factors, competition with other species, and 
predation. 
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Abstract. Scrapie is basically a kind of disease that originally was specific to European countries, but from 
England it spread all over the world to Canada, South Africa, Australia, New Zealand and many other 
countries. Scrapie is a prion disease which is fatal and results in or can be characterized by the degeneration 
of the nervous system. It belongs to transmissible spongiform encephalopathies (TSEs) infecting small 
ruminants including sheep and goat. Sheep susceptibility or resistance to classical scrapie is highly 
supervised by the polymorphisms at codons 136, 154 and 171 of the PRNP. In this review, we found that 
countries like Romania, Finland, Italy, Slovakia, Germany, Greece, Spain, Poland, Turkey, Iran, Brazil, 
England, Portugal, Hungary, Austria, and Czech Republic, are susceptible to scrapie, while in Pakistan, 
China, Algeria, West Africa, America, Burkina Faso, and Niger are those countries where sheep are not 
susceptible to this disease. From these studies, we can clearly conclude that China and Pakistan are the 
countries where sheep show more resistance to scrapie. We focused to summarize the PRNP polymorphism 
at 136, 154, and 171 in sheep and some important findings in major parts of the world. 
Keywords: scrapie, transmissible spongiform encephalopathies (TSEs), European countries, history, prion 

Introduction 

Approximately, 70.7% of the total sheep population is present in Asia and 35.89% of 
the total population of sheep is present in China which has become the leading country 
for sheep products. But in China, no case of scrapie in sheep has been found so far, 
whereas in the countries like England, Greece, Turkey and other small European 
countries scrapie is on red alert. Where sheep (Ovis aries) and goat (Capra aegagrus 
hircus) have many resemblances, their scientific taxonomy eventually split, have 
distinct species and genus, whereas sheep and goat have 54 and 60 chromosomes 
simultaneously. The polymorphism of the PRNP gene plays a fundamental role in prion 
disease. Scrapie is resulting in or characterized by the degeneration of the nervous 
system affecting sheep and belongs to a group of a prion disease that naturally occurs in 
sheep. PRNP is responsible for negative influence on the financial loss, such as the 
cashmere yield, wool thickness (Lan et al., 2012) and milk yield (Vitezica et al., 2013) 
as well as the waistline, body length (Yang et al., 2016), rump length (Yang et al., 
2018), and weight. Almost the same mutation of PRNP present in sheep, has also been 
determined in goat (White et al., 2008; Zhou et al., 2013). The only responsible factor 
for scrapie that has been determined until now is a prion. Scrapie is not like a viral or 
bacterial disease which have causal agent, rather it is a genetical disease making it 
difficult to cure. The possibility for the elimination of this disease is wholly associated 
with polymorphisms of the PRNP. Sheep and goat are not the only victims of prion 
disease as it has been reported in almost all vital living species of animals with different 
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names (Table 1). The first human victimization to scrapie were the farmers or the sheep 
owners who were directly affected by the disease. During the 20th century, many ideas 
on the nature of the causative agent of TSEs were published (Table 2) while with the 
passage of time, the majority of these revealed to be unwarranted. Prion disease affects 
both animals and humans (Yaman and Ün, 2017) but until 1990s scientists failed to 
provide any evidence of transmission of disease to humans (Van Duijn et al., 1998). 

 
Table 1. Affected species with prion diseases (Mabbott, 2017) 

Disease Species  

Scrapie Sheep, goats, mouflon  

Iatrogenic Creutzfeldt-Jakob disease (CJD)  Human  

Sporadic Creutzfeldt-Jakob disease  Human  

Variant Creutzfeldt-Jakob disease  Human  

Familial Creutzfeldt-Jakob disease  Human  

Gerstmann-Straussler-Scheinker syndrome  Human 

Kuru Human  

Fatal familial insomnia  Human  

Bovine spongiform encephalopathy  Cattle  

Chronic wasting disease  Elk, deer, moose  

Transmissible mink encephalopathy  Mink  

Feline spongiform encephalopathy  Domestic and zoological cats  

Exotic ungulate encephalopathy  Nyala, kudu  

 
 
Table 2. Names of causative agents given by different scientists from 1912 to 1991 

Year TSE agents Reference 

1914 Sarcosporidia M’Gowan (1914) 

1938 A filterable virus Cuillé and Chelle (1938) 

1954 A slow virus Sigurdsson (1954) 

1966 A replicating polysaccharide Alper et al. (1967) 

1967 A protein Pattison and Jones (1967) 

1967 A replicating membrane Gibbons and Hunter (1967) 

1968 A DNA-polysaccharide complex Adams and Caspary (1968) 

1972 A viroid Diener (1972) 

1978 A lipid Alper et al. (1978) 

1979 A Spiroplasma sp. Bastian (1979) 

1979 A virino Dickinson (1979) 

1982 A prion Prusiner (1982) 

1984 A virus Manuelidis (1996) 

1989 Mitochondria (l nucleic acid(s)) Aiken et al. (1990) 

1991 

A holoprion, consisting of abnormal prp (PrP in the scrapie 
specific conformation, the apoprion) and a (dispensible) 

nucleic acid (the coprion)  
Weissmann (1991) 
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Scrapie is the disease with the maximum and oldest publications as explicit journals 
allude to a paper going back to the year 1732 as the initial report of scrapie (Detwiler 
and Baylis, 2003). In 1772 scrapie was accounted for to be known for around 40 years, 
a point in time going back to the year 1732. This distemper disease is normally said to 
be remains of almost forty years in England (Comber, 1772). All scholars were devoted 
to the quest for the origin of the disease. A large number of proposed causes were 
diagnosed by all methods like the number of prescribed pathogens set forward all 
through the twentieth century. Since the 1930s, scrapie examination was reinforced 
when impressive money related misfortunes to the sheep business were brought about 
by expanding measurements of cases. These harms likewise advance studies on the 
precise idea of the infective reason, besides parasites (M’Gowan, 1914) and bacteria 
(Bastian, 1979) as causative agents, virus infection was the most frequently proposed 
principle, already formulated in 1938 (Cuillé and Chelle, 1938). In 1954, the word of a 
“slow virus infection” was presented the first time (Sigurdsson, 1954). Though, in 1966, 
a substitute to the viral origin was hypothesized as the cause, i.e., polysaccharides 
(Alper et al., 1966; Alper et al., 1967) or lipids (Alper et al., 1978). In 1967, for the first 
time, a protein was predictable as an infective cause (Pattison and Jones, 1967), and the 
first “protein-only- hypothesis” was articulated (Griffith, 1967), which was followed in 
the 1970s by the “virino” theory (Dickinson, 1979). At long last, in light of the 
opposition of the pathogen, in 1982, “proteinaceous irresistible molecule” (abbreviation: 
prion) was presented (Prusiner, 1982) and the transformation of a healthy cellular 
protein (PRPC) into a pathological isoform (PRPSc) as a critical event of TSE 
pathogenesis was proposed not long after (Oesch et al., 1985). 

The investigation of scrapie was complex by the circumstance that in previous times, 
many new diseases like Drehkrankheit, Kreuzdrehe, and Gnubberkrankheit were 
confused with scrapie. Numerous scholars believed at least one of them to be indistinct 
with or separate from scrapie. Some particular authors attempted to recognize 
“Drehkrankheit,” “Gnubberkrankheit,” “Kreuzdrehe,” and “Traberkrankheit.” Whereas 
a lot of them segregate among “Drehkrankheit” and “Kreuzdrehe” from one viewpoint 
and “Traberkrankheit” on the other (Frank, 1820; Ribbe, 1821; Hering, 1849; Erdt, 
1861; May, 1868), there were other writers who considered “Kreuzdrehe” and 
“Traberkrankheit” to be the identical but to be dissimilar from “Gnubberkrankheit” 
(Wagenfeld, 1829). This mistake of terms, just as the indistinct and confounding 
portrayal of the indications of scrapie and of different diseases, indicating scrapie 
recognized in the year 1750. Different terms that were utilized to make reference to 
scrapie are mentioned (Table 3). 

 
Table 3. Historical names of scrapie given by locals in different regions of the world 

 Name of scrapie Country Reference 

1 Basqvilla Disease Spain von Richthofen (1828) 

2 Cuddie Trot Scotland Healy et al. (2003) 

3 Drab(en) Germany von Richthofen (1827) 

4 Dreb/Deeb Germany Frank (1820) 

5 Drehkrankheit Germany Schneider et al. (2008) 

6 Gaubber/G(n)aup(p)er Germany Schneider et al. (2008) 

7 Gnubberkrankheit Germany Cassirer (1898) 

8 Knopper Germany Frank (1820) 
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9 Khujali India Katiyar (1962) 

10 Kreu(t)zdrehe(n) Germany von Richthofen (1827) 

11 Kreutzschlagen Germany Albert and Brunn (1818) 

12 La maladie convulsive France Liberski and Jaskólski (2002) 

13 La maladie foll(i)e France Beck et al. (1964) 

14 La maladie trotteurs France Besnoit (1899) 

15 La prurigo lombaire France Liberski and Jaskólski (2002) 

16 La Tremblante France Beck et al. (1964) 

17 Mukoo India Katiyar (1962) 

18 Petermännchen Germany Erdt (1861) 

19 Prurigo lombaire France Besnoit (1899) 

20 Prurigo lumbar Spain Yam (2003) 

21 Reiberkrankheit Germany Beck et al. (1964) 

22 Reiber-Uebel Germany von Richthofen (1827) 

23 Rickets England Beck et al. (1964) 

24 Rida Iceland Palsson (1979) 

25 Rub/Rubbers England Beck et al. (1964) 

26 Rubbing disease England Parry (1983) 

27 Ruppe Germany Frank (1820) 

28 Scabies dorsalis Germany Hörnlimann et al. (2001) 

29 Schrucken/Schru(c)kigsein Germany Frank (1820) 

30 Scratchie Scotland Liberski and Jaskólski (2002) 

31 Shakings England Beck et al. (1964) 

32 Shrewcroft England Liberski and Jaskólski (2002) 

33 Shrugginess England Parry (1983) 

34 Spruckigkeit Germany Schneider et al. (2008) 

35 Tempermänner Germany Erdt (1861) 

36 Trab(en)/Traberkrankheit Germany Beck et al. (1964) 

37 Trotting disease England Schneider et al. (2008) 

38 Trze ̨sawka Poland Liberski and Jaskólski (2002) 

39 Wetzkrankheit Germany May (1868) 

40 Yeukie pine Scotland Healy et al. (2003) 

41 Zitterkrankheit  Germany May (1868) 

 
 
The description of literature is that scrapie was firstly born in Europe in the 18th 

century but until now the presence of scrapie in Europe is a dangerous sign for all over 
the world due to the threat of its spreading (Fig. 1) from England to all over the world 
(Detwiler and Baylis, 2003). The evidence of the scrapie in the European Union and the 
nearby regions from the day first till 2016 (EFSA, 2017) were as follows. 

In 1987, 442 animals infected with scrapie were reported in England. In 1992, the 
number of animals infected with scrapie were reported as 37301. This number was 
reported as 1123 in 2002 and 610 animals in 2013, after that there were no reports of 
animals infected with scrapie. In Ireland, 15 animals were reported in 1990, in 2002, a 
total of 334 animals were reported, and in 2017, the disease showed peak time. 
Scrapie disease in France was first published in 1993, in 2002, 240 patients were 
reported. The first case was reported in Germany in 1991, the number of animals 
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reported in 2002 were 7, while in 2001, 125 animals were published (EFSA, 2017). 
The first case of scrapie in Spain was reported in 1987, and in 2001, it was observed 
that the number of infected animals had been increased (Acín et al., 2004). Spain has 
started to work on the genotypic characterization of various races in this sense, to 
develop different strategies for each race and to prepare the laws governing these 
programs (Ugarte and Gabina, 2004). The first case of scrapie in Greece was settled in 
the north of the country in 1986, and the second case was diagnosed in 1997, the latter 
case was diagnosed after 11 years. The second case was seen near the region where 
the first case was observed, which was the evidence that the implemented eradication 
program is inadequate (Leontides et al., 2000). In 2001, there were 18 cases reported 
in Greece. According to the eradication program in Greece, the herds with the disease 
were massacred (Billinis et al., 2004). As a result of the breeding policies observed in 
Europe, the number of scrapie cases has decreased since 2009 (EFSA, 2014). In sheep, 
933 scrapie cases were reported in the EU in 2017, which is an increase of 36.2% 
compared with 2016 (EFSA, 2018). In Figure 2, Cosseddu showed us the presence of 
scrapie in all over the world in 2007. 

Resistance and susceptibility 

Sheep can be resistant and susceptible to the disease and the majority of susceptible 
sheep are in European countries. Every one of these discernments lead to the European 
Union (EU) keeping on developing breeding projects focused at developing the 
frequency of safe alleles in breeds from all member-states. These European programs 
are established on five groups of genotypes, from extremely resistant to extremely 
sensitive, whose alleles ARR and VRQ are considered highly resistant and susceptible 
to scrapie, respectively (Hunter, 1997). 

 

 

Figure 1. Spread of scrapie from England to the major parts of the world in 2003 (Detwiler and 
Baylis, 2003) 
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Figure 2. Scrapie distribution in all over the world in 2007 (Cosseddu et al., 2007) 
 
 
As it is clear that polymorphisms at residues 136, 154, and 171 are associated with 

susceptibility to both, experimental and natural scrapie (Hunter, 1997). In sheep, 
breeding projects have been set up in a few European nations to expand the ARR allele 
as much as possible. To evade the negative outcomes of scrapie-safe alleles, it is 
indispensable to know their populace recurrence. Some programs are still working on 
the frequencies to get rid of the susceptible alleles. In Table 4 we can see the genotype 
groups and the intensity of risk. 

Prions and scrapie 

Scrapie is a protein misfolding where the normal prp misfolds into abnormal prp that 
is extremely resistant to enzymatic breakdown within the cell and accumulates, 
ultimately leading to neurodegeneration. The disease is experimentally transmissible to 
cattle, goats, and laboratory animals via oral, parenteral, and intracerebral routes using 
homogenates of a brain or lymphoid tissues from infected animals (Pattison et al., 
1961). Squirrel monkey was infected by feeding infected tissues and many other species 
like rats, mice, chimpanzees and many others were infected as well (de Mouton, 2007). 
The mode of transmission from ewe to lamb or between adults in field environments is 
not clear. However, oral exposure to fetal membranes or to pastures grazed by infected 
animals has been implicated as a possible route of vertical and horizontal transmission 
(Brotherston et al., 1968). Susceptibility to ovine scrapie is controlled by a combination 
of host genetics. During the course of a prion disease, a largely protease-resistant 
aggregated form of prp designated abnormal prp, accumulates mainly in the brain, and 
maybe the main or only constituent of the prion but in some species little or no signs of 
accumulation other than brain were found (de Mouton, 2007). The alteration of the 
normal prp into the abnormal prp is the vital route of transmission and pathogenesis of 
the prion disease in sheep. Transgenic studies say that abnormal prp acts as a template 
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on which normal prp is refolded into a nascent abnormal prp molecule through a 
process facilitated by another protein. Because no differences in the primary sequence 
were found between normal prp and abnormal prp, the two species are believed to differ 
only in their conformation. After normal prp is synthesized in the endoplasmic 
reticulum, it transits through the Golgi to the cell surface where it is bound by a 
glycophosphatidyl inositol (GPI)-anchor. At or near the cell surface, normal prp is 
either metabolized or converted into abnormal prp (Benke et al., 2007). Normal prp 
seems to re-enter cells through caveolae-like domains (CLDs), a subcellular 
compartment defined biochemically by membranes rich in cholesterol and 
glycosphingolipids; this compartment also contains many GPI-anchored proteins. 
Polymorphisms in the prion protein gene (PRNP) determine the amino acid sequence of 
the host’s prion protein and play a major role in relative susceptibility or resistance to 
classical scrapie. Prion protein (PRNP) gene is well known for affecting mammal 
transmissible spongiform encephalopathies (TSE) and is also reported to regulate 
phenotypic traits (e.g., growth traits) in healthy ruminants. As the vital control gene of 
fatal prion diseases or transmissible spongiform encephalopathies (TSE), the prion 
protein (PRNP) gene will always be a focus of ovine research (Houston et al., 2015; 
Stepanek and Horin, 2017). The PRNP gene encodes the prion protein (PrP), which 
plays a major role in the disease process (Goldmann, 2008; Houston et al., 2015). In 
sheep, amino acid polymorphisms at many positions (89, 94, 101, 112, 127, 128, 132, 
134, 135, 136, 137, 138, 141, 143, 145, 146, 149, 151, 152, 154, 157, 159, 160, 163, 
164, 167, 168, 169, 171, 172, 174, 175, 176, 180, 183, 184, 185, 189, 193, 195, 196, 
199, 211, 213, 220, 224, 241) have been described (Oner et al., 2011), but the 
polymorphisms at codons 136, 154 and 171 have been demonstrated to be of major 
importance, as they modulate the susceptibility/resistance of sheep for scrapie 
(Clouscard et al., 1995; Hunter et al., 1996). 

These polymorphisms are Alanine (A), Valine (V) or Threonine (T) at codon 136, 
Arginine (R) or Histidine (H) at codon 154 and Glutamine (Q), R, H or Lysine (K) at 
codon 171. The five most common haplotypes are ARR, ARQ, AHQ, ARH, and VRQ. 
New haplotypes (TRQ, ARK, VRR, AHR, VHQ, and TRR) have been reported so far. 
Haplotype alleles encoding three other forms of PrP (ARQ, AHQ, and ARH, where H is 
histidine) have intermediate associations with classical scrapie disease progression 
following exposure to the transmissible agent (Goldmann, 2008). Over 30 SNPs already 
showed that the ovine prion gene (PrP) shows an unusually high level of genetic 
variation (Goldmann et al., 2005). The ovine PRNP, mapped to chromosome 13, is a 
highly polymorphic gene consisting of three exons, among which only the third is 
translated (Lee et al., 1998). Single nucleotide polymorphisms (SNPs) leading to amino 
acid change in PrP were observed in over 20 codons, but most of them are rare and 
unrelated to disease development (Goldmann et al., 2005). It was established that 
polymorphisms A136V (Alanine, GCC → GTC, Valine), R154H (arginine, CGT → 
CAT, histidine) and Q171R (glutamine, CAG → CGG, arginine) are associated with 
susceptibility or resistance to scrapie (Baylis et al., 2004). Additionally, some studies 
reported another polymorphic variant coding for histidine at codon 171, but it is very 
rare (Acín et al., 2004). The combination of these polymorphisms results in the creation 
of 3-locus haplotypes and diploid genotypes, among which A136R154Q171 (hereafter 
ARQ) haplotype and AA136RR154QQ171 (hereafter ARQ/ARQ) genotype are thought 
to be wild-type variants. With the help of Table 4, we can see the severity or intensity of 
genotypes. 
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Table 4. According to the intensity of risk, scientists has classified the risk groups (Cosseddu 
et al., 2007) 

Risk class Genotype Risk intensity 

1 ARR/ARR Sheep are highly resistant to scrapie 

2 

ARR/AHQ 
Sheep are resistant to scrapie, thus require particular 

attention in breeding programs 
ARR/ARH 

ARR/ARQ 

3 

ARQ/ARH 

Sheep with low genetic resistance to scrapie. Their use in 
breeding programs must be avoided 

ARQ/AHQ 

AHQ/AHQ 

ARH/ARH 

AHQ/ARH  

ARQ/ARQ  

4 AHQ/ARH Sheep are sensitive to scrapie 

5 

AHQ/VRQ  

Sheep are highly sensitive to scrapie, thus must be 
castrated or culled 

ARH/VRQ  

ARQ/VRQ  

VRQ/VRQ 

 
 
The rapid dissemination of scrapie over the previous limited years led to the 

development of a specific eradication program, based on the polymorphisms within the 
prion protein gene (PRNP). The current approach encourages the selection of animals 
carrying the resistant ARR/ARR genotype, while other genotypes are considered not 
preferable. Although the strategy seems to be working quite well, farmers are concerned 
whether this will affect sheep productivity and subsequently decrease net profits. Current 
scrapie eradication program includes genotyping and subsequent selection of animals on 
the ARR/ARR genotype. 

Genotype and haplotype 

Observing the development of PRNP genotype and haplotype is a powerful pointer of 
choice weight, which is evaluated in reference class creatures alongside ages so as to 
dodge predisposition, while the advancement in the common populace is assessed 
depending on scientific models. In countries where the scrapie incidence was statistically 
significant (see Tables 5 and 6), such as from Romania (Lacaune) the genotype 
frequencies are (ARR/ARR: 15.1) and (ARQ/VRQ: 12.6) (Otelea et al., 2011); from 
Romania (Turcana) (ARR/ARR: 14.64) and (ARQ/VRQ: 12.2) (Coşier et al., 2011); from 
Finland (Finnish Landrace) (ARR/ARR: 1.3) and (ARQ/VRQ: 10.3) (Hautaniemi et al., 
2012); from Italy (Biellese rams) (ARQ/VRQ: 1.4) and (ARQ/VRQ: 9.9) (Acutis et al., 
2004); from Slovakia (Orava) (ARR/ARR; 10.9) and (ARQ/VRQ: 9.0) (Tkáčiková et al., 
2003); from Slovakia (Valachian) (ARR/ARR; 10.9) and (ARQ/VRQ: 9.0) (Tkáčiková et 
al., 2003); rom Slovakia (Spiš) (ARR/ARR; 10.8) and (ARQ/VRQ; 8.9) (Tkáčiková et al., 
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2003); from Germany (Texel) (ARR/ARR; 11.7) and (ARQ/VRQ; 7.8) (Kutzer et al., 
2002); from Greece (Greek Dairy Breed) (ARR/ARR; 2.2) and (ARQ/VRQ; 5.4) 
(Boukouvala et al., 2018a); from Spain (Rasa Aragonesa) (ARR/ARR; 2.0) and 
(ARQ/VRQ; 5.0) (Acín et al., 2004); from Poland (Pomorska) (ARR/ARR; 13.3) and 
(ARQ/VRQ; 3.3) (Lühken et al., 2008); from Poland (Pomorska) (ARR/ARR; 13.3) and 
(ARQ/VRQ; 3.3) (Acín et al., 2004); from Spain (Roya Bilbilitana) (ARR/ARR; 2.0) and 
(ARQ/VRQ; 3.0) (Acín et al., 2004); from Poland (Kaminieniecka) (ARR/ARR; 35.3) 
and (ARQ/VRQ; 2.9) (Szkudlarek-Kowalczyk et al., 2010); from Germany (Nolana) 
(ARR/ARR; 32.4) and (ARQ/VRQ; 2.8) (Kutzer et al., 2002); from Turkey (Imroz) 
(ARR/ARR; 29.9) and (ARQ/VRQ; 2.7) (Oner et al., 2011); from Brazil (Santa Ines 
sheep) (ARR/ARR; 7.4) and (ARQ/VRQ; 2.2) (Andrade et al., 2018); from Greece 
(Crossbred) (ARR/ARR; 7.3) and (ARQ/VRQ; 1.9) (Kioutsioukis et al., 2018); from 
Greece (Chios crossbred) (ARR/ARR; 2.7) and (ARQ/VRQ; 1.6) (Kioutsioukis et al., 
2018); from Brazil (Dorset sheep) (ARR/ARR; 11.6) and (ARQ/VRQ; 1.5) (Andrade et 
al., 2018); from Iran (local sheep) (ARR/ARR; 38) and (ARQ/VRQ; 1.2) (Karami et al., 
2011); from Greece (chios) (ARR/ARR; 1.2) and (ARQ/VRQ; 1.2) (Kioutsioukis et al., 
2018); from Poland (Ile de France) (ARR/ARR; 72.0) and (ARQ/VRQ; 1.1) (Wisniewska 
and Mroczkowski, 2009); from Poland (Polish Merino) (ARR/ARR; 7.1) and 
(ARQ/VRQ; 1.0) (Wiśniewska et al., 2006); from Turkey (Kivircik) (ARR/ARR; 1.41) 
and (ARQ/VRQ; 0.7) (Oner et al., 2011); from Greece (Chios) (ARR/ARR; 0.4) and 
(ARQ/VRQ; 0.5) (Psifidi et al., 2011); from England (15 scrapie affected flocks) 
(ARR/ARR; 14.8) and (ARQ/VRQ; 0.2) (Tongue et al., 2004); from Pakistan (Kajli) 
(ARR/ARR; 1.9) (Babar et al., 2009); from China (Gansu Alpine Merino sheep) 
(ARR/ARR; 20.7) (Liu et al., 2017); from the Czech Republic (Charollais) (ARR/ARR; 
61.5) (Stepanek and Horin, 2017). Breeding programs planned to increase the RR171 
genotype in sheep populations and eliminate affected animals, to considerably decrease 
the number of classical scrapie cases in America and in the European Union (Greenlee, 
2019). This is cleared that these genotypes and haplotypes are the backbone in the 
resistance and susceptibility of scrapie, which can be low or high. From Table 5 we can 
clearly say that, in Romania, Finland, Italy, Slovakia, Germany, Greece, Spain, Germany, 
Brazil, Iran, Poland, Turkey, Greece, England, Portugal and Hungary sheep are highly 
sensitive to scrapie, therefore must be eliminated or separated and in countries like 
Pakistan and China resistance to scrapie was observed. 

The writers propose that arginine/glutamine replacement in the 171st position of the 
sheep PRNP might have affected the scrapie incubation period. In some countries the 
haplotype is very significant, that can be seen in Table 6, like the ARR in German 
Blackheaded Mutton; 87.0 which is the highest ARR frequency recorded and the highest 
VRQ frequency is recorded in Lacunae from Romania 18.9. The countries where the 
VRQ frequencies are found are Romania, Poland, Greece, Germany, Italy, Slovakia, 
Czech Republic, Finland, Germany, Austria, Spain, Turkey, Finland, Iran, Hungary; these 
are highly sensitive to scrapie, thus sheep must be eliminated and breeding programs must 
be introduced. 

From these two tables and from the graphical presentation in Figures 3 and 4, we can 
see the clear difference between the countries where the scrapie is present, or the chance 
of scrapie is severe. The countries like China and Pakistan must take some important 
steps like proper breeding programs, before doing meat or any kind of trade associated 
with sheep with countries like Romania, Greece and the other countries found susceptible 
to scrapie. 
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Table 5. Genotypic frequencies of PRNP gene at codon 131, 154 and 171 in various breeds of sheep in major parts of the world 

# Country Breed N 
ARR/ 
ARR 

ARR/ 
ARQ 

ARQ/ 
ARQ 

ARR/ 
AHQ 

ARQ/ 
AHQ 

AHQ/ 
AHQ 

ARR/ 
VRQ 

VRQ/ 
VRQ 

ARQ/ 
VRQ 

Reference 

1 Romania Lacaune 159 15.1 33.3 20.1 5.0 5.7  6.3  12.6 
Otelea et al. 

(2011) 

2 Romania Turcana  123 14.64 32.52 28.46 0.81 1.63  5.69  12.2 
Coşier et al. 

(2011) 

3 Finland Finnish Landrace 232 1.3 15.9 68.8  0.4   0.4 10.3 
Hautaniemi et 

al. (2012) 

4 Italy Biellese rams 1207 1.4 11.4 56.3 0.7 5.5 0.2 1.2 0.7 9.9 
Acutis et al. 

(2004) 

5 Slovakia Orava 366 10.9 45.4 19.4 5.7 4.9 0.8 3.6 0.3 9.0 
Tkáčiková et al. 

(2003) 

6 Slovakia Valachian 735 10.9 45.2 19.3 5.7 4.9 0.7 3.5 0.3 9.0 
Tkáčiková et al. 

(2003) 

7 Slovakia Spiš 369 10.8 54.0 19.2 0.5 4.9 0.5 3.5 0.3 8.9 
Tkáčiková et al. 

(2003) 

8 Germany Texel 231 11.7 19.5 25.1 0.4 2.2  6.5 0.4 7.8 
Kutzer et al. 

(2002) 

9 Greece Greek Dairy Breed 4382 2.2 24.2 32.4  12.5 2.0 1.23 0.3 5.4 
Boukouvala et 

al. (2018b) 

10 Spain Rasa Aragonesa 296 2.0 21.0 51.0 2.0 6.0 0.0 0.0  5.0 
Acín et al. 

(2004) 

11 Poland Pomorska 30 13.3 36.7 16.7 6.7 6.7  3.3 3.3 3.3 
Lühken et al. 

(2008) 

12 Spain Ojinegra 182 2.0 21 56 0.0 1 0.0 1.0  3.0 
Acín et al. 

(2004) 

13 Spain Roya Bilbilitana 96 2.0 34 53 1.0 0 0.0 1.0  3.0 
Acín et al. 

(2004) 

14 Poland Kaminieniecka 102 35.3 33.3 2.9    6.9  2.9 
Szkudlarek-

Kowalczyk et 
al. (2010) 

15 Germany Nolana 71 32.4 33.8 18.3    4.2  2.8 
Kutzer et al. 

(2002) 

16 Turkey Imroz 147 29.9 33.3 19.0 6.1 5.4   0.7 2.7 
Oner et al. 

(2011) 

17 Brazil Santa Ines sheep 94 7.4 21.3 47.8  17  1.1  2.2 
Andrade et al. 

(2018) 
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# Country Breed N 
ARR/ 

ARR 

ARR/ 

ARQ 

ARQ/ 

ARQ 

ARR/ 

AHQ 

ARQ/ 

AHQ 

AHQ/ 

AHQ 

ARR/ 

VRQ 

VRQ/ 

VRQ 

ARQ/ 

VRQ 
Reference 

18 Greece Crossbred 483 7.3 28.2 31.5 5.6 12.7 1.0 0.4 0.00 1.9 
Kioutsioukis al. 

(2018) 

19 Greece Chios crossbred 633 2.7 18.9 40.8 2.0 9.9 0.8 0.6 0.3 1.6 
Kioutsioukis et 

al. (2018) 

20 Brazil Dorset sheep 69 11.6 43.5 39.1    4.3  1.5 
Andrade et al. 

(2018) 

21 Iran Local sheeps  250  38 43.2      1.2 
Karami et al. 

(2011) 

22 Greece chios 340 1.2 13.2 52.9 2.1 7.1 0.6 0.3 0.00 1.2 
Kioutsioukis et 

al. (2018) 

23 Poland Ile de France 93 72.0 6.5     17.2 3.2 1.1 
Wisniewska and 

Mroczkowski 
(2009) 

24 Poland Polish Merino 98 7.1 54.1 35.7    2.0  1.0 
Wiśniewska et 

al. (2006) 

25 Turkey Kivircik 142 1.41 24.65 30.28 1.41 7.75    0.7 
One et al. 

(2011) 

26 Greece Chios 1013 0.4 11.4 56.0 0.5 15.0 0.1   0.5 
Psifidi et al. 

(2011) 

27 England 15 scrapie affected flocks 3732  14.8 30.7 15.7 7.8 8.2 1.5 7.6 0.8 0.2 
Tongue et al. 

(2004) 

28 Portugal Merino Branco 62 0.194 0.387 0.306 0.065 0.016 0.00 0.016  0.00 
Mesquita et al. 

(2010) 

29 Portugal Saloia 52 0.096 0.231 0.442 0.038 0.135 0.00 0.019  0.019 
Mesquita et al. 

(2010) 

30 Portugal Serra da Estrela 69 0.174 0.420 0.304 0.014 0.014 0.00 0.014  0.029 
Mesquita et al. 

(2010) 

31 Portugal 
Bordaleira entre Douro e 

Minho 
64 0.078 0.250 0.469 0.047 0.047 0.0 0.016  0.047 

Mesquita et al. 
(2010) 

32 Portugal Churra Badana 58 0.052 0.345 0.517 0.017 0.052 0.0 0.00  0.00 
Mesquita et al. 

(2010) 

33 Portugal Churra Galega Mirandesa 71 0.014 0.253 0.549 0.0 0.099 0.014 0.00  0.056 
Mesquita et al. 

(2010) 

34 Portugal Churra Mondegueira 19 0.053 0.105 0.737 0.0 0.00 0.00 0.00  0.00 
Mesquita et al. 

(2010) 

35 Portugal Merino da Beira-Baixa 65 0.092 0.231 0.523 0.0 0.31 0.00 0.031  0.077 
Mesquita et al. 

(2010) 
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# Country Breed N 
ARR/ 

ARR 

ARR/ 

ARQ 

ARQ/ 

ARQ 

ARR/ 

AHQ 

ARQ/ 

AHQ 

AHQ/ 

AHQ 

ARR/ 

VRQ 

VRQ/ 

VRQ 

ARQ/ 

VRQ 
Reference 

36 Hungary Hungarian Tsigai 392 0.27 0.4 0.2 0.06 0.02 0.0 0.02 0.06 0.06 Mari (2016) 

37 Greece Karagouniko 100  14.5 32  6.0   7.9  
Billinis et al. 

(2004) 

38 Austria Carynthian sheep 24 4.2 37.5 41.6  4.2   4.2  
Sipos et al. 

(2002) 

39 Turkey Chios 124 15.32 22.58 20.16 1.61 7.26 1.61  0.8  
Oner et al. 

(2011) 

40 Poland Olkuska 174 35.1 60.9 4.0       
Kaczor et al. 

(2011) 

41 Poland Gorska 31 12.9 51.6 22.6 3.2 9.7     
Lühken et al. 

(2008) 

42 Poland Wrzosowka 31 6.5 48.4 9.7 19.3 12.9 3.2    
Lühken, Lipsky 

et al. (2008) 

43 Finland Kainuu 48  16.7 83.3       
Hautaniemi et 

al. (2012) 

44 Germany Suffolk 87 14.9 20.7 54.0 1.1 1.1     
Kutzer et al. 

(2002) 

45 Pakistan Awassi 21  4.8 92.2       
Babar et al. 

(2009) 

46 Pakistan Buchi 35   100       
Babar et al. 

(2009) 

47 Pakistan Hissardale 20 5  70       
Babaret al. 

(2009) 

48 Pakistan Kajli 52 1.9 9.6 84.6       
Babaret al. 

(2009) 

49 Pakistan Lohi 50  10 88       
Babaret al. 

(2009) 

50 Pakistan Pak-Karakul 19  36.8 63.2       
Babaret al. 

(2009) 

51 Pakistan Sipli 41   65.9       
Babaret al. 

(2009) 

52 Pakistan Thalli 40  25 100       
Babaret al. 

(2009) 

53 Pakistan kachi 30   100       
Babaret al. 

(2009) 

54 China Gansu Alpine Merino sheep 111 20.7 27 46       Liu et al. (2017) 
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# Country Breed N 
ARR/ 

ARR 

ARR/ 

ARQ 

ARQ/ 

ARQ 

ARR/ 

AHQ 

ARQ/ 

AHQ 

AHQ/ 

AHQ 

ARR/ 

VRQ 

VRQ/ 

VRQ 

ARQ/ 

VRQ 
Reference 

55 Algeria Barbarine 20  20 40       
Djaout et al. 

(2018) 

56 Algeria Berbere 20 5 20 20       
Djaout et al. 

(2018) 

57 Algeria Hamra 27  19 11       
Djaout et al. 

(2018) 

58 Algeria Ouled Djellal 35 8 17 11       
Djaout et al. 

(2018) 

59 Algeria Rembi 40 8 20 18       
Djaout et al. 

(2018) 

60 Algeria Sidaou 30  3 23       
Djaout et al. 

(2018) 

61 Algeria Taadmit 10 20 10 10       
Djaout et al. 

(2018) 

62 Algeria Tazegzawt 31  10 23       
Djaout et al. 

(2018) 

63 Czech Republic Berrichone du Cher 445 54.6         
Stepanek and 
Horin (2017) 

64 Czech Republic Charollais 3219 61.5         
Stepanek and 
Horin (2017) 

65 Czech Republic East Friesian sheep 1864 56.5         
Stepanek and 
Horin (2017) 

66 Czech Republic German Blackheaded Mutton 628 75.3         
Stepanek and 
Horin (2017) 

67 Czech Republic Kent Romney) 5995 38.0         
Stepanek and 
Horin (2017) 

68 Czech Republic Merinolandschaf 2057 33.1         
Stepanek and 
Horin (2017) 

69 Czech Republic Oxford Down 1044 59.5         
Stepanek and 
Horin (2017) 

70 Czech Republic Romanov sheep 3281 44.2         
Stepanek and 
Horin (2017) 

71 Czech Republic Sumavka 3358 23.1         
Stepanek and 
Horin (2017) 

72 Czech Republic Suffolk 12987 73.9         
Stepanek and 
Horin (2017) 
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# Country Breed N 
ARR/ 

ARR 

ARR/ 

ARQ 

ARQ/ 

ARQ 

ARR/ 

AHQ 

ARQ/ 

AHQ 

AHQ/ 

AHQ 

ARR/ 

VRQ 

VRQ/ 

VRQ 

ARQ/ 

VRQ 
Reference 

73 Czech Republic Texel 3142 72.7         
Stepanek and 
Horin (2017) 

74 Czech Republic Valachian sheep 1301 55.9         
Stepanek and 
Horin (2017) 

75 Czech Republic Zwartbles 1791 39.6         
Stepanek and 
Horin (2017) 

76 West Africa Burkina-Sahel 46  6.5 80.4 2.2 10.9     
Traoré et al. 

(2012) 

77 West Africa Djallonké 50   86.0  12.0 2.0    
Traoré et al. 

(2012) 

78 West Africa Mossi 46  6.5 76.1  15.2 2.2    
Traoré et al. 

(2012) 

79 West Africa Touareg 20   40.0  55.0 5.0    
Traoré et al. 

(2012) 

80 Finland Grey race sheep 48  16.7 83.3       
Hautaniemi et 

al. (2012) 

81 Finland Aland sheep 56  23.2 48.2  19.6 8.9    
Hautaniemi et 

al. (2012) 

82 Finland Taxel 71 1.4 31.0 33.8  8.5     
Hautaniemi et 

al. (2012) 

83 America Suffolk 128 36.72 43.75 17.19       
DeSilva et al. 

(2003) 

84 America Montadale 47 17.02 23.40 19.15       
DeSilva et al. 

(2003) 

85 America Hampshire 91 20.88 52.75 26.37       
DeSilva et al. 

(2003) 

86 America Dorset 62 9.68 38.71 38.71       
DeSilva et al. 

(2003) 

87 Austria Tyrolean mountain 35 2.9 40.0 40.0 5.7 11.4     
Sipos et al. 

(2002) 

88 Austria Forest sheep 26 111.5 15.4 57.7  11.5     
Sipos et al. 

(2002) 

89 Austria Tyrolean stone sheep 27  29.6 40.7  22.2     
Sipos et al. 

(2002) 
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Table 6. Haplotypic frequencies of PRNP gene at codons 136, 154 and 171: alanine (A), arginine (R), histidine (H), glutamine (Q) and valine (V) in 
various breeds of sheep in major parts of the world 

# Country Breed N ARR ARQ AHQ VRQ Reference 

1 Romania Lacaune 159 15.1 60.4 5.0 18.9 Otelea et al. (2011) 

2 Poland Ile de France 93 83.8 3.8  12.4 Wisniewska and Mroczkowski (2009) 

3 Greece Greek Dairy Breed 4382 0.1 9.4 10 11.9 Boukouvala et al. (2018b) 

4 Romania Turcana  123 34.1 53.7 1.2 8.9 Coşier et al. (2011) 

5 Poland Pomorska 30 40.0 40.0 6.7 8.3 Wiśniewska et al. (2006) 

6 Germany Texel 231 28.8 44.4 1.9 8.2 Kutzer et al. (2002) 

7 Italy Biellese rams 2414 8.3 74.4 3.8 6.8 Acutis et al. (2004) 

8 Slovakia Valachian 735 38.4 48.7 6.0 6.5 Tkáčiková et al. (2003) 

9 Czech Republic Valachian sheep 1301 74.3   5.7 Stepanek and Horin (2017) 

10 Finland Finnish Landrace 464 9.5 83.4 0.2 5.6 Hautaniemiet al. (2012) 

11 Germany Nolana 71 52.8 36.6  5.6 Kutzer et al. (2002) 

12 Poland Kaminieniecka 102 63.2 21.6  5.4 Szkudlarek-Kowalczyk et al. (2010) 

13 Poland Zelanienska 31 46.8 43.6 4.8 4.8 Lühken et al. (2008) 

14 Austria Carynthian sheep 24 23.0 64.6 4.2 4.2 Sipos et al. (2002) 

15 Spain Rasa Aragonesa 296 15.0 70.9 4.8 2.9 Acín et al. (2004) 

16 Spain Roya Bilbilitana 96 21.4 72.4 1 2.6 Acín et al. (2004) 

17 Czech Republic Romanov sheep 3281 66.3   2.5 Stepanek and Horin (2017) 

18 Turkey Imroz 147 50.0 40.1 5.8 2.4 Oner et al. (2011) 

19 Greece Chios crossbred 633 15.0 63.4 7.7 1.7 Kioutsioukis et al. (2018) 

20 Czech Republic Zwartbles 1791 63.7   1.6 Stepanek and Horin (2017) 

21 Greece Crossbred 483 25.7 55.9 11.3 1.5 Kioutsioukis et al. (2018) 

22 Poland Polish Merino 98 35.2 63.3  1.5 Wiśniewska et al. (2006) 

23 Finland Taxel 144 17.6 64.1 4.2 1.4 Hautaniemiet al. (2012) 

24 Czech Republic Charollais 3219 79.6   1.3 Stepanek and Horin (2017) 

25 Turkey Kivircik 142 30.64 39.52 6.83 0.8 Oner et al. (2011) 

26 Greece Chios 340 10 71.5 5.8 0.7 Kioutsioukis et al. (2018) 
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# Country Breed N ARR ARQ AHQ VRQ Reference 

27 Iran Local sheeps 250  67.8  0.6 Karami et al. (2011) 

28 Czech Republic East Friesian sheep 1864 76.1   0.5 Stepanek and Horin (2017) 

29 Czech Republic Sumavka 3358 46.1   0.5 Stepanek and Horin (2017) 

30 Greece Chios 1013 6.9 76.1 8.2 0.4 Psifidi et al. (2011) 

31 Turkey Chios 124 17.25 56.69 5.63 0.4 Oner et al. (2011) 

32 Czech Republic Berrichone du Cher 445 75.5   0.4 Stepanek and Horin (2017) 

33 Spain Ojinegra 182 14.6 73.9 3 0.3 Acín et al. (2004) 

34 Greece Random breeds 5815 47.7 44.9 3.9 0.3 Boukouvala et al. (2018b) 

35 Czech Republic Texel 3142 85.9   0.2 Stepanek and Horin (2017) 

36 Czech Republic Suffolk 12987 86.28   0.1 Stepanek and Horin (2017) 

37 Czech Republic Merinolandschaf 2057 59.3   0.1 Stepanek and Horin (2017) 

38 Czech Republic Kent Romney) 5995 63.5   0.1 Stepanek and Horin (2017) 

39 Hungary Hungarian Tsigai 569 0.5 0.4 0.05 0.01 Mari (2016) 

40 Czech Republic German Blackheaded Mutton 628 87.0   0.0 Stepanek and Horin (2017) 

41 Czech Republic Oxford Down 1044 79.2   0.0 Stepanek and Horin (2017) 

42 Finland Grey race sheep 96 8.3 91.7 0 0 Hautaniemiet al. (2012) 

43 Finland Aland sheep 112 11.6 69.6 18.8 0 Hautaniemiet al. (2012) 

44 Poland Olkuska 174 65.5 34.5   Kaczor et al. (2011) 

45 Poland Polish Mountain 31 40.3 53.2 6.5  Wiśniewska et al. (2006) 

46 Poland Wrzosowka 31 41.9 38.7 19.4  Lühken et al. (2008) 

47 Finland Kainuu 48 8.3 91.7   Hautaniemi et al. (2012) 

48 Greece Karagouniko 100 28.5 66.0 3.0  Billinis et al. (2004) 

49 Germany Suffolk 87 27.0 67.2 1.1  Kutzer et al. (2002) 

50 China Xinjiang Sheeps 222 9.0 75.2 2.3  Lan et al. (2006) 

51 Algeria Barbarine 20 15 65   Djaout et al. (2018) 

52 Algeria Berbere 20 18 48 3  Djaout et al. (2018) 

53 Algeria Hamra 27 11 41 7  Djaout et al. (2018) 

54 Algeria Ouled Djellal 35 26 31 3  Djaout et al. (2018) 
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# Country Breed N ARR ARQ AHQ VRQ Reference 

55 Algeria Rembi 40 24 43 3  Djaout et al. (2018) 

56 Algeria Sidaou 30 8 45 2  Djaout et al. (2018) 

57 Algeria Taadmit 10 30 30 10  Djaout et al. (2018) 

58 Algeria Tazegzawt 31 8 47 3  Djaout et al. (2018) 

59 Burkina Faso Burkina-Sahel 46 4.4 89.1 6.5  Traoré et al. (2012) 

60 Burkina Faso Djallonké 50  92.0 8.0  Traoré et al. (2012) 

61 Burkina Faso Mossi 46 3.2 87.0 9.8  Traoré et al. (2012) 

62 Niger Touareg 20  67.5 32.5  Traoré et al. (2012) 

63 Austria Tyrolean mountain 35 25.8 65.7 8.6  Sipos et al. (2002) 

64 Austria Forest sheep 26 19.2 71.2 5.8  Sipos et al. (2002) 

65 Austria Tyrolean stone sheep 27 14.8 70.3 11.1  Sipos et al. (2002) 

66 China Lanzhou large-tailed sheep 30 0 26 0  Lan et al. (2014) 

67 China Mongol sheep 30 0 26 0  Lan et al. (2014) 

68 China Tan sheep 30 0 25 0  Lan et al. (2014) 

69 China Gaoyuan sheep 30 0 32 0  Lan et al. (2014) 

70 China Guide fur sheep 30 0 28 0  Lan et al. (2014) 

71 China Oula sheep 30 0 30 0  Lan et al. (2014) 

72 China Lowland sheep 30 0 28 0  Lan et al. (2014) 

73 China Sishui fur sheep 30 0 21 0  Lan et al. (2014) 

74 China Small-tailed Han sheep 30 0 22 0  Lan et al. (2014) 

75 China Hu sheep 30 2 25 0  Lan et al. (2014) 

76 China Tong sheep 30 1 25 0  Lan et al. (2014) 

77 China Duolang sheep 30 1 27 0  Lan et al. (2014) 

78 China Diqing sheep 30 2 30 1  Lan et al. (2014) 

79 China Tengchong sheep 30 1 12 17  Lan et al. (2014) 

80 China Zhaotong sheep 30 1 7 22  Lan et al. (2014) 

81 China Tibetan sheep 30 3 27 0  Lan et al. (2014) 
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Figure 3. Genotype frequencies of PRNP gene at codons 136, 154 and 171. (Constructed from 
Table 5) 
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Figure 4. Haplotype frequencies of PRNP gene at codons 136, 154 and 171. (Constructed from 
Table 6) 
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Summary 

The purpose of this review is to highlight the countries where scrapie is causing 
problems and provide some information about the countries where scrapie is not present 
but there is possibility of its occurrence because scrapie is a prion disease and scientists 
still do not know how to cure the disease. It is very difficult to get rid of this if once 
entered in a country, the complete rid is only possible with the help of special breeding 
programs. Almost every country is working hard on breeding programs to get rid of 
scrapie, because these breeding programs showed positive signs in countries like 
Australia and New Zealand which are now scrapie free. But actual facts of scrapie in 
many parts of the world remain unknown due to the unsatisfactory passive surveillance 
system, because of which we cannot get consistent results or conclusion. As already 
described scrapie or any other prion disease do not have any treatment, so the only way 
to protect the animals is taking proper precautionary measures. The causative agent of 
the scrapie has still not been fully identified. All routes of transmission and their relative 
importance are still unknown. Animal health is directly related to humans, for the safety 
of humans, we must try to find some serious solutions for the well-being of animals. 
Like in humans, for the early diagnosis of sCJD many scientists have preferred the 
polysomnogram to detect earlier changes in sCJD patients may be praiseworthy. In 
humans, the accessory examinations of magnetic resonance imaging (MRI), 
electroencephalography (EEG), combined with this evidence and clinical symptom; 
scientists made a clinical diagnosis of sCJD. Though various drugs have been tried in 
vitro and/or in vivo, only four drugs have been studied in larger-scale observational or 
placebo-control trials: flupirtine, quinacrine, pentosan polysulfate (PPS), and 
doxycycline (Trevitt and Collinge, 2006). In sheep scientists must try some special 
drugs, any kind of hormonal changes which can prolong the survival or try to find any 
other way by which animal can show the clinical signs on early stage so that they can be 
culled or separated from healthy animals. Continuous study and research programs are 
needed to clear risk factor especially those affecting for human health. Yet, we do not 
have effective results which can lead us to the solution. The only possible solution is to 
carry out proper breeding programs. Continuity investigation is needed on this research 
for the well-being of the mankind and for the well-being of the animals. Further studies 
are needed to clarify the transmission of scrapie to humans. 
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Abstract. Wildfires are predicted to increase with global climate change. Despite studies in several 
regions of the world indicating that burning smoke produced by wildfires may affect seed germination of 
some plants, little attention has been paid to this effect on wild plants in subtropical areas of China. In this 
study, seeds of 11 species from the Karst area of Guizhou province in China were collected for analysis. 
These seeds were treated with different concentrations of a plant-derived smoke solution prior to 
investigate seed germination parameters. We report that seven species out of the 11 tested germinated 
successfully, including five species which showed a positive germination response. Interestingly, we 
found that the seed germination percentage for Pyracantha fortuneana (Firethorn) and Osbeckia opipara 
seeds increased by 150% and 171% respectively following treatment with optimal smoke solution 
concentrations. However, smoke solution treatment had an inhibitory effect on the seed germination of 
one species and seed germination of one other species was unaffected by smoke solution exposure. Four 
species failed to germinate under our experimental conditions. 
Keywords: fire, smoke aqueous, prescribed burning, forest management, vegetation regeneration 

Introduction 

Forest fire is one of the major causes of forest disturbance throughout the world. Due 
to climate change, the warmer, drier and more variable climate conditions predicted for 
the near future may further increase fire risk either in quantity or intensity. The recent 
wildfires all over the world have confirmed this prediction, such as Australia, Amazon 
region, California, and China. At the same time, prescribed burning is gradually 
recognized as an effective measure to reduce wildfire risk (Wang et al., 2019), and it 
has been promoted in many countries and regions. Prescribed burning refers to burning 
the accumulated fuels in the specified forest area within the specified time by 
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controlling the fire intensity. With the increase of wildfire and prescribed burning by 
human, the importance of fire ecology research is further enhanced. 

It is well known that the seedling regeneration for many plants is closely related to 
fire disturbance (Keeley and Pausas, 2018; Alahakoon et al., 2020): high temperature, 
burning smoke and coke are all produced by fire and can influence seed germination 
with variable effect sizes. Previously published studies describing the effects of plant-
derived smoke on seed germination are gathering increasing attention from ecologists 
and physiologists all over the world, particularly in recent years (Flematti et al., 2004, 
2011; Keeley et al., 2018; De Lange et al., 2018; Riveiro et al., 2019). Of particular 
interest is the discovery that the seed germination of many plants native to regions 
around the world can be induced by exposure to smoke solution, including many 
species the seed germination of which is difficult to induce under normal conditions or 
whose seeds are in a dormant phase (Flematti et al., 2011; Cédric Leperlier et al., 2018). 
The research carried out to date in this field has enhanced the application of plant-
derived smoke in commercial or industrial settings. And the potential stimulatory effect 
of plant-derived smoke on seed germination has been widely recognized in some 
countries and regions (Kulkarni, et al., 2011). Plant smoke has become one of the most 
important tools in the field of fire ecology because the smoke produced by burning plant 
matter from wildfire can promote or inhibit the germination of seeds. Indeed, the 
concept of “plant-derived smoke ecology” has recently been discussed (Light, 2016), 
and the study of the ecological effects of plant-derived smoke is becoming a distinct and 
independent discipline. However, seed germination of some plant seeds is inhibited 
following exposure to high concentrations of smoke solution (Dixon et al., 1995; 
Zirondi et al., 2019). 

At present, the germination response of seeds from 120 families and 1335 plants 
from around the world have been tested through stimulation by aqueous solutions of 
smoke or aerosol smoke, and many of them have been found to respond positively 
(Çatav et al., 2014; Light, 2016; Cembrowska-Lech and Kępczyński, 2017). These 
plants are denoted smoke responsive plants. According to the reports, smoke responsive 
plants research originate from South Africa (De lange et al., 2018), then many in the 
Mediterranean-climate ecosystems (Keeley and Fotheringham, 1998; Moreira et al., 
2010; Çatav et al., 2014), and then expanded to many types of ecosystems around the 
world. However, few studies have focused on the effects of smoke on plant regeneration 
in subtropical ecosystems, including subtropical areas of China. 

Based on the records of smoke-stimulated seed germination in many species from 
different areas, we hypothesized that smoke would enhance seed germination of species 
in subtropical areas of China. To test this hypothesis, we performed a seed germination 
experiment with seeds of eleven species growing in natural subtropical areas of China. 
The seed germination percentage and seed germination rate of each species were 
assessed in smoke solution treatments at different concentrations, and these results were 
compared to the controls to determine if smoke treatments resulted in any increment in 
seed germination percentage and rate. In parallel, we examined the percentage and rate 
of seed germination between species within the same family, to determine if the 
germination response of seeds to smoke solution is dependent on the genera and 
families of species. By conducting this experiment, we aimed to clarify the role of 
smoke in seed germination of species in subtropical areas of China. 
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Materials and methods 

Study area and sites 

The research area is located in Bijie, a city of Guizhou province (26°21′~27°46′N; 
103°36′~106°43′E). The total area of the city is 26,900 km2, 79.31% of the total area is 
Karst area, and the area of rocky desertification is 24.36%. This area belongs to the humid 
monsoon climate zone in the middle subtropical zone. The mean annual temperature in 
this area is 12.5 ℃ and the annual mean precipitation is about 1000 mm with clearly 
defined dry and wet seasons. The precipitation is mainly concentrated in summer. Most of 
the vegetation in this area has degenerated into herbaceous communities and rattan thorn 
bush, including species of Pyracantha fortuneana (Firethorn), Cotoneaster glaucophyllus, 
Rosa rubus (Mayberry), Deyeuxia arundinacea, Bidens pilosa, Galinsoga parviflora and 
so on. Karst is widespread in this area and the soil is very dry. Plants here are suffering 
from the stresses of both drought and cold in the winter. During this period, vegetation 
above ground mostly dies off and fell on the ground, causing the accumulation of fuel, 
which may increase wildfire risk. Between the years of 2005 and 2009, a county of Bijie 
named Qi Xingguan was exposed to 102-237 wildfires every year. After that, a large 
number of human and financial resources have been invested in this area, accompanied by 
special wildfire control laws (Ruan et al., 2015). In recent years, the trend of aggravation 
of wildfires predicted by theory in this area has been changed, and the number of 
wildfires decreased significantly, but still occur every year. 

 
Seed collection 

Based on the dominance of species in the study area, we collected seeds of 11 
species which growing in fire-prone areas in November 2013, from the typical Karst 
mountainous area of Bijie: P. fortuneana, C. glaucophyllus, Osbeckia opipara, 
Vernonia saligna, Spiraea japonica, B. pilosa, Carpesium cernuum, Imperata koenigii 
(Cogongrass), R. rubus, Cotoneaster adpressus, Clematis lasiandra. The 
characterizations of the species seeds are as follows (Table 1). These plants are common 
and widely distributed in the subtropical areas of China. The seeds collected were taken 
back to the laboratory for air drying about four weeks. Healthy seeds free of pathology 
and pathogens were selected, packed in paper bags and stored at room temperature. 

 
Preparation of plant-derived smoke solution 

We used smoke solution throughout this study since the concentrations can be strictly 
controlled compared to aerosol smoke. And smoke solution and aerosol have similar effects 
on seed germination according to the study of Çatav et al. (2014). On the other hand, 
Studies have shown that the content of smoke is consistent regardless of the kind of plants 
that are burned (Brown and Van Staden, 1997; Çatav, et al., 2012). We therefore used the 
leaves of D. arundinacea as the raw material to produce smoke, which is widely distributed 
in the Guizhou area and would therefore be representative of a wildfire in the area. 

Following the methods of Coons et al. (2014), we collected D. arundinacea leaves, 
then cut them and incubate in an oven at 105 ℃ for 5 min, and then at 70 ℃ to constant 
weight. 100 g of dried leaves were then moved to a smoker, ignited, and left to produce 
smoke. Smoke was guided into a chamber containing 500 ml distilled water through the 
pipe. This infusion was then diluted to six different concentrations (1:1000, 1:500, 
1:100, 1:50, 1:2, 1:1) (v:v) before treating the seeds. 
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Table 1. Description of seed characterization 

Species name Family name 
Genus 

name 

Life 

form 
Fruit type 

Seed 

length 

(mm) 

Seed 

width 

(mm) 

Seed 

mass 

(mg) 

Pyracantha fortuneana Rosaceae Pyracantha Shrub Pome 2.48 1.31 1.39 

Cotoneaster glaucophyllus Rosaceae Cotoneastr Shrub Pome 4.33 3.18 10.29 

Osbeckia opipara Melastomataceae Osbeckia Shrub Capsule 0.43 0.45 0.05 

Vernonia saligna Compositae Vernonia Shrub Achene 2.19 0.23 0.17 

Spiraea japonica Rosaceae Spiraea Shrub Follicle 1.23 0.34 0.12 

Bidens pilosa Compositae Bidens Herb Achene 8.72 0.57 1.45 

Carpesium cernuum Compositae Carpesium Herb Achene 3.56 0.60 0.49 

Imperata koenigii Gramineae Imperata Herb Caryopsis 1.44 0.57 0.36 

Rosa rubus Rosaceae Rubus Shrub Aggregate fruit 4.56 2.62 8.46 

Cotoneaster adpressus Rosaceae Cotoneaster Shrub Pome 3.86 2.84 8.39 

Clematis lasiandra Ranunculaceae Clematis Liana Achene 3.73 1.73 2.68 

 
 

Seed germination test 

We selected approximately 900 seeds with no obvious diseases or infection with 
insect pests for each species. Seeds were sterilized for 10 min with 1% sodium 
hypochlorite solution. Floating seeds were removed at this stage. After sterilization, 
sedimented seeds were washed three times and dried by airing. Seeds were placed in 
beakers at a concentration of 100 seeds per beaker, and then soaked in sterile water (ck) 
or at different concentrations of smoke solution. After 24 h, seeds were leached and 
moved to 10 cm Petri dishes. Two layers of filter paper were positioned at the bottom of 
each dish, then four milliliters of sterile water or smoke solution was added, and this 
was incubated at (25 ± 2) ℃ 12 h / (15 ± 2) ℃ 12 h in darkness. Seeds were only 
exposed to light briefly during the monitoring periods. Incubation was performed under 
dark conditions to ensure consistent conditions between treatments. A total of seven 
treatments were set up including the control (ck). Each treatment was performed with 
four replicates of 25 seeds. The seeds were monitored for germination daily. Filter paper 
was moistened with distilled water or smoke solution respectively if necessary, to 
prevent dry conditions. Seeds were considered as germinated if they had a radicle 
emergence > 1 mm. 

 
Statistical analysis 

Seed germination percentage (GP) and seed germination rate (GR) were calculated 
for each species and treatment as follows: 

 

  (Eq.1) 

 

  (Eq.2) 
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where ni is the number of seeds which germinate on a given day, N is the total number 
of seeds sown, and ti is the number of days from sowing to the termination of the 
experiment for each species. GR represents the grains of germinated seeds per 
100 days. 

SPSS 20 statistical software was used for statistical analysis. The seed germination 
percentage and germination rate of different treatments was analyzed by one-way 
ANOVA (One-Way ANOVA), the significance of differences were compared by 
Duncan’s multiple comparison (a = 0.05). 

Results 

Seed germination percentage 

Germination was successful following smoke exposure for seeds from 7 plant species 
(P. fortuneana, C. glaucophyllus, O. opipara, C. cernuum, B. pilosa, V. saligna and I. 
koenigii) out of 11 tested species (Fig. 1). In addition to C. glaucophyllus, seed 
germination of six additional germinated species was significantly affected by treatment 
with smoke solution, but the influence was not consistent between species. 

There were five species belonged to Rosaceae out of a total of 11 tested species: P. 
fortuneana, C. glaucophyllus, S. japonica, C. adpressus and R. rubus. Only P. 
fortuneana and C. glaucophyllus germinated successfully from this genus. The seed 
germination percentage of P. fortuneana was 150% higher than control following 
smoke solution treatment at the 1:1000 dilution, but no significant differences were 
observed between the control treatment and higher smoke solution concentrations. For 
C. glaucophyllus, the seed germination percentage were unaffected by the presence of 
smoke solution at any concentration, compared with the control group. 

Three species of Compositae plants were included in this study: C. cernuum, B. 
pilosa and V. saligna. Seeds of all three species germinated successfully, but the 
germination response was not consistent between smoke solution treatments. Smoke 
solution stimulated the seed germination of C. cernuum and B. pilosa. Germination of 
these seeds was enhanced by smoke solution at one or more of the concentrations tested. 
In contrast, the seed germination percentage of V. saligna was inhibited by smoke 
solution. We observed a general trend where there was an inverse correlation between 
smoke concentration and the seed germination percentage. At the maximum smoke 
solution concentration, the seed germination percentage of V. saligna was reduced by 
70% compared to the control treatment. 

Smoke solution can also promote the seed germination percentage of O. opipara and 
I. koenigii, both of these species’ seeds showed a positive correlation with smoke 
solution concentration. At the maximum smoke solution concentration, the seed 
germination percentage was enhanced by 21.66% and 171.23% respectively. O. opipara 
was more sensitive to smoke solution treatment than I. koenigii, as an increased seed 
germination percentage was observed at lower smoke solution concentrations than I. 
koenigii. The seed germination percentage of O. opipara is significantly higher than that 
of control in all smoke solution concentrations tested. 

 
Seed germination rate 

In control treated samples, the seed germination rate of I. koenigii and C. cernuum is 
relatively high (up to 135 grains/100d), compared to the seed germination rate of others 
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(Fig. 2). In addition to C. glaucophyllus, smoke solution had a significant influence on 
the germination rate of seeds (P < 0.05). 
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Figure 1. Seed germination percentage under different smoke solution treatment (means + s.e., 
n = 4). The same letter represents no significant difference between the groups. Different letters 
represent a significant difference between groups (P < 0.05). ck, control; 1/1000, 1/500, 1/100, 
1/50, 1/2, 1/1 represent the concentration of smoke solution (v/v). (The same applies below in 

Fig. 2) 
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Figure 2. Seed germination rate under different smoke solution treatment (means ± s.e., n = 4) 
 
 
The seed germination rate of P. fortuneana decreased significantly when the smoke 

solution concentration was higher than 1:500. However, smoke solution did not affect 
the seed germination rate of C. glaucophyllus significantly, even though they were 
belonging to the same family (Rosaceae). The seed germination rate of Compositae 
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plant V. saligna and C. cernuum were negatively correlated with the smoke solution 
concentration, and the seed germination rate of B. pilosa improved under smoke 
solution treatment. The seed germination rate of I. koenigi was significantly slower than 
control at a smoke solution concentration of 1:500. The seed germination rate for O. 
opipara seeds was accelerated significantly when the smoke solution concentration was 
equal to or greater than 1:100. When the smoke solution concentration reached 1:1, the 
seed germination rate peaked at approximately 137% of the control seeds. 

Discussion 

There were seven species out of a total of 11 tested species germinated successfully 
under our experimental conditions. This study is the first to report the seed germination 
response of the six plant species following smoke solution treatment (Except for B. 
pilosa). This study shows that, as in Mediterranean climate zones, plant-derived smoke 
also promotes seed germination of plants widely distributed in the subtropical humid 
monsoon climate area of China. In this study, most germinated species (5/7) showed 
enhanced seed germination under smoke solution treatment, with a wide variety of plant 
characteristics for example life type and fruit type. The effects on seed germination 
were dependent upon the concentration of smoke solution and the species tested. This 
result is consistent with previous research, which showed plant-derived smoke generally 
stimulates seed germination, but the sensitivity of plants to smoke can vary (Çatav et al., 
2014; Alahakoon et al., 2020). 

This study shows that plant-derived smoke solution may promote seed germination 
for plants widely distributed in the subtropical areas of China, but this effect is 
independent of the species’ family and genera. Researchers found that species even 
belonging to the same family (Ferraz et al., 2013; Çatav et al., 2018) or generus 
(Kulkarni et al., 2007) also responded differently to plant-derived smoke. This study is 
in keeping with this work: the smoke response of plants belonging to same family 
differed between the Rosaceae plants P. fortuneana and C. glaucophyllus, as well as 
with the Compositae plants V. saligna and C. cernuum. Based on seed germination 
response to smoke solution, the plants tested here can be divided into three types (Table 
2): Type A, positive responders; Type B, neutral responders; Type C, negative 
responders. Type A plants are characterized by the positive response of seed 
germination with at least one concentration of smoke solution. These plants include O. 
opipara, I. koenigii, P. fortuneana, B. pilosa and C. cernuum. Type B plants, such as C. 
glaucophyllus, were not sensitive to smoke solution. Type C plants were characterized 
by negative response of seed germination to at least one concentration of smoke 
solution. Type C plants included V. saligna. The result is consistent with the study of 
Ferraz et al. (2013), in which the seed germination response of woody plants from the 
Amazon to smoke solution were studied. Overall, there are more A-type plants in the 
tested species, but there are other response types of plants, so further research is still 
needed to reveal the impact of smoke water on vegetation regeneration in the fire prone 
areas. 

Although smoke solution treatment increased seed germination percentages in most 
species tested, the response of seed germination rate differed between species. Under 
smoke solution treatment, the seed germination rate of only 2/7 species accelerated 
significantly, but 4/7 species were slowed. smoke solution was able to increase the seed 
germination rate of O. opipara significantly, and the effect showed a positive 
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correlation with the concentration of smoke solution. Seed germination rates of V. 
saligna were significantly inhibited by smoke solution. It is generally believed that the 
earlier germinating species in the open field will have advantages in community 
competition, because they have more resources, indicating that the smoke generated by 
wildfire may change the competition of communities. 

 
Table 2. Response types of seed germination under smoke solution 

Treatments 

Type A Type B  Type C 

O. 

opipara 

I. 

koenigii 

P. 

fortuneana 

B. 

pilosa 

C. 

cernuum 

C. 

glaucophyllus 

V. 

saligna 

1/1000 0 0  +  0 0 0 0 

1/500  +  0 0 0  +  0 0 

1/100  +  0 0 0 0 0 - 

1/50  +  0 0 0 0 0 0 

1/2  +   +  0  +  0 0 - 

1/1  +   +  0 0 0 0 - 

“+” indicates a positive response, seed germination percentage increased significantly under smoke 
solution treatment. “-” indicates a negative response, seed germination percentage decreased 
significantly under smoke solution treatment; “0” shows seed germination rate did not differ 
significantly from the control seeds with smoke solution treatment 

 
 
Our results show that there are three types of responses to plant smoke, and these 

responses are independent with the phylogenetical family of the species. Considering 
that the seed germination promoting effect of smoke has no obvious regularity, the seed 
germination of some weeds and exotic species with low economic value but high 
reproductive ability may be promoted. Thus, we must remain alert to the risk that plant-
derived smoke generated from frequent wildfires could potentially increase weed and 
exotic species invasion (Mojzes and Kalapos, 2014; Alahakoon et al., 2020). 
Conversely, most of the tested plants are medicinal plants, garden plants or forage 
grasses, and it is of great value to use plant-derived smoke to improve their seed 
germination. In addition, the positive effect on seed germination of plant-derived smoke 
is of great significance. It can be used in horticulture and agriculture, and even in weeds 
control (by increasing the germination percentage of weeds and reducing the seed bank 
of weeds). Our result suggests that the plant-derived smoke can improve the species 
germination, thus, it can also be used as an important tool for the protection and 
restoration of plant communities, such as ecological restoration of mining wasteland, 
restoration and reconstruction of disturbed ecosystems amongst other possibilities. 

Prescribed burning technologies are increasingly used in forest management in 
domestic and international settings. The use of prescribed fire will inevitably produce a 
large volume of smoke, and we cannot control the boundary and direction of the smoke 
just as the time and area. We do not know which species might be exposed to the 
smoke, nor do we know which species will be stimulated by the smoke. Thus, it is 
suggested that prescribed burning techniques should be used carefully before we 
understand the response of non - economic plants and non - target plants (such as 
invasive alien species) to fire and its related factors by strict control experiments. 
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Conclusion 

Plant-derived smoke can promote seed germination of several species of plants in 
subtropical areas of China, with few plants being insensitive to plant-derived smoke and 
others being inhibited by plant-derived smoke. Plant-derived smoke has different effects 
on seed germination of different plants and the differences are independent of family or 
generus. Therefore, burning smoke generated with wildfire is likely to change the 
subsequent recovery and species composition of burned areas. Because plant-derived 
smoke has different ecological effects on plants, it is necessary to evaluate the 
feasibility and efficacy of prescribed burning technology for the perspective of burning 
smoke in specific regions. Globally, wildfires are increasing, and fire products 
associated with wildfires increasing, therefore we must be aware of the effects of smoke 
produced with wildfires. And we suggest that future research could consider the 
following aspects: 

a)  Study the effect of plant-derived smoke on the growth of medicinal plants, 
ornamental plants and vegetation restoration plants, and to make full use of the 
advantages of smoking. 

b)  Study the germination response of dominant species or key species (such as 
endangered species, economic species and other target species) to plant-derived 
smoke and explore the impact of wildfire on the vegetation succession and 
community composition in fire prone area or prescribed burning area. 

c)  Study the response of high-risk invasive plants to plant-derived smoke in the 
fire prone region or prescribed burning areas, to prevent fire smoke from 
becoming an assistant of invasive plants. 

d)  The bioactive components in plant-derived smoke and its mechanisms have 
always been the concern of ecologists and chemists, which also needs further 
study. 
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Abstract. The present study was carried out at the Weed Science Research Laboratory, The University of 
Agriculture, Peshawar Pakistan (June-July 2013 and Sep-Oct 2013). To evaluate the most effective and 
economical treatment for weed management in maize (Zea mays L.), the pot experiment was performed 
using completely randomized design (CRD) with three replications. Allelopathic effects of Sorghum 
bicolor (L.) Conard Moench., Helianthus annuus L., Parthenium hysterophorus L, and the commercial 
herbicide (atrazine @ 18 g L-1) was used for comparison. The data were recorded on germination and 
seedling growth of test species (Zea mays, Trianthema portulacastrum and Lolium rigidum). The data 
showed that S. bicolor + H. annuus + P. hysterophorus water extract (WE) @ 33.33 + 33.33 + 33.33 (g 
L-1) reduced dry biomass of T. portulacastrum and L. rigidum by 35 and 41% respectively, whereas the 
commercial herbicide by 45-47%. Maize seeds were found more tolerant than the weed species tested. 
Hence, it is concluded that extracts applied in mutual combination had more inhibitory effect than their 
sole applications, however, the efficacy of atrazine was more effective in suppressing germination and 
seedling growth of the tested species. The degree of toxicity for the various treatments can be placed in 
the following array of inhibition: Herbicide > combined extracts > isolated extracts. The current study 
showed that all the tested allelopathic plants contain water soluble allelochemicals which could 
inhibit/retard the germination percentage and seedling growth of the tested species. Hence, the findings of 
the current study suggest that it is possible to use these extracts as an alternative to synthetic herbicide (s) 
for sustainable weed management in maize. However, further studies are suggested to confirm our 
findings under field conditions. 
Keywords: allelochemicals, atrazine, water extracts, weed management 

Introduction 

Weed infestation is and has been a major constraint in maize production systems and 
is reported to reduce its yield by 24-83% (Dogan et al., 2004; Usman et al., 2001). 
Weeds are the most ever-present class of pests that interfere with crop plants through 
allelopathy and competition for nutrients, moisture, solar radiation, gases and space 
resulting in direct loss to quantity and quality of the product (Gupta, 2004). The yield of 
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maize could be reduced up to 32% due to horse purslane (Trianthema portulacastrum) 
infestation (Balyan and Bhan, 1989) and up to 80% due to the competition with rigid 
ryegrass (Lolium rigidum) depending on the season and infestation level (Izquierdo et 
al., 2003). The worst weeds competitive with Zea mays L. in Pakistan are purple 
nutsedge (Cyprus rotundus L.), horse purslane (Trianthema portulacastrum L.), 
bermuda grass (Cynodon dactylon (L.) Pers., common lambasquarters (Chenopodium 
album L.), barnyard grass (Echinochloa crus-galli L. Beauv.) and jungle rice (E. colona 
(L.) Link) (Muhammad et al., 2009). The predominance and competitive ability of 
weeds with maize or corn varies due to the geographical location, competitive ability of 
the variety planted, nutrients availability, availability of moisture, soil type and soil 
management. In the US there is a variation in weed flora from state to state, but the 
commonly predominant weeds include common waterhemp (Amaranthus tuberculatus), 
giant ragweed (Ambrosia trifida), horseweed (marestail) (Conyza canadensis) and 
velvetleaf (Abutilon theophrasti) (NewGenFarmer Maize + Soybean, 2020). In South 
Africa, common lambsquarters (Chenopodium album), purple nutsedge (Cyperus 
rotundus), yellow nutsedge (Cyperus esculentus) and bermuda grass (Cynodon dactlon) 
are ranked as the worst competitors of maize (University of Pretoria, 2020). 

Weed control emerged an easy job due to the advent of 2.4-D and its analogs during 
the second world war era in the early 1940’s. It was followed by the discovery of 
myriads of herbicides with varying modes of action and specificity on weeds. But this 
panacea started dwindling after the discovery of resistance to diclofop in Oregon state 
USA in the early 1980s’. Ironically the list of resistant weeds has kept growing to 
different herbicides and presently 512 unique cases (species x site of action) of 
herbicide resistant weeds, with 262 species (152 dicots and 110 monocots) have been 
reported globally in 93 crops in 70 countries (Heap, 2020). The non-judicious use of 
herbicides can create many environmental and health related problems everywhere in 
addition to resistance development in weeds (Jabran et al., 2008; Khan et al., 2010). 
Recently thirty-eight weed species have now evolved resistance to glyphosate, spread 
across 37 countries of the world infesting 34 different crops and six non-crop situations 
(Heap and Duke, 2018), which includes some of the worst weeds of the world. Hence, 
principal reliance on herbicides has become obscure and alternate weed control 
measures are indispensable. Hand weeding is labor intensive, time consuming and 
getting more expensive, hence mostly impracticable. Cultural methods are environment 
friendly, but very slow in action. Therefore, scientists realized that the alternative to 
herbicides should be designed for sustainable weed management by the use of 
allelopathic crop plants and weeds for quality production of crops and to reduce the use 
of synthetic herbicides to contribute to maintaining sustainable agriculture (An et al., 
2005; Jabran et al., 2007, 2015; Khan et al., 2012; Hassan et al., 2018). 

Several allelopathic plant species have been reported for weed management in cereal 
crops through the inhibitory effect on weed species. Allelopathy is a new approach to be 
used as an alternative to synthetic herbicides for the weed management as a source of 
bio herbicides. Several allelopathic plant species such as Sorghum bicolor (L.) Conard 
Moench. (Cheema and Khaliq, 2003; Weston and Duke, 2003), Halianthus annuus L. 
(Leather, 1987; Batish et al., 2002) and Parthenium hysterophorus L. (Adkins et al., 
1996; Belz et al., 2007; Belz, 2016; Hassan et al., 2018) are inhibitory at high doses as 
well as stimulatory to weeds at low doses due to hormesis (Belz, 2008). 

Keeping in view the importance of these allelopathic plants on weeds, the present 
study was designed with the objective to identify the most effective water extracts of 
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allelopathic species applied isolated and in mixture for control of weeds in maize under 
Laboratory (pot conditions). 

Materials and methods 

Laboratory based Pot experiments were conducted at the Weed Research Laboratory, 
The University of Agriculture Peshawar, Pakistan during June-July 2013 and 
subsequently repeated in September-October 2013. 

 
Collection of allelopathic plants 

Sorghum [Sorghum bicolor (L.) Conard Moench.] and sunflower (Helianthus annuus 
L.) were collected from the farmers’ fields in district Swabi, Pakistan while, parthenium 
(Parthenium hesterophorus L.) plants were collected from the roadsides and waste areas 
of Swabi. Sorghum and sunflower were collected after harvesting the crops in the field 
while parthenium was collected freshly at maturity stage. All the plant samples were 
cleaned to remove dust and other particles and then were dried in oven (Kenton; KH-
120AS) for 72 h at 65 °C and were ground with the help of an electrical grinder. The 
grinded samples of all the three species were kept in bags and labeled properly for 
further use in both runs of experiments. 

 
Preparation of water extracts 

All the plants’ powders were mixed with each other and with distilled water as the 
treatment specifications @ 1:10 (w/v). The extracts were kept at room temperature 
20 ± 22 °C for 48 h and filtered through muslin cloth and finally through Whatman 
No.1 filter paper to collect the respective water extract. Synthetic herbicide (atrazine) 
and distilled water was included as check. Fungicide Topsin-M 70% @ 2 g kg –1 was 
used in all treatments in order to avoid fungal infestation. Water extracts bottles were 
individually tagged and stored for further utilization. 

 
Experimental details 

A total of 81 plastic pots (12 cm height and 15 cm diameter) were filled with 1 kg of 
soil. The soil samples were analyzed for soil physicochemical properties. The soil was 
sandy loam in texture with almost neutral soil reaction, low in organic matter, nitrogen 
and phosphorus content (Table 1). The details of treatments are presented in Table 2. 
Each treatment was replicated three times. All the seeds of the tested species were 
soaked in their respective treatments for 48 h and were sown in the pots. There were 10 
seeds of each species per pot. All the pots were irrigated with a mini sprayer when 
needed. After recording all the required data, the experiment was terminated after 45 
days. The experiment was laid out in completely randomized design (CRD) and the 
treatment means were separated by Least Significant Difference Test (LSD) at P = 0.05. 

 
Data recording 

Germination (%) was recorded by counting the number of germinated seeds in each 
Pot and percentages were computed and recorded for each treatment. Seeds having 2 
mm radicle were considered as germinated. On a daily basis germination% were 
recorded and days to 50% germination were counted for each treatment. After 
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germination, shoot length (cm) was measured with a measuring scale for all the 
germinated seedlings in each treatment. Dry biomass (g) was measured on an electrical 
balance after drying the fresh biomass in an oven at 65 °C for 48 h. The data presented 
for the experiment are the pooled data of two runs since the runs were not significantly 
different statistically (P > 0.05). Experiments were discarded after 45 days data for 
shoot length, fresh and dry biomass were recorded. 

 
Table 1. Physicochemical properties of the soil used in the experiment 

Soil parameters Tillage depths (0-30 cm) 

Textural class Silt Loam 

Clay (%) 15.13 

Silt (%) 60.7 

Sand (%) 21.8 

pH 7.63 

EC (d Sm-1) 0.06 

Organic matter (%) 0.71 

Total N (%) 0.028 

Available P (mg kg-1 soil) 4.17 

Extractable K (mg kg-1 soil) 105 

 
 
Table 2. Treatment details of the experiment 

Factor A. Treatments (plant water extracts) 

Treatments Water extracts Wes species Wes conc. g L-1(w/v) 

1 Sorghum 100 

2 Sunflower 100 

3 Parthenium 100 

4 Sorghum + Sunflower 50 + 50 

5 Sorghum + Parthenium 50 + 50 

6 Sunflower + Parthenium 50 + 50 

7 Sorghum + Sunflower + Parthenium 33.3 + 33.3 + 33.3 

8 Atrazine (herbicide) 18 

9 Control (Distilled water) - 

Factor B. Test species 

1 Maize (Zea mays L.). 

2 Trianthema partulacastrum L. (horse purslane) 

3 Lolium rigidum L. (rigid ryegrass) 

 
 

Statistical analysis 

The data recorded for all the individual parameters were statistically analyzed using 
the appropriate ANOVA suitable for Completely Randomized Design (CRD). Means 
were separated by using LSD test at P ≤ 0.05 (Steel et al., 1997). The statistical 
Software Statistic 8.1 was used for statistical calculations. 
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Results and discussion 

Germination (%) 

The statistical analysis of the data revealed that various plant extract treatments had 
significant effect on germination (%) of the tested species (Table 3). The data recorded 
showed the maximum germination (100%) of maize in control (distilled water) treatment, 
while the minimum germination (85%) was recorded at sunflower + parthenium (WEs), 
similarly for horse purslane seeds maximum germination (75%) was recorded in the control 
(distilled water) treatment while the minimum germination (36.67%) was recorded in 
herbicide (atrazine) treatment. Furthermore, data recorded for rigid ryegrass showing 
maximum germination (98.33%) was observed in control (distilled water) treatment while the 
minimum (40%) was equally recorded in herbicide (atrazine) and sunflower + sorghum 
+ parthenium (WEs) treatments. Among the species means the highest germination (90.55%) 
was recorded in control (distilled water) treatment followed by rigid ryegrass (57.59%), 
whereas the lowest value (49.81%) was recorded for horse purslane. Among the treatment 
means, the highest value of germination (83.89%) was recorded in control (distilled water) 
treatment, while the lowest value (55.56%) was recorded in herbicide (atrazine) treatment 
followed by sunflower + sorghum + parthenium (WEs) (56.11%) (Table 3). 

 
Table 3. Allelopathic effect of different plants water extracts applied isolated and in 
combination on germination (%) of Z. mays, and its associated weeds under laboratory 
conditions (pots study 

Treatments (1:10 w/v) 
Species tested Extracts 

means Z. mays T. partulacastrum L. rigidum 

Sorghum 90.0 bc 56.7fg 78.3 d 75.0b 

Sunflower 86.67 bc 56.7 fg 73.33 de 72.2b 

Parthenium 91.67 b 58.33 f 71.67 e 73.9b 

Sorghum + Sunflower (50% ea.) 86.67 bc 45.00 ij 51.67 gh 61.1bc 

Sorghum + Parthenium (50% ea.) 86.67 bc 48.33 hi 51.67 gh 62.3bc 

Sunflower + Parthenium (50% ea.) 85.00 c 50.00 hi 53.33 fgh 62.8c 

Sunflower + Sorghum + Parthenium 
(33.3%ea.) 

88.33 bc 40.00 jk 40.00 jk 56.1d 

Atrazine (herbicide) 86.67 bc 36.67 k 40.00 jk 54.5ad 

Control (distilled water) 100.00 a 75.00 de 98.33 a 91.1a 

Test species means 89.07a 51.85c 62.03b  

LSD0.05 for extracts = 3.51, for test species = 2.92 and for interaction = 6.07 and the means followed by 
the same letter (s) in the respective category do not differ from one another at P ≤ 0.05 according to 
LSD0.05 test 

 
 
Overall encouraging results of these extracts indicate the presence of germination 

inhibitors in the allelochemicals released by these plant species. Leather (1983) reported 
that Chlorogenic acid and Iso-chlorogenic acids could reduce the seed germination of 
many weed species. Guenzi and McCalla (1966) isolated and identified chlorogenic 
acid in Sorghum bicolor along with other phenolic acids; similarly, Anjum et al. (2005) 
isolated and identified chlorogenic acid and iso-chlorogenic acid in sunflower. 
Therefore, the current study suggests that these extracts could be further explored for 
sustainable weed management in maize under ambient field condition. 
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Days to 50% germination 

The statistical analysis of the data revealed that the water extracts had significant 
effect on days to 50% germination of the tested species (Table 4). Maximum days to 
50% germination (5 days) were equally recorded for sorghum + parthenium (WEs), 
sunflower + parthenium (WEs) and herbicide (atrazine) treatments which were 
statistically at par with the rest of the treatments, while minimum (3 days) was recorded 
for control (distilled water) treatment. Furthermore, for horse purslane the maximum 
(8.83 days) days to germination was recorded in sorghum + sunflowers + parthenium 
(WEs) treatment which was statistically at par with herbicide (atrazine), sorghum 
+ sunflower (WEs), and sorghum + parthenium (WEs) treatments while the minimum 
days to 50% germination (4.50 days) was recorded in control (distilled water) treatment. 
Similarly, for rigid ryegrass, the maximum value (6.83 days) was recorded in herbicide 
(atrazine) treatment which was statistically at par with sunflower + sorghum 
+ parthenium (WEs) treatment, while the minimum value (3 days) were recorded in 
control (distilled water) treatment. Among the species, means maximum days to 50% 
germination (7.55 days) were recorded for Trianthema portulacstrum (horse purslane) 
followed by Lolium rigidum (rigid ryegrass) (5.22 days), whereas the minimum 
(4.59 days) were recorded in maize. Among the treatment means, maximum (6.83 days) 
time was recorded in herbicide (atrazine) treatment whereas the minimum (3.50 days) 
was recorded in control (distilled water) treatment. 

 
Table 4. Allelopathic effect of different plants water extracts applied isolated and in 
combination on days to 50% germination of Z. mays, and its associated weeds under 
laboratory conditions (pots study) 

Treatments (1:10 w/v) 
Species tested Extracts 

means Z. mays  T. partulacastrum L. rigidum 

Sorghum 4.50 ijk 6.33 cde 4.67ij 5.17d 

Sunflower 4.83 ij 6.00 efg 4.00 k 4.94d 

Parthenium 4.33jk 6.67 cd 4.50ijk 5.17d 

Sorghum + Sunflower (50% ea.) 4.83 ij 8.67 a 6.17 def 6.56ab 

Sorghum + Parthenium (50% ea.) 5.00 hi 8.50 a 5.67fg 6.39b 

Sunflower + Parthenium (50% ea.) 5.00hi 7.33 b 5.50 gh 5.94c 

Sunflower + Sorghum + Parthenium (33.3%ea.) 4.83 ij 8.83 a 6.67 cd 6.78a 

Atrazine (herbicide) 5.00 hi 8.67 a 6.83bc 6.83a 

Control (distilled water) 3.00 l 4.50ijk 3.00 l 3.50e 

Test species means 4.59a 7.55b 5.22a  

LSD0.05 for extracts = 0.38, for test species = 0.22 and for interaction = 0.66 and the means followed by 
the same letter (s) in the respective category do not differ from one another at P ≤ 0.05 according to 
LSD0.05 test 

 
 
Our findings are in line with the findings of Babar et al. (2009), who concluded that 

chickpea seeds soaked in root extract of Asphodelus tenuifolius Cav. took more time for 
germination. Guenzi and McCalla (1966) reported that the presence of chlorogenic acid 
along with other responsible phenolic acids in Sorghum bicolor could be responsible for 
the delay in germination of weed species. Similarly, Anjum et al. (2005) reported that 
chlorogenic and isochlorogenic acids in sunflower may be attributed to the inhibition 
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and the delay in time to germination. In crops, weed competition time to emergence is 
an important factor; therefore, the findings of the current study are valuable for the 
weed scientists to further explore the possibility of such plants water extracts for 
delaying the germination time in weed species and enabling the crops to capture the 
space prior to weed germination. 

 
Shoot length (cm plant-1) 

The statistical analysis of the data showed that the extracts had significant effect on 
shoot length (cm plant-1) of test species (Table 5). The data recorded for maize showed 
that maximum shoot length (38.46 cm plant-1) was recorded in control (distilled water), 
while minimum (29.99 cm plant-1) was recorded in sunflower + sorghum + parthenium 
(WEs) treatment which was statistically at par with herbicide (atrazine) treatment. 
Furthermore, maximum shoot length of Trianthema (6.20 cm plant-1) was recorded in 
control (distilled water) treatment, while the minimum (3.55 cm plant-1) was recorded in 
herbicide (atrazine) treatment. Data recorded for the Lolium showed the maximum 
shoot length (16.96 cm plant-1) in control (distilled water) treatment while the minimum 
(9.45 cm plant-1) was recorded in herbicide (atrazine) treatment which was statistically 
at par with sunflower + sorghum + parthenium (WEs) treatment. Among the species 
means, maximum shoot length (32.36 cm plant-1) was recorded for maize followed by 
Lolium with (11.76 cm plant-1) whereas the lowest shoot length (4.5 cm plant-1) was 
recorded for Trianthema. Among the treatment means maximum shoot length 
(20.54 cm plant-1) was recorded in control (distilled water) treatment while minimum 
(14.46 cm plant-1) was recorded in herbicide (atrazine) treatment which was statistically 
at par with sunflower + sorghum + parthenium (WEs) treatment. 

 
Table 5. Allelopathic effect of different plant water extracts applied sole and mixed on shoot 
length (cm) of Z. mays and its associated weeds under laboratory conditions (pots study) 

Treatments (1:10 w/v) 
Species tested Extracts 

means Z. mays T. partulacastrum L. rigidum 

Sorghum 35.51 b 5.04 n 12.12 i 17.57b 

Sunflower 31.85 d 4.95 n  12.94 h 16.58c 

Parthenium 32.48 c 4.95 n 12.10 i 16.51c 

Sorghum + Sunflower (50% ea.) 31.39 d 4.16 o 10.28 k 15.28d 

Sorghum + Parthenium (50% ea.) 30.58 e 3.99op 11.20 j 15.26d 

Sunflower + Parthenium (50% ea.) 30.68 e 4.00op 11.11 j 15.26d 

Sunflower + Sorghum + Parthenium (33.3%ea.) 29.99 f 3.71 op 9.70 l 14.47e 

Atrazine (herbicide) 30.37ef 3.55 p 9.45 l 14.46e 

Control (distilled water) 38.46 a 6.20 m 16.96g 20.54a 

Test species means 32.37a 4.5c 11.76b   

LD0.05 for extracts = 0.32, for test species = 0.18 and for interaction = 0.55. The means followed by the 
same letter (s) in the respective category do not differ significantly from one another at P ≤ 0.05 
according to LSD0.05 test 

 
 
Our results are also in close conformity with the findings of Javaid et al. (2009) who 

found that water extracts of Withania somnifera and Datura alba have bioactive 
compounds responsible for the inhibition of root and shoot growth of Rumex crispus. 
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The presence of p-coumaric, vanillic, syringic, and ferulic acids in allelopathic plants 
may inhibit the shoot growth of the tested species. Our results are further similar to that 
of Turk and Tawah, 2002, who stated that allelopathic plants water extracts were more 
promising on radicle growth, as radicle emerges earlier and comes in contact with 
phytochemicals. Based on the current study it is suggested to exploit the utilization of 
these extracts for sustainable weed management in maize under field condition if 
infested with Trianthema portulacastrum (horse purslane) and Lolium rigidum. 

 
Dry biomass (g plant-1) 

The statistical analysis of the data showed that the extracts had significant effect on 
dry biomass (g plant-1) of the tested species (Table 6). The data recorded for maize 
showed the maximum dry biomass (0.2585 g plant-1) in control (distilled water) 
treatment, whereas the minimum (0.1895 g plant-1) biomass was recorded in herbicide 
(atrazine) treatment. Furthermore, the data recorded for Trianthema showed maximum 
dry biomass (0.0707 g plant-1) in control (distilled water), while the minimum 
(0.0163 g plant-1) was recorded in herbicide (atrazine) treatment. Similarly, data 
recorded for the Lolium dry biomass, the maximum value (3.04 g plant-1) was recorded 
in control (distilled water) treatment, while the minimum (1.66 g plant-1) was recorded 
in herbicide (atrazine) treatment. Among the species means maximum dry biomass 
(2.14 g plant-1) was recorded for Lolium followed by maize with (0.2126 g plant-1), 
whereas minimum value (0.038 g plant-1) was recorded for Trianthema. Among the 
treatment means maximum dry biomass (1.12 g plant-1) was recorded in control 
(distilled water) treatment, whereas the minimum (1.62 g plant-1) was recorded in 
herbicide (atrazine) treatment. Among the tested species maize showed tolerance to 
various allelopathic water extracts, whereas Trianthema and Lolium species were found 
more susceptible to herbicide treatment (atrazine) followed by sunflower + sorghum 
+ parthenium (WEs) treatment. 

 
Table 6. Allelopathic effect of different plants water extracts applied isolated and in mixture 
on dry biomass (g) of Z. mays, and its associated weeds under laboratory conditions (pots 
study) 

 Species tested  

Treatments (1:10 w/v) Z. mays T. partulacastrum L. rigidum 
Extracts 
means 

Sorghum 0.2175 b 0.0508 ij 2.32 b 0.86b 

Sunflower 0.2157 b 0.0482 ij 2.33 b 0.86b 

Parthenium 0.2148h 0.0440 ij 2.30 b 0.85b 

Sorghum + Sunflower (50% ea.) 0.2048 bd 0.0295 j 1.99 c 0.74c 

Sorghum + Parthenium (50% ea.) 0.2063 bc 0.0315 j 1.94 d 0.73c 

Sunflower + Parthenium (50% ea.) 0.2092 bc 0.0283 j 1.94 d 0.73c 

Sunflower + Sorghum + Parthenium (33.3%ea.) 0.1968 cd 0.0227 j 1.80 e 0.67d 

Atrazine (herbicide) 0.1895h 0.0163 j 1.66 f 0.62e 

Control (distilled water) 0.2585 g 0.0707 i 3.04 a 1.12a 

Test species means 0.213b 0.038a 2.146c  

LSD0.05 for extracts = 0.022, for test species = 0.013 and interaction = 0.039 and for each effect, values 
with the same letter (s) in a column do not differ significantly from one another at P ≤ 0.05 according to 
LSD test 
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The tolerance of maize seeds and sensitivity of weed seeds to these extracts are 
interesting findings which could be further explored as a tool for sustainable weed 
management strategies. The presence of sorgoleone, phenolics, p-coumaric, vanillic, 
syringic, and ferulic acids in allelopathic plants may inhibit the fresh and dry biomass 
(g plant-1) of the tested species by inhibiting the electron transport in both 
photosynthesis and respiration, resulting in the reduction in chlorophyll content, and 
reduction in chlorophyll accumulation. It is concluded from the current study that 
allelopathic plants water extracts could decrease dry biomass (g plant-1) of weeds, which 
is a positive indicator of such studies, although synthetic herbicides are cheaper and 
effective than allelochemicals, but still it seems that allelochemicals could be used in 
developing countries as an ecological and ecofriendly weed management tool. It is 
suggested to study the active ingredient of allelochemicals to understand their behaviors 
and plant responses to their applications. 

 
General discussion 

In the laboratory bioassays, it is observed that among the tested species maize seeds 
showed tolerance whereas Trienthema followed by Lolium showed more sensitivity 
against synthetic herbicides and other applied allelopathic water extracts. In the light of 
the present findings of the current study, the tolerance of maize seeds and sensitivity of 
weed seeds against allelopathins is a good indicator that could be explored further for 
the commercial use of the selective weed management strategy. Allelopathic 
plants/weed water extracts applied in combination had more inhibitory effect than their 
sole application on seed germination, time to germination, shoot length and dry biomass 
of the tested species. The similar trends for all the studied parameters are confirmatory 
to the previous findings of Einhellig (1995) and Weston and Duke (2003), who reported 
that application of various allelopathic plants water extracts in mutual combination had 
more pronounced inhibitory effect as compared to their sole applications. Likewise, 
Khanh et al. (2005) also illustrated that a mixture of allelochemicals may help to retard 
the germination and seedling growth of weed species. The more inhibitory effect in 
combined extracts could be due to synergistic action of various allelochemicals present 
in the plant species, however data recorded for shoot length (cm) and dry biomass (g) 
showed that inhibitory effect of synthetic herbicide had slightly more effect than 
combined application of extracts, but pollution, herbicide resistance development and 
harming the quality of product encourages to opt for the allelopathins. Our results are 
also in line with the work of Cheema and Khaliq (2000) and Hassan et al. (2018), who 
observed the inhibitory effect of allelopathic crops/weed extracts on weeds and 
concluded worth to be exploited for weed management in different crops. 

Conclusion 

It is concluded from the current study that all tested allelopathic plants species viz., 
sorghum, sunflower and parthenium have phytotoxic effect against the two studied 
weeds of maize. They have water soluble allelochemicals which could inhibit the 
germination% and growth parameters of weeds. Among all the treatments, Sorghum 
+ Sunflower + Parthenium (WEs) significantly minimized the growth of the tested 
species almost comparable to the synthetic herbicide (atrazine). A positive indicator 
during the study has been that maize (Zea mays L.) showed more tolerance against the 
tested extracts thus, offering a window for selective control of weeds in maize crop 
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consequently averting the reliance on the synthetic herbicides. Another prospect of this 
study is the combined use of the tested species emerged as synergistic for the effective 
control of weeds as compared to their sole application. It is thus, recommended that the 
combined extracts of the tested plants may be utilized for sustainable weed management 
in maize crop for environmental safety and sustainable maize production. Water extract 
of sorghum + sunflower + parthenium @ 33.3 + 33.3 + 33.3 g/L in mutual combination 
may be recommended for sustainable weed management in maize. 
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Abstract. Low production of all crops cultivated due to the poor physical and chemical properties of such 
soil, including acid reaction; high organic acid content, which is toxic for crops; low macronutrient and 
micronutrient content. The use of the ameliorants Cu2+, Fe3+, and Zn2+ together with Palm Oil Frond (POF) 
compost can improve peat soil with a low impact on the environment. This research aimed to examine the 
effects of the ameliorants Cu2+, Fe3+, and Zn2+ and POF compost applications on the growth of mung bean. 
The first factor was the ameliorant application with four levels (without ameliorant Cu2+, Fe3+, and Zn2+). 
The second factor was the POF compost doses with four levels (0, 12, 24, and 36 g per plant). Results 
showed that the interaction of ameliorant (Cu2+, Fe3+, and Zn2+ and POF compost applications significantly 
affect the percentage of fully filled pods, seed dry weight, and root volume of mung bean. The best treatment 
was achieved with the application of ameliorant Cu2+ and 24 g plant-1 POF compost, which resulted in 
26.67 g plant-1 seed dry weight, 94.7% fully filled pods, and 27.4 cm3 root volume, comprising increased 
percentages of 175.5%, 32.8%, and 109.2%, respectively, compared to no treatment. 
Keywords: marginal land, organic acid, polyvalent cation, chelating, RGR, SFR, ESFP 

Introduction 

Mung bean (Vigna radiata (L.) R. Wilczek) is a leguminous crop that grows well in 
tropical regions and has high nutritional value. Currently, the demand for mung bean in 
Indonesia increases each year, yet its production tends to decrease every year. Mung bean 
production decreased from 1739 tons in 2007 to 598 tons in 2015 (Bureau, 2016). This 
decreased production is caused by low land productivity with non-optimal soil and crop 
management. Agricultural land in Riau mostly consists of marginal land with low 
productivity, including dry and wet land. From this land area, peat soil reaches 
3.87 million hectares or 59.94% from the total peat soil in Sumatera and 25.96% from the 
total peat soil in Indonesia (IAARD, 2011). 

Peat soil for agriculture in Indonesia is used for both plantation and food crops. The 
development of peat land for agriculture increases continuously owing to the decreasing 
dry land area, which is a result of land conversion for other purposes, while the land 
requirement for food production persistently increases (Darmawan et al., 2015; Nurulita 
et al., 2016). Although dry land extensification can be conducted, the agricultural 
extensification of peat land is being further explored by policy makers and researchers 
because peat land area is sufficiently wide in Indonesia (Jaenicke et al., 2008; Siti et al., 
2013). The average production of almost all crops cultivated on peat soil, including mung 
bean, remains low. This condition is due to peat soil having poor physical and chemical 
properties, such as acid reaction; high organic acid content, which is toxic for crops; and 
low macronutrient and micronutrient content (Troeh and Thompson, 2005; Lampela et 
al., 2014). The management and sustainability associated with the chemical and physical 
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aspects of peat soil must be performed correctly to increase peat soil productivity (Hooijer 
et al., 2012; Comte et al., 2013; Hoyos et al., 2015; Könönen et al., 2015). 

Nutrient uptake (anion) of plant on peat soil is very low because peat soil has high 
negative charge. Thus, the adsorption and anion exchange capacity of peat soil is low, 
leading to low availability and nutrient uptake (Stevenson, 1994). Adding cations, such 
as Cu2+, Fe3+, and Zn2+, into peat soil is expected to increase anion exchange capacity and 
the availability and nutrient uptake of crops. The outcome is especially apparent in anions 
where the cations Cu2+, Fe3+, and Zn2+ function as metals bridging organic acid and NO3

- 
or H2PO4

- in the chelating formation of peat soil. Complex compound formation between 
organic acid molecules and metal ions that form more than one bond will increase the 
stability of complex compounds (Abat et al., 2012). 

The bond phenomenon between metal ion and organic acid enables the use of several 
cations in controlling the reactivity of phenolic acids so that they do not poison and 
endanger crops (Orlov, 1995; Shanmugam et al., 2018). The application of polyvalent 
cation on peat soil in Indonesia (Kalimantan and South Sumatera) can reduce the content 
and reactivity of phenolate acid and increase crop production (Hartatik and Nugroho, 
2001; Brachia, 2006). In the current study, the application of polyvalent cations, such as 
Cu2+, Fe3+, and Zn2+, as ameliorant is expected to reduce toxic organic acids, including 
phenolic acids and carboxylic acids, through the formation of an organo-cation complex 
(Gyliene and Šalkauskas, 2001; Tan, 2010). Thus, the toxic properties of these acids will 
be reduced to improve the crop growth and development of mung bean. Peat soil also 
contains very low amounts of micronutrients, such as Cu2+, Fe3+, and Zn2+, which are 
strongly chelated with organic matter and are thus not available to crops (Abat et al., 
2012; de A. Melo et al., 2014). The cations Cu2+, Fe3+, and Zn2+ act as ameliorant 
materials and are a source of nutrients for crops (Jones, 2012; Sullivan et al., 2013). 

Besides applying an ameliorant material, an additional organic matter, such as 
compost, is required for the use of peat soil for crop cultivation. The application of Palm 
Oil Frond (POF) compost is expected to activate microorganisms in peat soil. The organic 
material is an energy source for soil microorganisms that can increase microorganism 
activity in the decomposition of organic materials to stabilize peat soil (Fan et al., 2007; 
Onwonga et al., 2010). Furthermore, the POF compost contains the macronutrients N 
(0.75%), P (0.47%), and K (0.80%) (Eviati, 2011). Thus, it can enrich the nutrients N, P, 
and K of peat soil to support the growth of mung bean. The article aimed to investigate 
the effects of ameliorant Cu2+, Fe3+, and Zn2+ applied with palm oil frond compost on the 
yield and growth of mung bean, grown on peat soil in Riau, Indonesia. 

Material and Methods 

This research was conducted at the experimental farm of the Faculty of Agriculture, 
Universitas Islam Riau, Pekanbaru, Indonesia for four months, from November 2018 to 
February 2019. 

Experimental design 

The experimental design used was a factorial 4×4 in a completely randomized design 
with three replications. The first factor was the ameliorant treatment application with four 
levels (without ameliorant, Cu2+, Fe3+, and Zn2+). The second factor was the dose of POF 
compost with four levels (0, 12, 24, and 36 g per plant). This experiment consisted of 48 
experimental units, with each experimental unit consisting of 8 plants (8 pots). The 
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observational data were analyzed using analysis of variance and the honestly significant 
difference (HSD) test at 5% probability level (P = 0.05) (Stell and Torrie, 1980). 

Variety and soil sampling 

The mung bean variety used in this experiment was Vima 1. The peat soil sample 
originated from Pekanbaru, Riau, and was collected at a depth of 10–40 cm with the sapric 
decomposition level. Each pot was filled with 8 kg of peat soil (300% soil water content) 
or equivalent to 2 kg of absolute dry weight. 

Treatment application and fertilization 

The ameliorants Cu2+, Fe3+, and Zn2+ (5% maximum sorption) were applied in the form 
of CuSO4, FeCl3, and ZnSO4, respectively. They were then mixed and stirred with soil 
three weeks before planting. POF compost was applied and stirred evenly in accordance 
with the treatment 1 week before planting. N fertilizer (urea 50 kg ha-1), triple super 
phosphate (TSP) (150 kg ha-1), KCl (100 kg ha-1), and lime CaMg(CO3)2 were also 
applied a week before plantingg (1-ton ha-1). 

Observation parameters 

The observed parameters in this study were relative growth rate (RGR), seed filling 
rate (SFR), effective seed filling period (ESFP), percentage of fully filled pods, seed dry 
weight, and root volume. 

The study was conducted at the experimental farm of the Universitas Islam Riau, Riau 
Province, Indonesia. The experiment involved a completely randomized factorial design 
with three replications, Figure 1 shows the location of experiment conducted. 
 

 

Figure 1. Location of experiment in Pekanbaru city, Riau Province, Indonesia 
 
 
Results and Discussion 

RGR 

From the observation of RGR (Table 1), the application of ameliorant materials and 
POF compost produce higher RGR than without both ameliorant and POF compost. This 
result is due to the improved plant growth response with the application of ameliorant 
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materials and POF compost. The POF compost contains plant nutrients and a source of 
energy for soil microorganism for survival and activity in the soil. Hence, microorganism 
activities in agricultural soils profoundly influence plant nutrient availability and OM 
transformation (Onwonga et al., 2010). In addition, the application of organic and 
inorganic ameliorants into the soil can improve soil conditions and enhance plant growth 
(Okwuagwu et al., 2003; Rudrappa et al., 2006). 
 

Table 1. Relative growth rate of mung bean with ameliorant materials and POF compost 
treatments (g day-1) 

Days 
Ameliorant 
materials 

POF compost (g plant-1) �̅� 
0 12 24 36 

14-21 

Without ameliorant 0.106a 0.121a 0.175a 0.152a 0.139c 

Cu2+ 0.153a 0.189a 0.241a 0.226a 0.202a 

Fe3+ 0.135a 0.170a 0.219a 0.195a 0.180b 

Zn2+ 0.137a 0.163a 0.208a 0.184a 0.173b 

 �̅� 0.133d 0.161c 0.211a 0.189b  

28-35 

Without ameliorant 0.342a 0.372a 0.429a 0,394a 0.384d 

Cu2+ 0.423a 0.453a 0.504a 0.476a 0.464a 

Fe3+ 0.403a 0.435a 0.485a 0.460a 0.446b 

Zn2+ 0.396a 0.417a 0.472a 0.449a 0.433c 

 �̅� 0.391d 0.419c 0.473a 0.445b  

The number in rows and columns followed by the same small letter show no significant difference (HSD 
test, at P = 0.05) 

 
 

Table 1 also shows that the highest RGR was at the age of 14–21 and 28–35 days in 
the treatment of ameliorant Cu2+ for 0.202 and 0.464 g day-1, respectively. The lowest 
RGR was found without ameliorant treatment at 0.139 and 0,384 g day-1. Furthermore, in 
the main effect of POF compost application alone, the highest RGR was at the age of 14–
21 and 28–35 days during the addition of as much as 24 g plant-1 POF compost for 0.211 
and 0.473 g day-1, respectively. The lowest RGR was found without compost treatment 
at 0133 and 0.391 g day-1. The RGR of plants increased due to an increase in plant growth 
and photosynthesis process. The increased photosynthetic process increases plant 
biomass (Jumin et al., 2014). 

The increased RGR is hypothesized to be caused by an increase of plant nutrient uptake 
by ameliorant addition. Zahrah (2010) found that the application of an ameliorant (Cu2+, 
Fe3+, and Zn2+) on peat soil for several varieties of rice can increase the uptake of N, P, 
and K and seed dry weight. Maftu’ah et al. (2013) also reported that the application of 
ameliorant on peat soil increases the growth and nutrient uptake of N, P, and K on sweet 
corn. 

Seed filling rate 

The observation result of SFR of mung bean is summarized in Table 2. The data from 
Table 2 indicate that the interaction of ameliorant materials and POF compost treatments 
did not significantly affect the SFR of mung bean (analysis of variance). However, the 
main effect of each treatment factor was significant. The SFR results (Table 2) show that 
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all treatments with the addition of an ameliorant (Cu2+, Fe3+, and Zn2+) and various doses 
of POF compost into the peat soil produced higher SFR than without both ameliorant 
addition (Cu2+, Fe3+, and Zn2+) and POF compost. The highest SFR was obtained from 
additional treatment with the ameliorant Cu2+ (0.060 g seed-1day-1) and the addition of as 
much as 24 g plant-1 (0.061 g seed-1day-1) POF compost. The increased SFR generated by 
the addition of ameliorant materials was due to the improved plant growth as reflected by 
the growth of RGR owing to the addition of ameliorant materials and POF compost into 
the peat soil (Table 1). Thus, the accumulation of dry plant materials (biomass) also 
increased. Jones (2012) stated that the results of plant biomass and seed development are 
determined by the rate of plant growth. 
 

Table 2. Seed filling rate of mung bean seed with ameliorant materials and POF compost 
treatments (g seed-1day-1) 

Ameliorant 

Materials 

POF compost (g plant-1) �̅� 
0 12 24 36 

Without 
Ameliorant 

0.038a 0.044a 0.051a 0.047a 0.045c 

Cu2+ 0.053a 0.055a 0.070a 0.061a 0.060a 

Fe3+ 0.050a 0.054a 0.063a 0.058a 0.056a 

Zn2+ 0.049a 0.053a 0.059a 0.055a 0.054b �̅� 0.047c 0.052b 0.061a 0.055b  

The number in rows and columns followed by the same small letter show no significant difference (HSD 
test, at P = 0.05) 

 
 

Peat soil management with an additional appropriate ameliorant type and proper 
dosage improves chemical properties and soil microbiology activity to support plant 
growth (Bragazza et al., 2007). Therefore, a good ameliorant is one that can improve peat 
soil conditions, increase crop production, preserve peat soil, and reduce negative impacts 
on the environment (Husen and Agus, 2011; Agus et al., 2012). 

Effective seed filling period 

The ESFP of mung bean is presented in Table 3. 
 

Table 3. Effective seed filling period of mung bean with ameliorant materials and POF 
compost treatments (day) 

Ameliorant 

Materials 

POF compost (g plant-1) �̅� 
0 12 24 36 

Without 
Ameliorant 

33.33a 35.89a 34.60a 36.11a 34.98c 

Cu2+ 30.00a 31.27a 28.32a 30.47a 30.02a 

Fe3+ 31.19a 33.64a 32.67a 33.24a 32.68b 

Zn2+ 29.44a 29.85a 33.85a 30.76a 30.98b �̅� 30.99 32.66 32.65 32.65  

The number in rows and columns followed by the same small letter show no significant difference (HSD 
test, at P = 0.05) 
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Table 3 illustrates that the effect of the interaction of ameliorant materials and POF 
compost treatments was not significant (analysis of variance). However, the main effect 
of ameliorant (Cu2+, Fe3+, and Zn2+) application alone was significant on the ESFP of 
mung bean. The application of the ameliorant Cu2+ caused a shorter ESFP than the 
addition of the ameliorants Fe3+ and Zn2+ at 30.02 days. ESFP describes the time required 
by seeds to evolve perfectly and reach maximum dry weight (Salisbury and Ros, 1996). 
Therefore, the higher the SFR is, the shorter the ESFP will be. These results indicate that 
the highest SFR, namely, 0.070 g seed-1day-1, was obtained from the treatment 
combination of additional ameliorant Cu2+ and as much as 24 g plant-1 (Table 2) POF 
compost with the fastest ESFP, namely, 28.32 days. The longest was 33.33 days without 
ameliorant and without POF compost (Table 3). 

Percentage of fully filled pods 

The percentage of fully filled pods of mung bean is shown in Table 4. 
 

Table 4. Percentage of fully filled pods of mung bean with ameliorant materials and POF 
compost treatments (%) 

Ameliorant 

materials 

POF compost (g plant-1) �̅� 
0 12 24 36 

Without ameliorant 71.3d 82.7c 84.5c 83.4c 80.48c 

Cu2+ 85.9bc 86.6c 94.7a 89.1b 89.08a 

Fe3+ 83.7c 83.7c 85.6bc 85.0bc 84.70b 

Zn2+ 83.4c 83.5c 85.6bc 84.2c 84.17b �̅� 81.08c 84.13b 87.75a 85.43b  

The number in rows and columns followed by the same small letter show no significant difference (HSD 
test, at P = 0.05) 

 
 

Table 4 shows that the addition of ameliorant (Cu2+, Fe3+, and Zn2+) and POF compost 
on peat soil produced a higher percentage of fully filled pods than without both ameliorant 
and POF compost. The highest percentage (94.7%) of fully filled pods was derived from 
the highest treatment with the application of ameliorant Cu2+ and as much as 24 g plant-1 
POF compost, and it was significantly different from the other treatment combinations. 

These results revealed that Cu2+ cations had a better ability to neutralize the adverse 
effects of organic acids on mung bean growth compared with Fe3+ and Zn2+. Toxic 
organic acids in plants are neutralized through the occurrence of chelating the positive 
charge of metal cations with organic acids, which has a negative charge (Gyliene and 
Šalkauskas, 2001; Tan, 2010). 

The results of the high fully filled pods were also associated with improved SFR and 
ESFP results with such treatment combination. The pods will be fully filled if the 
translocation of photosynthesis results in seeds that run smoothly and are effective. In 
addition, as a chelating agent of peat organic acids, Cu is a micronutrient that should be 
added to peat soil to achieve good growth and increase crop production. The use of 
tropical peat enriched with micronutrients can contribute to improving agricultural 
productivity because micronutrients can effectively stimulate plant growth20. As a 
micronutrient, Cu acts as an enzyme activator, regulating carbohydrate and protein 
metabolism and chlorophyll formation (Jones, 2012; Sullivan et al., 2013). 
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Seed dry weight 

The observation result of the seed dry weight of mung bean after analysis of variance 
showed that the interaction effect of ameliorant materials and POF compost treatments 
was significant on the seed dry weight. This result indicates that the seed dry weight of 
mung bean as a result of applying several doses of POF compost was not the same for 
different ameliorants (Cu2+, Fe3+, and Zn2+). The result of the seed dry weight of mung 
bean is presented in Table 5. 
 

Table 5. Seed dry weight of mung bean with ameliorant materials and POF compost 
treatments (g plant-1) 

Ameliorant 

materials 

POF compost (g plant-1) �̅� 
0 12 24 36 

Without    
ameliorant 

9.67j 19.00fghi 21.33de 20.33efg 17.58c 

Cu2+ 19.67efgh 22.33cd 26.67a 24.33bc 23.25a 

Fe3+ 18.00hij 19.67efgh 24.67ab 21.33de 20.92b 

Zn2+ 17.33ij 18.67ghij 23.67bc 21.00ef 20.17b �̅� 20.64d 19.92c 24.08a 21.75b  

The number in rows and columns followed by the same small letter show no significantly different (HSD 
test, at P = 0.05) 

 
 

Table 5 shows that the addition of ameliorant (Cu2+, Fe3+, and Zn2+) and POF compost 
into peat soil produced the higher dry weight of seed than without both ameliorant and 
POF compost. An increase in seed dry weight of mung bean with the application of 
ameliorant materials (Cu2+, Fe3+, and Zn2+) and POF compost improved soil conditions 
than without ameliorant. Thus, the plant roots grew well. Good root development 
enhances nutrient uptake, growth, and crop production (Rudrappa et al., 2006; Štursová 
and Baldrian, 2011). Chelation between Cu2+, Fe3+, and Zn2+ and organic acids neutralizes 
the organic acids of peat so that they do not poison the plant. Phenolic acids are an 
intermediate compound in humus formation. At a certain concentration, this compound 
is toxic and will inhibit plant growth and reduce crop production (Orlov, 1995). The 
results of the highest dry weight of mung bean with the addition of Cu2+ ameliorant and 
as much as 24 g plant-1 POF compost were also related to SFR and the highest percentage 
of fully filled pods with such treatment (Table 2 and Table 4). 

Table 5 shows that the highest dry weight of the seeds was obtained from the addition 
of the ameliorant Cu2+ and as much as 24 g plant-1 POF compost treatments, namely, 
26.67 g plant-1. The lowest dry weight without ameliorant and without POF compost 
treatments was 9.67 g plant-1. This result indicates that the Cu2+ cation was more effective 
in chelating with the organic acids of peat compared with the cations Fe3+ and Zn2+. It can 
effectively suppress the adverse effects of organic acids of peat on growth and crop 
production. The stability of the chelating bond was Cu > Fe > Co > Ni > Zn = Mn [20]. 
These results also relate to the role of Cu2+ as a cation chelating organic acid of peat soil 
and a plant micronutrient involved in chlorophyll formation as well as an important 
coenzyme for activating several plant enzymes (Lampela et al., 2014). 

Adding inorganic and organic fertilizers also improves the physical, chemical, and 
biological conditions of soil and, therefore, increases the production and quality of crops, 
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including seed quality (Hooijer et al., 2012). The application of inorganic and organic 
ameliorants can improve soil chemical properties and stabilize peat soil, reducing 
greenhouse emission and increasing crop production on peat lands (Murdiyarso et al., 
2010; Könönen et al., 2015). 

The results of regression and correlation analyses of seed dry weight are shown in 
Figure 2. 
 

  
(a) (b) 

  
(c) (d) 

Figure 2. Relationship between dosage of POF compost and the seed dry weight per plant on 
the various ameliorant materials (a) without ameliorant, (b) with Cu2+ ameliorant (c) with Fe3+ 

ameliorant (d) with Zn2+ ameliorant 
 
 

Figure 2 shows that the seed dry weight increase with increasing doses of POF 
compost from 0 to 24 g plant-1 and decreases with the addition of 36 g plant-1 for all 
ameliorant materials (Cu2+, Fe3+, and Zn2+). 

Root volume 

The average of root volume for mung bean is presented in Table 6. 
The data in Table 6 show that the highest root volume (27.4 cm3) was obtained from 

the ameliorant treatment addition of Cu2+ and as much as 24 g plant-1 POF compost; it 
was also significantly different from that obtained from other treatment combinations. 
The lowest root volume was found without both ameliorant and POF compost treatments. 
These results relate to the improvement of the root zone (rhizosphere) with the addition 
of ameliorant materials and POF compost that can increase the growth and development 
of plant roots, thus increasing root volume. In addition, Cu2+ has a role in root respiration. 
As root respiration increases, the uptake of plant nutrients also increases as a result of 
improved plant growth (Könönen et al., 2015). 
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Table 6. Root volume of mung bean with ameliorant materials and compost and POF compost 
treatments (cm3) 

Ameliorant 

materials 

POF compost (g plant-1) �̅� 
0 12 24 36 

Without ameliorant 13.1f 16.6e 19.3cde 18.9cde 17.0c 

Cu2+ 19.9cd 21.5bc 27.4a 22.4bc 22.8a 

Fe3+ 18.7cde 19.8cd 23.2b 21.8bc 20.9b 

Zn2+ 18.2de 19.3cd 21.8bc 20.1bc 19.9b �̅� 17.5d 19.4c 22.9a 20.8b  

The number in rows and columns followed by the same small letter show no significant difference (HSD 
test, at P = 0.05) 

 
 
Conclusions 

The interaction of ameliorant (Cu2+, Fe3+, and Zn2+) and POF compost applications 
significantly affected the percentage of fully filled pods, seed dry weight, and root volume 
of mung bean. The best treatment was found in the application of ameliorant Cu2+ and 
24 g plant-1 POF compost. The results showed 26.67 g plant-1 seed dry weight, 94.7% 
fully filled pods, and 27.4 cm3 root volume at increased percentages of 175.5%, 32.8%, 
and 109.2%, respectively, compared with no treatment. The main effect of the application 
of ameliorant materials alone was significant on the RGR, SFR, ESFP, percentage of fully 
filled pods, seed dry weight, and root volume. The best treatment was found on the 
ameliorant Cu2+. The main effect of POF compost application alone was significant on 
the RGR, SFR, seed dry weight, percentage of fully filled pods, and root volume. The 
best treatment was achieved in the application of 24 g plant-1 POF compost. 
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Abstract. Limited information has been reported on the genetic association of morphological and quality 
traits of Oryza sativa L. From a total of 50 genotypes, evaluated for genetic diversity using SSR markers, 
six diverse genotypes were selected for the generation of three crosses. Progenies of these crosses were 
grown to develop three F2 populations. Morphological and quality traits were recorded and analysed for 
genotypic and phenotypic correlations followed by the path coefficient analysis from the genotypic 
correlation. Strongest association was observed for yield per plant and alkali spread value (ranging from -
0.73 to -0.91 for different crosses). It was depicted from path coefficient analysis that length width ratio 
had a maximum direct effect on yield (ranging from 0.61 to 0.67 for different crosses), and also had a 
relatively high magnitude of the indirect effect to the yield via plant height, panicle length protein content 
and length width ratio. Although, minute differences were detected in the strength of association and 
direct/indirect effects for different populations, the direction of the association always remained the same. 
The present study showed that direct and indirect effects of traits should be considered for the selection of 
yield improvement instead of correlation, as a trait having high correlation may have a low direct effect 
and vice versa. 
Keywords: Oryza sativa L., correlation, path coefficient analysis, qualitative traits, basmati rice 

Introduction 

Rice is the staple food for about half of the world population. Rice is a healthful 
cereal grain which owns unusual dietary requirements. In 2018-19 worlds’ rice 
production is expected to be 510 million tonnes while world’s consumption is also 
expected to be 503 million tonnes (FAO, 2018). Asia produced and consumed more 
than 90% of the world’s rice (Memon et al., 2015) as three billion Asians fulfil their 35-
60% of caloric requirement through rice (Guyer et al., 1998). The cooking and eating 
qualities of rice are important in defining its economic value in export market and for 
user acceptance (Pingali, 1997). The Quality of rice grain is intricate characteristic 
comprising several components such as appearance, cooking and eating qualities 
(Rabiei et al., 2004). Physicochemical properties of rice are calculated on the basis of 
amylose content, protein contents and alkali spread value (Rohilla et al., 2000). Quality 
and yield of rice grain can be enhanced by understanding the genetic mechanism 
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controlling these traits and association between these traits which is not very well 
elaborated in previous studies. Correlation studies reported in past have been conducted 
in homozygous populations but in this study we have conducted correlation studies in 
segregating populations. 

Complex inheritance pattern of grain yield and quality traits necessitate their 
thorough understanding in order to strengthen rice breeding program. Studies of genetic 
correlation between yield and quality traits gave understanding about the extent and 
direction of association between these traits. However direct and indirect effect of 
different yield related traits are determined by path coefficient analysis. Genetic 
attributes could be ranked according to their contribution by the breeder (Dewey and 
Lu, 1959). Dewey and Lu (1959) developed a statistical technique for path analysis 
which helps in understanding the cause of association and provide information about 
cause and effect situation. Path analysis assists plant breeders in making selection as it 
dissects the correlation of different traits into direct and indirect effects (Dewey and Lu, 
1959; Milligan et al., 1990; Samonte et al., 2005). 

The main objective of this study was to (i) assess genetic variability and correlation 
among yield and quality traits of various segregating populations for selecting superior 
genotypes, (ii) to assess the direct and indirect contribution of yield components to yield 
(iii) to assess the type of connection between quality and yield traits of rice. 

Materials and methods 

The present study was conducted in the experimental area of Department of Plant 
BREEDING and Genetics, University College of Agriculture and Environmental 
Sciences, the Islamia University of Bahawalpur, Pakistan. 

 
Development of plant material for genetic diversity studies 

Thirty rice varieties were grown in nursery during stat of May 2013 up to three leaf 
stage. Of each genotype 4 cm leaf sample was collected and preserved in liquid nitrogen 
prior to DNA extraction by CTAB method (Ul-Allah et al., 2017). Twenty µl PCR 
reaction mixture included DNA 2 µl, 0.2 µl Taq polymerase enzyme, 1.5 µl of each 
primer, 2.5 µl of 2.5 mM dNTPs, 3 µl MgCl2 and2 µl PCR buffer along with 9.3 µl of 
ddH2O. One hundred SSR markers (Table 1) were used for diversity studies. PCR 
product was studied on 1.5% agarose gel with Ethydium bromide as fluorescent dye. 
Banding pattern was scored in binary fashion for the calculation of similarity index 
which was deployed for the construction of dendrogram by using un-weighted pair 
group method with arithmetic mean (UPGMA). 

 
Selection of diverse genotypes and development of populations 

Based on dendrogram generated by UPGMA, six genetically diverse genotypes i.e., 
Basmati Pak, Basmati-198, Basmati-385, Super Basmati, Basmati-2000 and Shaheen 
Basmati were grown in field in end of May, 2013. Cross combinations were made 
among genotypes widely assorted in dendrogram in following fashion (Basmati Pak × 
HuoYou8166, Basmati-385 × HuoYou8305 and Basmati-198 × HuoJingXian) to 
generate F1 seed. F2 seed harvested from F1 generation during September 2014 was 
sown in field during May 2015 adapting nursery sowing followed by field 
transplantation maintaining plant to plant and row to row distance of 30 cm. Soil was 
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sandy-loam with 50:30:20 sand, silt and clay proportion. Ten rows (each having fifteen 
plants) of each segregating population plus five rows of each parent were grown 
keeping single plant per hill in non-replicated fashion. All agronomic practices and crop 
protection measures were observed as per standard recommendations. Weeds, insect 
pests and diseases were controlled following standard recommendations. 

 
Table 1. List of primers used in present study 

Locus name Chr Forward primer sequence Reverse primer sequence Reference 

RM1 1 GCGAAAACACAATGCAAAAA GCGTTGGTTGGACCTGAC Panaud et al., 1996 

RM2 7 ACGTGTCACCGCTTCCTC ATGTCCGGGATCTCATCG Panaud et al., 1996 

RM3 6 ACACTGTAGCGGCCACTG CCTCCACTGCTCCACATCTT Panaud et al., 1996 

RM7 3 TTCGCCATGAAGTCTCTCG CCTCCCATCATTTCGTTGTT Panaud et al., 1996 

RM8 2 CACGTGGCGTAAATACACGT GGCCAAACCCTAACCCTG Panaud et al., 1996 

RM10 7 TTGTCAAGAGGAGGCATCG CAGAATGGGAAATGGGTCC Panaud et al., 1996 

RM11 7 TCTCCTCTTCCCCCGATC ATAGCGGGCGAGGCTTAG Panaud et al., 1996 

RM13 5 TCCAACATGGCAAGAGAGAG GGTGGCATTCGATTCCAG Panaud et al., 1996 

RM16 3 CGCTAGGGCAGCATCTAAA AACACAGCAGGTACGCGC Panaud et al., 1996 

RM17 12 TGCCCTGTTATTTTCTTCTCTC GGTGATCCTTTCCCATTTCA Panaud et al., 1996 

RM18 7 TTCCCTCTCATGAGCTCCAT GAGTGCCTGGCGCTGTAC Panaud et al., 1996 

RM19 12 CAAAAACAGAGCAGATGAC CTCAAGATGGACGCCAAGA Panaud et al., 1996 

RM21 11 ACAGTATTCCGTAGGCACGG GCTCCATGAGGGTGGTAGAG Panaud et al., 1996 

RM22 3 GGTTTGGGAGCCCATAATCT CTGGGCTTCTTTCACTCGTC Panaud et al., 1996 

RM26 5 GAGTCGACGAGCGGCAGA CTGCGAGCGACGGTAACA Chen et al., 1997 

RM27 2 TTTTCCTTCTCACCCACTTCA TCTTTGACAAGAGGAAAGAGGC Chen et al., 1997 

RM30 6 GGTTAGGCATCGTCACGG TCACCTCACCACACGACACG Chen et al., 1997 

RM31 5 GATCACGATCCACTGGAGCT AAGTCCATTACTCTCCTCCC Chen et al., 1997 

RM36 3 CAACTATGCACCATTGTCGC GTACTCCACAAGACCGTACC Chen et al., 1997 

RM38 8 ACGAGCTCTCGATCAGCCTA TCGGTCTCCATGTCCCAC Chen et al., 1997 

RM39 5 GCCTCTCTCGTCTCCTTCCT AATTCAAACTGCGGTGGC Chen et al., 1997 

RM41 9 AAGTCTAGTTTGCCTCCC AATTTCTACGTCGTCGGGC Chen et al., 1997 

RM42 8 ATCCTACCGCTGACCATGAG TTTGGTCTACGTGGCGTACA Chen et al., 1997 

RM44 8 ACGGGCAATCCGAACAACC TCGGGAAAACCTACCCTACC Chen et al., 1997 

RM47 7 ACTCCACTCCACTCCCCAC GTCAGCAGGTCGGACGTC Chen et al., 1997 

RM49 3 TTCGGAAGTTGGTTACTGATCA TTGGAGCGGATTCGGAGG Chen et al., 1997 

RM50 6 ACTGTACCGGTCGAAGACG AAATTCCACGTCAGCCTCC Chen et al., 1997 

RM51 7 TCTCGATTCAATGTCCTCGG CTACGTCATCATCGTCTTCCC Chen et al., 1997 

RM55 3 CCGTCGCCGTAGTAGAGAAG TCCCGGTTATTTTAAGGCG Chen et al., 1997 

RM60 3 AGTCCCATGTTCCACTTCCG ATGGCTACTGCCTGTACTAC Chen et al., 1997 

RM70 7 GTGGACTTCATTTCAACTCG GATGTATAAGATAGTCCC Chen et al., 1997 

RM71 2 CTAGAGGCGAAAACGAGATG GGGTGGGCGAGGTAATAATG Temnykh et al.,2000 

RM72 8 CCGGCGATAAAACAATGAG GCATCGGTCCTAACTAAGGG Temnykh et al., 2000 

RM80 8 TTGAAGGCGCTGAAGGAG CATCAACCTCGTCTTCACCG Chen et al., 1997 

RM82 7 TGCTTCTTGTCAATTCGCC CGACTCGTGGAGGTACGG Chen et al., 1997 

RM83 12 ACTCGATGACAAGTTGAGG CACCTAGACACGATCGAG Chen et al., 1997 

RM85 3 CCAAAGATGAAACCTGGATTG GCACAAGGTGAGCAGTCC Temnykh et al.,2000 

RM87 5 CCTCTCCGATACACCGTATG GCGAAGGTACGAAAGGAAAG Temnykh et al., 2000 

RM88 8 ACTCATCAGCATGGCCTTGCTC TAATGCTCCACCTTCACCAC Temnykh et al., 2000 

RM201 9 CTCGTTTATTACCTACAGTACC CTACCTCCTTTCTAGACCGATA Chen et al., 1997 

RM202 11 CAGATTGGAGATGAAGTCCTCC CCAGCAAGCATGTCAATGTA Chen et al., 1997 

RM204 6 GTGACTGACTTGGTCATAGGG GCTAGCCATGCTCTCGTACC Chen et al., 1997 

RM205 9 CTGGTTCTGTATGGGAGCAG CTGGCCCTTCACGTTTCAGTG Chen et al., 1997 

RM206 11 CCCATGCGTTTAACTATTCT CGTTCCATCGATCCGTATGG Chen et al., 1997 

RM207 2 CCATTCGTGAGAAGATCTGA CACCTCATCCTCGTAACGCC Chen et al., 1997 

RM209 11 ATATGAGTTGCTGTCGTGCG CAACTTGCATCCTCCCCTCC Chen et al., 1997 
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Locus name Chr Forward primer sequence Reverse primer sequence Reference 

RM210 8 TCACATTCGGTGGCATTG CGAGGATGGTTGTTCACTTG Chen et al., 1997 

RM214 7 CTGATGATAGAAACCTCTTCTC AAGAACAGCTGACTTCACAA Chen et al., 1997 

RM215 9 CAAAATGGAGCAGCAAGAGC TGAGCACCTCCTTCTCTGTAG Chen et al., 1997 

RM216 10 GCATGGCCGATGGTAAAG TGTATAAAACCACACGGCCA Chen et al., 1997 

RM217 6 ATCGCAGCAATGCCTCGT GGGTGTGAACAAAGACAC Chen et al., 1997 

RM219 9 CGTCGGATGATGTAAAGCCT CATATCGGCATTCGCCTG Chen et al., 1997 

RM222 10 CTTAAATGGGCCACATGCG CAAAGCTTCCGGCCAAAAG Chen et al., 1997 

RM223 8 GAGTGAGCTTGGGCTGAAAC GAAGGCAAGTCTTGGCACTG Chen et al., 1997 

RM224 11 ATCGATCGATCTTCACGAGG TGCTATAAAAGGCATTCGGG Chen et al., 1997 

RM225 6 TGCCCATATGGTCTGGATG GAAAGTGGATCAGGAAGGC Chen et al., 1997 

RM228 10 CTGGCCATTAGTCCTTGG GCTTGCGGCTCTGCTTAC Chen et al., 1997 

RM229 11 CACTCACACGAACGACTGAC CGCAGGTTCTTGTGAAATGT Chen et al., 1997 

RM230 8 GCCAGACCGTGGATGTTC CACCGCAGTCACTTTTCAAG Chen et al., 1997 

RM234 7 ACAGTATCCAAGGCCCTGG CACGTGAGACAAAGACGGAG Chen et al., 1997 

RM235 12 AGAAGCTAGGGCTAACGAAC TCACCTGGTCAGCCTCTTTC Chen et al., 1997 

RM239 10 TACAAAATGCTGGGTACCCC ACATATGGGACCCACCTGTC Chen et al., 1997 

RM241 4 GAGCCAAATAAGATCGCTGA TGCAAGCAGCAGATTTAGTG Chen et al., 1997 

RM242 9 GGCCAACGTGTGTATGTCTC TATATGCCAAGACGGATGGG Chen et al., 1997 

RM244 10 CCGACTGTTCGTCCTTATCA CTGCTCTCGGGTGAACGT Chen et al., 1997 

RM245 9 ATGCCGCCAGTGAATAGC CTGAGAATCCAATTATCTGGGG Chen et al., 1997 

RM246 1 GAGCTCCATCAGCCATTCAG CTGAGTGCTGCTGCGACT Chen et al., 1997 

RM247 12 TAGTGCCGATCGATGTAACG CATATGGTTTTGACAAAGCG Chen et al., 1997 

RM248 7 TCCTTGTGAAATCTGGTCCC GTAGCCTAGCATGGTGCATG Chen et al., 1997 

RM250 2 GGTTCAAACCAAGCTGATCA GATGAAGGCCTTCCACGCAG Chen et al., 1997 

RM253 6 TCCTTCAAGAGTGCAAAACC GCATTGTCATGTCGAAGCC Chen et al., 1997 

RM254 11 AGCCCCGAATAAATCCACCT CTGGAGGAGCATTTGGTAGC Chen et al., 1997 

RM255 4 TGTTGCGTGTGGAGATGTG CGAAACCGCTCAGTTCAAC Chen et al., 1997 

RM256 8 GACAGGGAGTGATTGAAGGC GTTGATTTCGCCAAGGGC Chen et al., 1997 

RM257 9 CAGTTCCGAGCAAGAGTACTC GGATCGGACGTGGCATATG Chen et al., 1997 

RM258 10 TGCTGTATGTAGCTCGCACC TGGCCTTTAAAGCTGTCGC Chen et al., 1997 

RM259 1 TGGAGTTTGAGAGGAGGG CTTGTTGCATGGTGCCATGT Chen et al., 1997 

RM260 11 ACTCCACTATGACCCAGAG GAACAATCCCTTCTACGATCG Chen et al., 1997 

RM261 4 CTACTTCTCCCCTTGTGTCG TGTACCATCGCCAAATCTCC Chen et al., 1997 

RM262 2 CATTCCGTCTCGGCTCAACT CAGAGCAAGGTGGCTTGC Chen et al., 1997 

RM263 2 CCCAGGCTAGCTCATGAACC GCTACGTTTGAGCTACCACG Chen et al., 1997 

RM264 8 GTTGCGTCCTACTGCTACTTC GATCCGTGTCGATGATTAGC Chen et al., 1997 

RM266 2 TAGTTTAACCAAGACTCTC GGTTGAACCCAAATCTGCA Chen et al., 1997 

RM267 5 TGCAGACATAGAGAAGGAAGTG AGCAACAGCACAACTTGATG Chen et al., 1997 

RM269 10 GAAAGCGATCGAACCAGC GCAAATGCGCCTCGTGTC Chen et al., 1997 

RM270 12 GGCCGTTGGTTCTAAAATC TGCGCAGTATCATCGGCGAG Chen et al., 1997 

RM271 10 TCAGATCTACAATTCCATCC TCGGTGAGACCTAGAGAGCC Chen et al., 1997 

RM272 1 AATTGGTAGAGAGGGGAGAG ACATGCCATTAGAGTCAGGC Chen et al., 1997 

RM273 4 GAAGCCGTCGTGAAGTTACC GTTTCCTACCTGATCGCGAC Chen et al., 1997 

RM274 5 CCTCGCTTATGAGAGCTTCG CTTCTCCATCACTCCCATGG Chen et al., 1997 

RM275 6 GCATTGATGTGCCAATCG CATTGCAACATCTTCAACATCC Chen et al., 1997 

RM276 6 CTCAACGTTGACACCTCGTG TCCTCCATCGAGCAGTATCA Chen et al., 1997 

RM278 9 GTAGTGAGCCTAACAATAATC TCAACTCAGCATCTCTGTCC Chen et al., 1997 

RM279 2 GCGGGAGAGGGATCTCCT GGCTAGGAGTTAACCTCGCG Chen et al., 1997 

RM280 4 ACACGATCCACTTTGCGC TGTGTCTTGAGCAGCCAGG Chen et al., 1997 

RM281 8 ACCAAGCATCCAGTGACCAG GTTCTTCATACAGTCCACATG Chen et al., 1997 

RM282 3 CTGTGTCGAAAGGCTGCAC CAGTCCTGTGTTGCAGCAAG Chen et al., 1997 

RM283 1 GTCTACATGTACCCTTGTTGGG CGGCATGAGAGTCTGTGATG Chen et al., 1997 

RM284 8 ATCTCTGATACTCCATCCATCC CCTGTACGTTGATCCGAAGC Chen et al., 1997 

RM285 9 CTGTGGGCCCAATATGTCAC GGCGGTGACATGGAGAAAG Chen et al., 1997 
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Morphological and quality traits evaluation 

At maturity data was recorded on one hundred fifty randomly selected guarded plants 
from each population for plant height, panicle length, and yield per plant. Seed samples 
were collected separately for the estimation of Amylose content, Alkali Spread Value, 
protein content and grain length/width ratio. Chemical analysis of Protein contents were 
accomplished according to AACC method 2000. 

 
Correlation analysis 

Correlation coefficient among the characters under study was estimated according to 
the statistical techniques given by Gomez and Gomez (1984). 

 

   

 
where n is number of observations, X is first variable, Y is second variable, while 
genotypic correlation was calculated according to formula 

 

   

 
Path analysis 

Path coefficient analysis was performed according to the method given by Dewey 
and Lu (1959) for the yield and quality traits of Rice, keeping yield per plant as 
resultant variable and rest of the traits as causal variables. 

Results 

Genetic diversity studies 

Thirty rice genotypes having wide range of phenotypic variability (Table 2) for all of 
the traits under study were subjected to Simple sequence repeat (SSR) based genetic 
diversity study (Fig. 1). Cluster analysis revealed the genetic relatedness among 30 
genotypes of rice as shown in the dendrogram (Fig. 2). One hundred SSR markers 
equally distributed on twelve chromosomes were randomly selected from the genetic 
map of Rice which revealed polymorphism percentage of 11.3 to 77.5%. Distribution of 
these genotypes in the dendrogram shows the genetic variation among the genotypes. 
Cluster analysis grouped the genotypes into four clusters with reference to yield and 
yield related traits having smallest cluster (Cluster I) with two varieties, Huo Jing Xian 
and HuoYou8187 and the largest cluster (Cluster IV) having nine varieties, while 
second and third clusters possesses eight varieties each. Huojing xian, Huoyou-8187, 
Huoyou-8305, Basmati-Pak, Basmati-198 and Basmati-385 on the bases of genetic 
divergence owing to variation in yield were selected for making three cross 
combinations. 
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Correlation analysis 

Genetically diverse F2 population (Fig. 3) for all of the traits studied was obtained 
from above mentioned cross combinations. Populations from all three cross 
combinations are significantly different from each other for plant height, panicle length, 
yield per plant, alkali spread value, amylose content, L/W ratio and protein content. All 
the characters studied were significantly correlated with yield per plant with few 
exceptions (discussed below). Genotypic and phenotypic correlation coefficients of 
three cross combinations populations for various traits are presented in Table 3. Highest 
positive phenotypic correlation for plant height was observed with protein content 
values 0.61 in Basmati-198 × HuoJingXian, while it was minimum with L/W ratio 0.01 
in the same cross. Phenotypic correlation of plant height was lowest with Alkali spread 
value -0.48 while genotypic correlation between plant height and amylase content was 
highest having numerical value -0.71. Highest positive phenotypic correlation for 
panicle length was with Yield per plant 0.73 while genotypic correlation between 
panicle length and ASV was -0.64. Panicle length show minimum genotypic correlation 
with protein content and L/W ratio having numerical values 0.04 and -0.05 respectively. 
Yield per plant being the most important character of plant showed strongest phenotypic 
and genotypic correlation with ASV -0.91 while the genotypic and phenotypic 
correlation between YPP vs panicle length 0.14 and YPP vs Plant height -0.54 
respectively, were minimum. Genotypic correlation of ASV was strongest with YPP -
0.91, but phenotypic correlation of ASV was weakest with panicle length -0.31. Alkali 
Spread Value showed strongest positive phenotypic correlation with amylose content 
0.87. Length Width ratio show strongest positive phenotypic correlation with protein 
content 0.86 while strongest negative phenotypic correlation of L/W ratio was found 
with amylose content -0.89. Contrary to this weakest genotypic correlation of L/W ratio 
was observed with panicle length -0.05. Protein content shows highest positive 
phenotypic correlation with L/W ratio i.e. 0.72 and strongest negative genotypic 
correlation with ASV -0.91. Strong negative (-0.73) phenotypic correlation was 
observed between protein content and ASV while weakest positive (0.04) genotypic 
correlation was found between protein content and panicle length. 

 
Table 2. Mean values of various traits of parent, studied in this experiment 

S. No VAR/TR PH PL YPP ASV Aamyl L/W ratio Protein 

1 BASMATIPAK 132.98a 22.68b 14.04a 5.59b 25.67cd 4.63cd 7.79cd 

2 M133 139.07a 21.86a 14.71a 5.33ab 25.63cd 4.65cd 7.75def 

3 KASHMIRBAS 136.63a 21.97ab 14.08ab 5.51ab 25.79cd 4.67cd 7.75def 

4 BASMATI198 136.53a 23.18bc 14.23ab 5.55b 25.67cd 4.93f 7.83efg 

5 BASMATI385 137.60a 23.22b 14.99ab 5.66bc 25.06bc 4.93f 7.68cd 

6 KS282 140.84a 21.97ab 14.63ac 5.37ab 25.10bc 4.87ef 7.90g 

7 NIABIRRI9 128.03b 22.68bc 14.65ac 5.42 ab 25.26bc 4.97efg 7.94g 

8 PAK23717 127.36ab 21.74ab 12.12abc 5.43 ab 24.88bc 4.94ef 7.64ef 

9 IR36 116.89abc 21.02a 11.58abc 6.25c 26.44d 4.74c 7.25ab 

10 MB385 116.48abc 23.17abc 10.71acd 5.87cd 27.05de 4.67cd 7.21ab 

11 MB198 117.48abc 22.71bc 13.50ad 5.27ab 27.48e 4.76d 7.19ab 

12 BAS2000 115.75abc 23.47bc 13.61ad 5.27ab 25.39bc 4.57c 7.18ab 

13 M153 115.46abc 24.27cd 13.70abcd 5.48ab 26.38cd 4.84d 7.15a 
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S. No VAR/TR PH PL YPP ASV Aamyl L/W ratio Protein 

14 N185 115.36bc 22.36b 13.65abcd 6.74cd 26.49cd 4.26a 7.13a 

15 LH18 115.36bc 22.58bc 13.50abcd 6.32c 26.47cd 4.38ab 7.10a 

16 521 115.94bc 23.46cd 13.45abd 6.38c 24.55b 4.27a 7.08a 

17 A1 113.14c 22.73bc 13.20abd 5.27ab 24.49b 4.39ab 7.43cd 

18 SUPPERBAS 113.18c 23.46c 13.10abde 5.95b 25.63cd 4.71e 7.24ab 

19 X625 113.27c 24.24d 12.74f 5.27ab 25.48bc 4.75e 7.29c 

20 MK134 111.28cd 22.36bc 12.64f 6.46cd 23.47a 4.57c 7.35c 

21 SWAT1 110.27cd 22.68bc 12.70f 6.25bc 23.84cb 4.26a 7.36cd 

22 SHADAB 109.27cd 23.74c 11.74fg 7.46d 24.57b 4.27a 7.25ab 

23 SARSHAR 108.13cde 22.47bc 10.72fgh 5.47ab 24.65b 4.37ab 7.28ab 

24 KSK133 108.17cde 22.37b 10.64fgh 5.61bc 23.48a 4.28a 7.55e 

25 X625 108.34cde 23.58c 10.54fgh 5,82bc 24.59b 4.76ed 7.45cd 

26 BOYOU8166 107.48d 24.57d 9.78fhi 5.96bc 24.65bc 4.56c 7.39cd 

27 BOYOU8305 107.47ef 22.16ab 9.54fghi 6.57c 25.58d 4.36ab 7.85gh 

28 HUOYOU8305 106.37ef 22.38b 8.49hij 5.68bc 23.52a 4.57c 7.73fg 

29 HUOYOU8187 106.48ef 24.27b 8.43hij 4.90a 24.48bc 4.95ef 7.63f 

30 HJK 105.37ef 23.57cd 7.21117 5.27ab 23.44a 4.37ab 7.46cd 

PH: plant height, PL: penical length, YPP: yield per plant, ASV: Alkali spread value, L/W ratio: length 
width ratio, Protein: protein content. a,b,c,d values with similar alphabets are statistically same 

 
 

 

Figure 1. Gel electrophoresis image of RM-229 with rice genotypes in present study 
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Figure 2. UPGMA cluster analysis showing the diversity and relatedness among the 30 rice 
genotypes studied 

 
 

 

Figure 3. Cumulative range of variability in F2 population of all three crosses for various traits 
in present study 
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Table 3. Phenotypic and genotypic correlation among different yield and quality traits of 
rice in three different F2 populations 

Variables PH PL YPP ASV Aamyl L/W Ratio Protein 

Basmati Pak × 
HuoYou8166 

       

PH 1.00 0.12 -0.70** -0.69** -0.71** 0.05 0.49* 

PL 0.19 1.00 0.16 -0.35 -0.27 -0.26 0.05 

YPP -0.68 0.67** 1.00 -0.91** -0.86** 0.56** -0.11 

ASV -0.67 ** -0.31 -0.87** 1.00 0.75** -0.83** -0.85** 

Aamyl -0.66** -0.23 -0.82** 0.92** 1.00 -0.57** -0.89** 

L/W Ratio 0.09 -0.21 0.82* -0.79** -0.50* 1.00 0.62** 

Protein 0.56** 0.15 -0.15 -0.83** -0.84** 0.86** 1.00 

Basmati-385 × 
HuoYou8305  

       

PH 1.00 0.17 -0.61** -0.65** -0.65** 0.05 0.49* 

PL 0.42* 1.00 0.14 -0.64** -0.58** -0.05 0.04 

YPP -0.56** 0.53** 1.00 -0.83** -0.72** 0.73** -0.15 

ASV -0.59 ** -0.43* -0.79** 1.00 0.79** -0.69** -0.91** 

Aamyl -0.54* -0.25 -0.73** 0.87** 1.00 -0.85** -0.87** 

L/W Ratio 0.10 -0.24 0.81** -0.67** -0.82** 1.00 0.68** 

Protein 0.59** 0.13 -0.17 -0.86** -0.83** 0.81** 1.00 

Basmati-198 × 
HuoJingXian 

       

PH 1.00 0.21 -0.61** -0.50* -0.57** 0.04 0.42* 

PL 0.39 1.00 0.23 -0.49* -0.38 -0.36 0.05 

YPP -0.54** 0.73** 1.00 -0.91** -0.85** 0.48* -0.12 

ASV -0.48 ** -0.42* -0.85** 1.00 0.51* -0.81** -0.82** 

Aamyl -0.55** -0.34 -0.81** 0.55* 1.00 -0.89** -0.91** 

L/W Ratio 0.01 -0.28 0.70** -0.76** -0.87** 1.00 0.72** 

Protein 0.61** 0.17 -0.19 -0.73** -0.82** 0.81** 1.00 

Lower diagonal represents phenotypic correlation and upper diagonal represent genotypic correlation. Bold numerical values are 
diagonals. PH: plant height, PL: panicle length, YPP: yield per plant, ASV: Alkali spread value, L/W ratio: length width ratio, 
Protein: protein content. *Significant at the 5% level. **Significant at the 1% level 

 
 

Path co-efficient analysis 

Genetic correlation of different quality traits and yield components was further 
dissected to investigate the direct and indirect effects of each trait that it has on grain 
yield (Table 4). Direct effects explain the contribution of individual trait with grain 
yield while indirect effect explains the influence of a character on yield in association of 
other characters. 

 
Direct effects 

Direct effect is the contribution of the trait that directly determined the yield. The 
traits that have positive direct effect, with increase in them the yield will also 
increases. While increase in the characters having negative effect toward yield will 
results in decrease of yield. In the present population the results show that all the traits 
show positive direct effect in the yield except ASV. Highest positive direct effect was 
showed by L/W ratio (0.67) followed by panicle length (0.41), amylose content (0.36) 
while lowest positive direct effect was contributed by plant height (0.22). Alkali 
spread value show negative direct effect with maximum value (-0.49) and minimum 
value (-0.21). 
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Table 4. Direct and indirect effect matrix. Dependent variable is YPP. The last column 
shows genotypic correlations of independent variables with YPP among different yield and 
quality traits of rice in three different F2 populations 

Variables PH PL ASV Aamyl l/w ratio Protein YPP 

Basmati Pak × 
HuoYou8166 

       

PH 0.19 0.07 -0.33 -0.31 -0.03 -0.29 -0.70 

PL 0.04 0.32 -0.18 0.01 0.04 -0.07 0.16 

ASV 0.12 -0.27 -0.49 0.19 0.28 -0.74 -0.91 

Aamyl 0.10 0.07 -0.82 0.33 -0.73 0.19 -0.86 

L/w ratio -0.01 -0.03 -0.34 0.56  0.61 -0.23  0.56 

Protein -0.02 0.02 -0.18 0.32 -0.15 -0.1 -0.11 

Basmati-385 × 
HuoYou8305 

       

PH 0.22 0.09 -0.27 -0.31 -0.02 -0.32 -0.61 

PL 0.04 0.41 -0.24 0.02 0.05 -0.05 0.14 

ASV 0.11 -0.15 -0.21 0.51 -0.57 -0.52 -0.83 

Aamyl 0.13 0.06 -0.73 0.32 -0.68 0.22 -0.72 

L/W ratio 0.03 -0.04 -0.32 0.73 0.67 -0.35 0.73 

Protein 0.06 0.08 -0.15 0.21 -0.22 -0.13 -0.15 

Basmati-198 × 
HuoJingXian 

       

PH 0.20 0.08 -0.35 -0.28 -0.04 -0.26 -0.61 

PL 0.03 0.36 -0.20 0.02 0.06 -0.04 0.23 

ASV 0.18 -0.56 -0.44 0.27 0.36 -0.63 -0.91 

Aamyl 0.09 0.05 -0.78 0.36 -0.84 0.27 -0.85 

L/w ratio -0.03 -0.04 -0.43 0.57 0.65 -0.24 0.48 

Protein -0.01 0.05 -0.12 0.26 -0.14 -0.16 -0.12 

PH: plant height, PL: penical length, YPP: yield per plant, ASV: Alkali spread value, L/W ratio: length width ratio, Protein: 
protein contents 

 
 

Indirect effects 

Plant height has positive indirect effect through panicle length which ranges 0.07-
0.09. Negative indirect effect of plant height was present for all other traits which was 
minimum (-0.02) for L/W ratio while negative indirect effect was maximum (-0.35) for 
ASV. Panicle length has positive indirect effect with plant height, amylose content and 
L/W ratio which was highest for L/W ratio having value 0.06 while panicle length has 
minimum indirect positive effect with amylose content (0.01). Negative indirect effect 
of panicle length observed with ASV and protein content, being maximum for ASV (-
0.24) and minimum for protein content (-0.04). Negative indirect effect of ASV was 
resulted with panicle length ranges (-0.15 to -0.56) and protein content ranges (-0.52 to -
0.72). ASV showed positive indirect effect with plant height, amylose content and L/W 
ratio which is highest for L/W ratio (0.57) and lowest for (0.11). Amylose content has 
all the positive indirect effects except ASV and L/W ratio. Direct positive effect of 
amylose content was maximum through protein content (0.27) and was minimum 
through panicle length (0.05). Negative indirect was highest through L/W ratio (-0.84) 
while minimum was also through L/W ratio (-0.68). L/W ratio has all the negative 
indirect effect except through amylose content, the maximum negative indirect effect 
contributed through ASV (-0.43) while minimum through plant height (-0.01). Positive 
indirect effect of protein content presented through panicle length and amylose content 
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which ranges (0.02-0.32). Negative indirect effect of Protein content ranges (-0.02 to -
0.22) that are contributed through plant height, ASV and L/W ratio. 

Discussion 

The study was conducted to add in the existing knowledge of relationship between 
yield and quality traits. For the improvement of complex quantitative traits, the 
knowledge of inter relationship for yield contributing and quality traits are important for 
a breeder to evolve high yielding cultivars with improved quality traits. Negative 
correlation of plant height with paddy yield show higher photosynthetic accumulation in 
the vegetative parts due to tallness rather their accumulation in the reproductive parts 
(Zahid et al., 2006; Akinwale et al., 2011). Furthermore, dwarf genes have also been 
reported to have pleiotropic effect on yield (Zahid et al., 2006; Parsad et al., 2001; Tahir 
et al., 1988). However, the results were contradictory to Ranawake and Amarasinghe 
(2014) who reported that increase in plant height results in increased rate of 
photosynthesis in plant which transfer more photosynthates to grains. The contrary 
results may be attributed to genetic differences and environmental factors. Negative 
correlation between panicle length and plant height was also observed by Jayasudha and 
Sharma (2010) and Eradasappa et al. (2007), this may be as a result of compromise 
between reproductive and vegetative growth. Increase amylose content of grain will 
increase grain yield in rice. Positive correlation between amylose content and protein 
shows that increase in one character will lead to increase the in others traits and vice 
versa Anandan et al. (2011). For the improvement of yield direct selection through plant 
height will result in the reduction of grain yield per plant due its negative direct effect 
(Naseem et al., 2014; Hairmasis et al., 2010; Akhtar et al., 2011). Panicle length has 
positive direct effect on yield so increase in panicle length will enhance yield. All the 
genetic coefficients of correlation were less than the phenotypic coefficient of 
correlation in present investigation which indicates the effect of environment in the 
observed correlation. Panicle length was positively correlated with grain yield which 
showed that improvement of this character will led to improved varieties with higher 
yield. Plant height and quality traits like alkali spread value, amylose content and 
protein content decrease with the increase of yield so higher yielding varieties will 
produce lower amylose, ASV content and protein contents (Sarkar et al., 2007; Sabesan 
et al., 2009). Protein contents have negative correlation with grain yield, but this 
correlation was negative, therefore, selection for higher yield may not have significant 
impact on protein contents. Here, it is important to notice that amylose content and plant 
height have negative correlation with grain yield of rice but when its correlation is 
divided into direct and indirect effects, direct effect of these traits was in positive 
direction. Similar findings have also been shown in cotton case of seeds per locule and 
lint percentage (Ul-Allah et al., 2017). In such conditions, selection become 
complicated and indirectly effecting traits must be considered for an effective selection. 
It is concluded that plant height and panicle length are the key yield influencing traits, 
while protein content and amylose content are the basic quality traits which also 
influence yield. 

This reflect that with the increase in panicle length, number of spikelets may increase 
that result in increase of paddy yield (Ashfaq et al., 2012; Ramkrishnan et al., 2006). 
Increase amylose content of grain will increase grain yield in rice. Positive correlation 
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between amylose content and protein shows that increase in one character will leads to 
increase the others (Anandan et al., 2011). 

Path coefficient analysis simplify the complex multiple effect of different traits on 
resultant traits (Ul-Allah et al., 2017) as it breaks the correlation into direct and indirect 
effects. Main purpose of the analysis is to identify that how different traits effect each 
other and modify the effect of other trait to the final yield. Plant height has positive 
direct effect on yield per plant as with the increase in plant height, plant produce 
photosynthates but due to accumulation of photosynthetic assimilate in vegetative parts, 
magnitude of its direct effect is low and indirect effect of plant height through various 
other traits lead to overall negative correlation. Plant height has indirect effect with 
panicle length toward the increment of yield as due to increase of plant height, panicle 
length also increases, which leads to higher yield. Similar correlation far panicle and 
plant height was identified by Jayasudha and Sharma (2010) and Eradasappa et al. 
(2007). Amylose content, ASV, length to width ratio and protein content have overall 
negative correlation with yield per plant as more photosynthates will accumulates in the 
vegetative parts and does not moves towards sink (Tahir et al., 1988; Zahid et al., 2006). 
Similar result was reported by Parsad et al. (2001). More the length of panicle more 
grain will produce which leads to increased grain yield (Immanue et al., 2011). 

The negative direct effect of alkali spread value shows that it directly decreases the 
yield and also indirectly along with L/B ratio decreases the yield. Length to width ratio 
has positive direct effect on the yield while overall correlation with grain yield was 
positive, which means that with the increase in L/B ratio grain yield will increase. 
Nandan et al. (2010) suggested that the difference was due to different genotypes and 
environmental conditions. Protein content has positive direct effect on the yield and 
negative indirect effect via plant height, ASV and L/W ratio. While combined effect of 
protein with all other traits on the yield is positive. 

Conclusion 

It is concluded from this study that traits having positive correlation with yield may 
have negative direct effect and vice versa. Therefore, selection of traits for yield 
improvement should be made carefully by looking at direct effect of specific trait to 
yield as one trait with smaller direct effect may have higher correlation due to higher 
indirect effect of other traits. Information created from this research will help plant 
breeder for effective selection of traits in developing high yielding rice cultivars. High 
yield rice cultivars will contribute to sustainable profit of the farmers by getting higher 
yield without any extra inputs. 
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Abstract. Traditional methods are time-consuming and labor-intensive for CO flux estimations, there are 
generally significant uncertainties concerning the results. Data assimilation method has been adopted in 
recent years for flux optimization in many studies and has proven to be an effective way to improve the 
accuracy of the CO flux. In this study, a regional data assimilation system, i.e., TracersTracker, was 
developed based on the POD4DVAR (Proper Orthogonal Decomposition Four-dimensional Variational) 
method, the CMAQ (Community Multi-scale Air Quality) model and the WRF (Weather Research and 
Forecasting) model. The system was then applied in two distinct representative areas, i.e., Shangdianzi 
and Waliguan, for estimating the surface anthropogenic CO flux in 2016. Results show that the CO 
posteriors in the two study areas were generally higher than the CO priories, but the variations of the 
posteriors in Shangdianzi and Waliguan are quite different. The overall increase rates of the posteriors are 
29.1% and 61.2% in Shangdianzi and Waliguan, respectively. Posteriors optimized by the TracersTracker 
system significantly improve the accuracy and the correlation of CO simulations in both study areas, 
which proves that the TracersTracker system is an effective tool for improving the accuracy of the CO 
emission flux. 
Keywords: carbon monoxide, flux inversion, CMAQ model, proper orthogonal decomposition, four-
dimensional variational assimilation 

Introduction 

CO is one of the six major atmospheric pollutants, these pollutants are generally 
generated from human productive and living activities, e.g., cement production, coal 
combustion. During the past 40 years of urbanization and industrialization, a large 
amount of CO was emitted in China, which seriously damaged the living environment 
and caused some social issues (Gurjar et al., 2010; Kamimura et al., 2017; Tao et al., 
2019). According to the statistics of the Ministry of Environmental Protection, over 
75% of cities in China cannot met the CO concentration standard established by the 
Ministry of Environmental Protection (MEPC, 2017). Therefore, it is very important to 
determine the spatial distribution and variation characteristics of anthropogenic CO 
emissions on the earth surface, which can help us understand the mechanism of CO 
migration and transformation, and provide effective way for environmental governance. 
In order to quantify the anthropogenic CO emission flux, many statistical methods have 
been carried out to obtain surface CO emissions, which is called the "bottom-up" 
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method (Law et al., 2015). Over the last few decades, researchers have established 
several atmospheric pollutant emission inventory datasets at different scales in China, 
from province to national levels (Kilmont, 2002; Ma, 2007; Ohara, 2007; Shi et al., 
2014). However, these inventories generallyhave low spatial-temporal resolutions, 
which increases the difficulty for forecasting and diagnosing air quality (Zheng et al., 
2009). Besides, "bottom-up" CO fluxes generally are time-consuming and labor-
intensive (Li et al., 2007; Lu et al., 2019), and the obtained CO fluxes generally have 
significant uncertainties, which needs to be verified carefully before using in realistic 
applications. 

In recent years, the “top-down” method has been used in many researches for obtain 
high-accuracy fluxes. The data assimilation is one “top-down” method in which fluxes 
are optimized by minimizing the difference between the observations and the 
simulations, this method has been proved to be an effective way for improving the 
accuracy of flux estimations (Saide et al., 2009; Tian et al., 2014). The four-dimensional 
variational data assimilation (4DVAR) is one of the most widely used data assimilation 
methods, it can realize the effective integration of the transport model, observational 
sampling and emission–concentration relationships (Lu et al., 2015; Park et al., 2016). 
Besides, it can make full use of effective information in the surface observations in the 
assimilation procedure (Zhang et al., 2008; Peng et al., 2015). However, the main 
hamper for using the 4DVAR method is the large dimension (generally with order of 
107–108) in flux estimation, which requires large amount of computing resources that it 
is hard to satisfy. Besides, the adjoint model must be integrated in the use of 4DVAR 
(Gou and Sandu, 2011; Park et al., 2016), which requires large efforts for development 
and maintenance because of the high nonlinearity of the chemical transport model (Tian 
et al., 2008; Gou and Sandu, 2011; Lu et al., 2015). 

In order to solve these problems, many dimension-reduction methods have been 
introduced into the 4DVAR, among whom the POD4DVAR method is a good way to 
reduce the dimension. A data assimilation system coupled with POD method can largely 
reduce the dimension in the assimilation procedure that was used frequently in many 
realistic applications (Tian and Xie, 2009; Tian et al., 2011; Tian and Feng, 2015; 
Zhang et al., 2017). Some researchers also tried to integrate other mathematical 
algorithms, e.g., Ensemble Kalman Filter, into the assimilation system for the flux 
inversion, which also can reduce computing resources and improve inversion accuracy 
(Lu et al., 2015; Kim et al., 2018). However, current CO fluxes mainly come from 
statistical investigation, wich generally have a low spatial resolution. 

In order to improve the spatial resolution of the CO flux, an efficient inversion 
algorithm, POD4DVar, was developed by coupling the POD and the 4DVAR in this 
paper, then massive computing problem was solved in a low dimension. Afterwards, a 
regional high-resolution assimilation inversion system, TracersTracker, was conducted 
by coupling the POD4DVAR algorithm and the CMAQ model. The TracersTracker 
system can effectively absorb the information from observations for eliminating "errors" 
in the prior fluxes, and then improve significantly the accuracy of the posterior 
simulations. In order to dianose the effectiveness of the system, two regions with 
different geographical and climatic conditions were chosen for experiments. 

Details of materials and methods are given in section 2, results of the background 
concentrations, sensitivity experiments and flux inversions of CO are shown in section 
3, conclusions are shown in section 5. 
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Materials and Methods 

The TracersTracker system is constructed by integrating the WRF model, the CMAQ 
model and the POD4DVAR method. The WRF model and the CMAQ model are used 
for providing meteorological fields and atmospheric transport simulations respectively. 
The POD method has proved to be an effective method for the dimension reduction, in 
which problems can be solved in a low-dimension space, the POD4DVAR is a 
combination of POD and the traditional 4DVAR. 

Generally, 4DVAR can been described by minimizing the difference between the 
observations and the simulations as follows: 
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where the M means the transport model, the superscript T indicates a transpose,  is the 
background filed, k is the index of the observation time, H is the observation operator, 
Ri is the observational error covariance and B is the background error covariance. 

We suppose there are S time steps in each assimilation time window: at the first time 

step, N first-guesses ),...,1(,0 Nnx n = should be prepared by sampling from the historical 
forecasts or other existing priories. Secondly, transport model, e.g., CMAQ in this 
paper, can been integrated with the N first-guesses until the last time step of the 

assimilation time window and N state variable series ),...,1(, Skx nk = can be obtained. With 

the N state variable series, the sample ensemble 
T

nsnn xxX ),...,( ,,0=  can be conducted and 

matrix ),...,( 21 NXXXA =  by NX . From the ensemble perturbation, the PODs can be 
generated based on the matrix, and the optimization can be linearly represented by the 
PODs. 

With the WRF model, the CMAQ model and the POD4DVAR method, 
TracersTracker system is developed for optimization of CO fluxes. The detail of the 
process for using the TracersTracker system is as follows (Fig. 1): 

(1) Generating the first-guess perturbation ensemble. Start from a first-guess 
extracted from the priori and get N first-guesses from perturbations generated by Monte 
Carlo method. 

(2) Getting N state variable series. Run the CMAQ model from the N first-guesses 
generated in last step over the whole assimilation time window and N state variable 
series can be obtained. With proper perturbations, the space of the N state variable 
series can capture the spatiotemporal evolution of the model state. 

(3) Proper orthogonal decomposition. Obtain the base vectors Pn (PODs) from the 
space of the N state variable series by the proper orthogonal decomposition technique. 
In this way, the original N-dimensional problem can be solved in N dimensions, which 
greatly reduce the computing resources. 

(4) Rerunning the CMAQ model. Rerun the CMAQ model from the Pn vectors and 
from the previous step over the assimilation time window to obtain n simulations of the 
state series. 

(5) Generating a new emission. The optimal emission can be approximately 
expressed by the POD-base vectors generated from step (3). The weights of the base 
vectors can be determined by the performance of each POD. 
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Figure 1. Schematic diagram of the TracersTracker data assimilation system 
 
 

A carbon assimilation system involves many parameters, e.g., lag window, boundary 
filed, chemical mechanism, measurements, these parameters affect largely in the 
assimilation process and eventually the inversion results. The data assimilation system 
should be tested for these parameters before being applied to realistic applications. 
Ignoring influences of these parameters may decrease the accuracy of the inversion 
results or lead to incorrect results. In this section, nine sensitivity experiments were 
conducted for system parameters in the process of flux inversion, the detailed settings of 
these experiments are as follows: 

Reference experiment (RE): two nesting mode (Fig. 2), d02 is used for providing 
boundary field for inner area d01, CO concentration observations are assimilated for 
flux optimization of the inner area. In this experiment, chemical mechanism is CB05, 
the number of perturbation samples is 126, lag window is not considered and the spatial 
resolution is 3 km. This experiment is the main experiment in this paper, results of other 
experiments are compared with that in this experiment. 

Experiment 1 (E1): perturbing sample experiment. The number of perturbation 
samples is set to 60, the settings of other parameters are the same as that in RE. This 
experiment mainly diagnoses the influence of the perturbation samples in the 
TracersTracker inversion system. 

Experiment 2 (E2): perturbing sample experiment. The number of perturbation 
samples is set to 200, the settings of other parameters are the same as that in RE, the 
purpose of this experiment is the same as that of E1. 
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Experiment 3 (E3): boundary field experiment. No nesting mode is adopted in this 
experiment; the settings of other parameters are the same as that in RE. This experiment 
mainly diagnoses the influence of nested mode in the TracersTracker inversion system. 
 

 

Figure 2. The two study areas. d02 is our inner area and d01 is the boundary layer area for 
providing boundary fields for d02. The green dots are the CO monitoring sites used for flux 

inversions and the red dots are used for validation.ext of the introduction 
 
 

Experiment 4 (E4): boundary field experiment. Three nesting mode is adopted in this 
experiment; the settings of other parameters are the same as that in RE. The purpose of 
this experiment is the same as that of E3. 

Experiment 5 (E5): lag window experiment. The lag window is set to 2 days in this 
experiment, the settings of other parameters are the same as that in RE. This experiment 
mainly diagnoses the influence of lag window in the TracersTracker inversion system. 

Experiment 6 (E6): lag window experiment. The lag window is set to 2 weeks, the 
settings of other parameters are the same as that in RE. The purpose of this experiment 
is the same as that of E5. 

Experiment 7 (E7): chemical mechanism experiment. The chemical mechanism in 
the model was changed into CB06 in this experiment, the settings of other parameters 
are the same as that in RE. The main purpose of this experiment is to test the influence 
of different chemical mechanisms on assimilation inversion results in the 
TracersTracker inversion system. 

Experiment 8 (E8): spatial resolution experiment. The spatial resolution is set to 
27 km in this experiment, the settings of other parameters are the same as that in RE. 
This experiment mainly tests the influence of spatial resolution on assimilation 
inversion results in the TracersTracker inversion system. 
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After the sensitivity analysis for the TracersTracker system, the system was then 
applied to two distinct areas in China, i.e., Shangdianzi (hereinafter referred to as SDZ) 
and Waliguan (hereinafter referred to as WLG), for improving the resolution of the CO 
flux inversion in 2016. China has a vast land area that significant differences of CO 
emission exist in different regions with unbalanced development. The two distinct areas, 
i.e., SDZ and WLG (Fig. 2), to some extent, can represent two kinds of regions with 
different characteristics of CO emissions. SDZ, located on the North China Plain, 
covers the region of Jing-Jin-Tang, is one of the highest urbanized regions in china. The 
total population is over 60 million in this area, emitting a large amount of CO through 
people’s daily activities. There is one Global Atmosphere Watch (GAW) station, i.e., 
SDZ, in this area, which lies northeast of Beijing city, with low population and 
industrial density. WLG, unlike SDZ, locate in a region with a underdeveloped 
industrial foundation, covering parts of Qinghai and Gansu provinces. In this area, 
variations of CO concentration are significantly different from that of SDZ regions in 
the whole year. The purpose of choosing these two areas is to investigate the 
characteristics of emission mechanisms and uncertainties for CO inversions in different 
areas with the support of the TracersTracker system. 

In this paper, the MIX inventory of 2010 released by the MEIC team was used as the 
a priori in the simulation process, this inventory has information of some major 
anthropogenic pollutants, e.g., CO2, CO, PM10, PM2.5, SO2, NH3, BC and NMVOC. 
The inventory files have a resolution of 0.25 degree and include emissions from five 
sectors, i.e., power, agriculture, residential, industry and transport. 

Hourly CO concentration measurements of 2016 in the two study areas were 
collected for flux inversion and accuracy validation. These CO observations can be 
downloaded from the air quality monitoring network of The Ministry of Environment 
Protection of the People’s Republic (http://106.37.208.233:20035/ ). There are 22 and 9 
motoring sites in SDZ and WLG respectively, the monitoring sites used in our study are 
shown in Fig. 1, details of these monitoring site are as listed in Table 1. In general, even 
if no pollutants are released, there is still residual amounts of pollutants in the 
atmosphere, called the background or baseline, often referred to be the measure in pure 
air masses that are not perturbed by pollutant emissions. In different regions, the 
background concentration is obviously different, which is affected by many factors, 
e.g., the local topography, the climate and the CO emissions intensity, the real-time 
concentrations are the results of long-time migration, transformation and integration. 
Therefore, the background concentration of CO is not caused by the current emissions 
and the current CO concentration measurements generally include two part, i.e., the 
background part and the current emission part, the background part should be subtracted 
from the observations before assimilation for the current flux inversion. Before the real 
assimilation process in the TracersTracker system, we evaluated the CO background 
concentration for the 31 monitoring sites mentioned above. In order to determine the 
background concentration of CO, the raw data were filtered to remove the regional 
pollution amount. We defined a threshold for removing obviously local pollution. 
Pollutant concentrations above the threshold within ±6 hours were removed. Then, we 
calculated the mean and standard deviation (σ) for every continuous unpolluted period 
and removed data larger than 3σ above the mean. We repeated this step until the 
concentration data set was stable. 
 

http://106.37.208.233:20035/
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Table 1. CO observation and validation sites in SDZ and WLG 

Name Longitude Latitude Location Usage 

BDCPZ 116.238 40.227 SDZ ASSIMILATION 
BJDL 116.237 40.300 SDZ VALIDATION 
BJGC 116.200 39.917 SDZ ASSIMILATION 

BJHRZ 116.647 40.308 SDZ ASSIMILATION 
BJNZG 116.471 39.947 SDZ ASSIMILATION 

BJSYXC 116.673 40.187 SDZ ASSIMILATION 
CDTL 117.978 40.924 SDZ ASSIMILATION 

CDWHZX 117.831 40.981 SDZ ASSIMILATION 
LFJLZX 116.729 39.564 SDZ ASSIMILATION 
LFKFQ 116.785 39.583 SDZ ASSIMILATION 

LFYCGS 116.698 39.525 SDZ VALIDATION 
TSSEZ 118.179 39.657 SDZ VALIDATION 

TSTCGS 118.233 39.678 SDZ ASSIMILATION 
TSWZJ 118.122 39.834 SDZ ASSIMILATION 

TJBCKJY 117.276 39.233 SDZ ASSIMILATION 
TJDLZX 117.316 39.088 SDZ ASSIMILATION 

TJWLJGY 117.432 39.135 SDZ VALIDATION 
TJTFGYY 117.186 39.097 SDZ ASSIMILATION 

TJTPW 117.103 38.861 SDZ ASSIMILATION 
TJSTC 117.744 39.130 SDZ ASSIMILATION 
BDJCZ 115.521 38.870 SDZ VALIDATION 

BDJDZX 115.471 38.914 SDZ ASSIMILATION 
GNJCZ 102.919 34.994 WLG ASSIMILATION 
HBXHZ 100.910 36.964 WLG ASSIMILATION 

HNQBQZ 100.632 36.281 WLG ASSIMILATION 
HNLWZ 102.029 35.516 WLG ASSIMILATION 
LXHBJ 103.251 35.611 WLG VALIDATION 

LXZWDX 103.223 35.609 WLG ASSIMILATION 
XNDWSC 101.522 36.726 WLG ASSIMILATION 

XNJCZ 101.756 36.649 WLG VALIDATION 
XNSLYY 101.857 36.584 WLG ASSIMILATION 

 
 
Results and Discussion 

CO background concentrations 

Fig. 3 is background CO concentrations at different monitoring sites in SDZ and 
WLG. The economic and geographical conditions of Shangdianzi region and Waliguan 
region are different, the CO concentration level and the varation characteristics are also 
different. Overall, the CO concentration in Waliguan is significantly lower than that in 
Shangdianzi (Table 2). The average annual CO concentration in Waliguan is 
1.09 mg/m3, that is 1.43 mg/m3 in Shangdianzi area, about 1.3 times of that in Waliguan. 

From January to December, the CO concentration in Shangdianzi is higher than that 
in Waliguan, but the difference between December and January is the largest. However, 
in terms of seasonal varation, the trends are similar in the two regions, the CO 
concentration is generally low in summer and autumn, and significantly increased in 
winter and spring. The background concentrations of CO are highly correlated with the 
observed concentration; its variation trend is basically consistent with the observed CO 
concentration. The average annual background concentration in Shangdianzi is 
1.08 mg/m3, and that is 0.69 mg/m3 in Waliguan, which is significantly lower than that 
in Shangdianzi. In summer and autumn, the background concentration in Shangdianzi is 
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1.53 times of that in Waliguan. In winter and spring, the background concentration in 
Shangdianzi is 1.55 times of that in Waliguan. Besides, it can be seen that in the same 
region, the spatial variation of CO background concentration is also very unbalanced. In 
Shangdianzi, the background concentration of CO in Tangshan, Langfang and Tianjin is 
much higher than that in other areas, where are the main areas of CO emissions. In 
Waliguan, Xining and Linxia are the main areas of CO emissions, background 
concentrations of where are much higher than that in other areas. These areas are mainly 
industrial and human settlements with active human activities and large CO emissions. 
 

Figure 3. CO background at monitoring sites. (a) and (b) are the CO background in SDZ and 
WLG respectively 

 
 

Table 2. CO background concentrations in Shangdianzi and Waliguan. obs and bg are CO 
monitoring and background concentration respectively 

 
SDZ 

(mg/m3) 
WLG 

(mg/m3) 

 obs bg obs bg 
Jan 1.98 1.27 1.47 0.87 
Feb 1.27 1.05 1.20 0.82 
Mar 1.48 1.10 1.04 0.78 
Apr 1.02 0.84 0.82 0.63 
May 0.88 0.83 0.76 0.54 
Jun 1.01 0.92 0.73 0.53 
Jul 1.07 0.95 0.76 0.54 

Aug 1.02 0.88 0.81 0.59 
Sep 1.10 0.95 0.80 0.57 
Oct 1.35 1.17 1.13 0.77 
Nov 2.03 1.43 1.63 0.85 
Dec 2.90 1.54 2.01 0.90 
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Although there are large differences of CO concentration between the two study 
areas, CO concentration can both reach to a high level in some heavy pollution periods, 
e.g., January and December. This illustrates that even in areas with low CO emission 
intensity, serious pollution events can also appear because of adverse meteorological 
and geographical conditions. In addition, no matter in Shangdianzi or Waliguan, the CO 
concentration is higher in spring and winter than in the other two seasons. The main 
reason is that Shangdianzi and Waliguan are located in the north of China. In spring and 
winter, more fossil fuel is consumed by living activities, e.g., residents heating, because 
of low temperatur, and the CO concentration can be pushed up significantly in a short 
time due to these activities. However, the difference of CO concentrations between the 
four seasons in Waliguan is significantly smaller than that in Shangdianzi, which shows 
that the activity intensity of heating in spring and winter in this area is limited to a few 
areas and has limited impact on the whole area. Unlike the Waliguan, the CO 
concentration in Shangdianzi changes more violently, and there are more periods with 
serious pollutions. 

Sensitivity experiments 

Reference experiment 

This experiment is the reference for other experiments in sensitivity test to diagnose 
the variations of assimilation results when system parameters change. Experiment 
results (Table 3) show that the priori-based CO concentration simulations are 
significantly lower than that in RE, the RMSE of prior-based CO simulations is 
1.30 mg/m3, it is reduced to 0.94 mg/m3 in the posterior-based simulations in RE, the 
simulated accuracy improved obviously. 
 

Table 3. Results of sensitivity experiments for CO 

 priori RE E1 E2 E3 E4 E5 E6 E7 E8 

Jan  40% 4% 44% 20% 41% 39% 23% 42% 47% 
Feb  23% 2% 22% 15% 20% 22% 20% 25% 19% 
Mar  31% 81% 28% 13% 32% 23% 26% 29% 25% 
Apr  29% 58% 26% 20% 25% 28% 10% 29% 20% 
May  26% 31% 23% 26% 24% 25% 33% 29% 18% 
Jun  26% 64% 22% 25% 28% 26% 17% 27% 18% 
ul  40% 43% 36% 27% 39% 36% 38% 39% 31% 

Aug  29% 20% 26% 12% 26% 28% 7% 28% 24% 
Sep  30% 14% 28% 17% 25% 31% 20% 29% 25% 
Oct  28% 25% 26% 17% 29% 24% 41% 24% 26% 
Nov  24% 78% 29% 23% 22% 23% 28% 30% 31% 
Dec  23% 10% 25% 23% 21% 25% 38% 28% 28% 
R 0.63 0.76 0.42 0.77 0.54 0.75 0.77 0.75 0.76 0.69 

RMSE 1.30 0.94 1.47 0.86 1.35 0.97 0.87 0.99 0.92 1.05 

 
 

Besides, the correlation between simulations and observations increased from 0.60 
based on the a priori to 0.76 based on the posteriors. From the perspective of the whole 
year, the annual average flux increased from 1.14 mole/s to 1.47 mole/s with an increase 
rate of 29%. From the perspective of monthly variations, the CO posteriors of 12 
months in 2016 increased by 40%, 23%, 31%, 29%, 26%, 26%, 40%, 29%, 30%, 28%, 
24% and 23%, respectively, compared with the a prior, January and July have the 
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largest growth rates. In terms of seasons, the growth rate of summer and autumn is 
significantly higher than that of spring and winter, the underestimation of summer and 
autumn in the a prior is much greater than that of spring and winter. With the 
parameters described in this experiment, the TracersTracker system can assimilate CO 
observations effectively, and then obtain the optimized CO flux which can reduce 
simulation errors and significantly improve the simulations accuracy. 

Perturbing sample 

The number of perturbing samples greatly affect the accuracy of the posterior fluxes. 
In theory, the more perturbing samples, the more spatial information the samples can 
represent, but the more computing resources it needs. Insufficient perturbing samples 
cannot fully reflect the temporal and spatial variation characteristics of the CO flux and 
the CO concentrations, which can lead to large errors in the assimilation inversion 
results. In the sensitivity experiment, 126 perturbing samples are used in the reference 
experiment, 60 and 200 perturbing samples are used in Experiment 2 and Experiment 3, 
respectively to verify the influence of perturbing samples on the assimilation inversion 
results. Experiment results show that there is no significant difference between 126 and 
200 perturbing samples in CO simulation errors. Their correlation coefficients with 126 
and 200 perturbing samples are 0.76 and 0.77, respectively, and their RMSE are also 
very close, i.e., 0.94 and 0.86, respectively. This shows that when the number of 
perturbing samples increases to a certain extent, the accuracy of assimilation inversion 
cannot be improved obviously. In contrast, when 60 perturbing samples are used for 
assimilation inversion, there is large errors in the inversion results. As can be seen in 
Table 1, the correlation coefficient of CO simulated concentration is significantly 
reduced to 0.42, its RMSE increased from 0.94 mg/m3 to 1.47 mg/m3, the simulation 
accuracy also decreased significantly. Flux inversion results show that the posterior 
with 200 perturbing samples is close to that in the reference experiment, the annual 
average of the posterior is 1.46 mole/s. Compared with the a prior, the 200-samples-
based posterior has growth ratios of 44%, 22%, 28%, 26%, 23%, 22%, 36%, 26%, 28%, 
26%, 29% and 25% in 12 months, respectively, which was basically consistent with the 
trend of the reference experimental inversion results (Table 3). In comparison, although 
there is no significant difference in the total amount of flux inversion results based on 
60 perturbing samples, there is obvious fluctuations in monthly variations. The 
12-month growth ratios are 4%, 2%, 81%, 58%, 31%, 64%, 43%, 20%, 14%, 25%, 78% 
and 10%, respectively, the inversion fluxes in January, February, November and 
December are all abnormal, which shows that there is large uncertainties in the 
inversion results with 60 perturbing samples (Table 3). 

Boundary layer 

Generally, boundary layers directly impact the simulated surface concentration and 
flux. Ignoring boundary layers in the process of assimilation can lead to additional 
errors in the final inversion results. In the reference experiment, two nesting domains 
mode is set to eliminate errors around the boundary layer, as shown in Fig. 2, d01 is our 
study area and d02 is the boundary layer area providing the boundary field for d01. In 
Experiment 3, no nesting mode is adopted, the dynamic evolution setting of the 
boundary field is removed, and the default boundary field inside the CMAQ model is 
adopted. According to the comparison between the posterior-based simulations and the 
observations (Table 3), the errors of CO simulations without boundary field is 
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significant, RMSE increases from 0.94 mg/m3 of the a prior to 1.35 mg/m3 of the 
Experiment 3, and the correlation decreases from 0.76 to 0.54. After the boundary field 
is reset in Experiment 4, RMSE decreased to 0.97 mg/m3, the correlation also increased 
to 0.75, which was slightly lower than that in the reference experiment, the simulation 
accuracy is significantly improved. This shows that the boundary field plays an 
important role in assimilation inversion system, if the boundary field is not set or the 
setting is not suitable, the inversion result could have large uncertainties. Suitable 
boundary field can provide accurate exchange data for the study area, thus significantly 
improving the accuracy of CO flux inversions. Without suitable boundary fields, flux 
inversions have great fluctuations compared to that in the reference experiment. The 
average flux retrieved from the Experiment 3 is 1.31 mole/s which is significantly lower 
than that in the reference experiment, and the monthly variations in the Experiment 3 is 
quite different with that in the reference experiment. In an obvious contrast, the average 
and monthly flux in the Experiment 4 have no significant difference with that in the 
reference experiment after sufficient boundary information been provided. In this paper, 
we use two-nested mode in all inversion processes as described in the reference 
experiment. 

Lag window 

Due to different physical and chemical characteristics of different pollutants, lag 
windows of them are also obviously different. In the process of assimilation inversion, 
the lag window should be set reasonably for a specified substance. The life time of CO 
is short of about two months and the study areas in this paper are small, the lag window 
should also be set short. In the reference experiment, the lag window is set to 0, i.e., no 
consideration for lag window. In contrast, the lag windows in Experiment 5 and 
Experiment 6 are set to 2 days and 2 weeks respectively to obtain the influence of lag 
window on the assimilation inversion results. The simulation results show that the errors 
and correlations in Experiment 5 and Experiment 6 are quite close. Compared to the 
reference experiment, the simulation correlation in Experiment 5 is slightly improved 
(R changes from 0.76 to 0.77), in experiment 6 it is slightly reduced (R changes from 
0.76 to 0.75), the overall difference is not obvious. Meanwhile, the RMSEs in 
Experiment 5 and Experiment 6 did not change significantly, which are 0.87 mg/m3 and 
0.99 mg/m3, respectively. The annual average flux in Experiment 5 and Experiment 6 
are 1.46 mole/s and 1.43 mole/s, which only have minor differences with that in the 
reference experiment of 1.47 mole/s (Table 3). 

Chemical reactions 

In the CMAQ model, there are two chemical mechanisms to describe the chemical 
reaction mechanism of simulated substances, namely CB05 and CB06. These two 
chemical mechanisms have some differences in simulating the chemical reaction of 
trace gases, which will ultimately affect the flux inversion results. In the reference 
experiment, CB05 was adopted to describe the chemical reactions of CO, it is replaced 
to CB06 in Experiment 7 to diagnose the sensitivity of different chemical mechanisms 
in the inversion process. As shown in Table 1, simulations errors by CB05 and CB06 
are quite close, and RMSE is 0.92 mg/m3, correlation is 0.76, both are basically same as 
that in the reference experiment. Besides, the annual average of the CB06-based 
posterior is 1.48 mole/s that it almost has no difference with that in the reference 
experiment (Table 3). 



Lu - Wang: Development of a regional data assimilation system for estimating CO surface flux 
- 5236 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5225-5246. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_52255246 
© 2020, ALÖKI Kft., Budapest, Hungary 

Spatial resolution 

Inversion results of large-scale, e.g., global and continent scale, usually have coarse 
resolutions in degree, which cannot guarantee the requirement for high-resolution flux 
at regional scale. The spatial resolution of assimilation inversion system in the reference 
experiment 3 km, which has greatly improved the resolution in the posterior. In 
Experiment 8, the resolution of the assimilation inversion system is set to be 27 km to 
analysis detail affections of the spatial resolution on the results of flux inversions. 
Experiment results show that simulations errors and RMSEs (from 0.94 mg/m3 to 
1.05 mg/m3) become larger, correlations R become worse (from 0.76 to 0.69) when the 
spatial resolution becomes coarser (Table 3). Besides, the flux inversions with 27 km 
have more uncertainties compared to that in the reference experiment, and the 
simulation accuracy of the inversion flux will be affected by the coarse spatial 
resolution. In summary, coarse spatial resolution will bring uncertainties to the results 
of flux inversion. 

CO flux inversions 

The posterior emissions 

9 and 22 groups of CO concentration observations are collected in WLG and SDZ 
respectively for CO flux inversions. Based on the background concentrations of CO, the 
"polluted observations" are extracted for the 31 monitoring sites which are actually 
assimilated in the inversion process, the CO flux inversions are as shown in Table 3 and 
Fig. 4. 
 

  

Figure 4. Increment of CO posterior compared with the MIX priori in SDZ (a) and WLG (b) 
 
 

In SDZ, the CO posterior is higher than the a prior in most periods, flux grow rates in 
12 months are 40.2%, 23.2%, 30.7%, 28.6%, 26.2%, 26%, 40.5%, 28.8%, 29.6%, 
27.7%, 24.1% and 23.4%, respectively (Table 4), most of them are close except January 
and July, whose monthly increase are higher than that in other months. The average flux 
of the posterior is 1.47 mole/s, which is about 1.3 times of that in the a priori. The 
minimum growth of the posterior appears in February and December, the maximum 
growth is in January and July, CO posterior has significant variation after the 
optimization of the TracersTracker system. 
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Table 4. Increments and proportions of the CO posteriors in SDZ and WLG 

 
SDZ 

(mole/s) 
WLG 

(mole/s) 
 Max Ave Percent(%) Max Ave Percent(%) 

Jan 7.39 0.66 40.2 1.28 0.19 68.9 
Feb 2.58 0.33 23.2 0.92 0.16 60.7 
Mar 4.81 0.37 30.7 1.17 0.14 62.5 
Apr 3.30 0.30 28.6 0.80 0.08 58.5 
May 3.02 0.27 26.2 0.71 0.06 58 
Jun 2.67 0.26 26.0 1.06 0.06 59 
Jul 5.06 0.40 40.5 1.14 0.06 61.2 

Aug 3.24 0.28 28.8 1.08 0.06 59.4 
Sep 2.06 0.26 29.6 0.79 0.06 62.6 
Oct 2.74 0.25 27.7 0.59 0.08 57.4 
Nov 2.44 0.29 24.1 1.10 0.17 66 
Dec 2.00 0.32 23.4 0.96 0.17 60.2 

Annual 3.44 0.33 29.1 0.97 0.10 61.2 

 
 

Compared to SDZ, the CO posterior flux in WLG is also higher than the a prior in 
most periods, but the growth proportion is much larger than that in SDZ. The posterior 
flux increased by 68.9%, 60.7%, 62.5%, 58.5%, 58%, 59%, 61.2%, 59.4%, 62.6%, 
57.4%, 66% and 60.2%, respectively in 12 months of the whole year (Table 4). The 
overall increase rate is about 4 times of that in SDZ, although the overall increase rate is 
high, the absolute flux increment (0.10 mole/s) in WLG is much smaller than that in 
SDZ (0.33 mole/s), which is mainly related to the low CO priori in WLG. The annual 
average flux of the posterior in WLG is 0.09 mole/s, the minimum is 0.05 mole/s 
occurring in May and September, the maximum flux in the posterior is 0.15 mole/s 
appearing in December and January. 

According to the spatial distribution of the posterior fluxes, the net increase and 
increase ration in the posteriors have significant difference. The net increase of the 
posterior fluxes is mainly concentrated in urban or densely populated areas. In SDZ, the 
area with the most flux growth is in Tangshan, followed by Tianjin and Beijing, and 
Chengde has the least flux growth. In WLG, the area with obvious CO flux growth is 
mainly located near Xining, followed by the urban area and surrounding area of Linxia, 
and other areas, e.g., Haibei, Hainan and Haidong, have little flux growths. Due to the 
productive and living activities are concentrated in the urban and nearby areas, the prior 
flux of CO in these areas is much larger than that in other areas, thus the net increase of 
CO in these areas is large with the same growth rate (Fig. 4). In contrast, the main areas 
with high growth rates are not entirely located in the urban areas, the spatial distribution 
of growth rate has no obvious tendency except for some periods, e.g., June, August in 
WLG. Whether in SDZ or WLG, the proportion of posterior incremental growth is 
scattered in time and space. 

Comparison of observations and simulations 

In order to evaluate the accuracy of the posteriors obtained by the TracersTracker 
system, comparisons between the observations and the posteriori-based simulations 
were conducted in the validation sites shown in Fig. 1. Some indices for the accuracy 
evaluation are used in this section, i.e., max absolute error (Emax), mean error (Emean), 
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root mean squared error (Ermse), and correlation coefficient (R), indices are determined 
by the following equations. 
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where n is the number of comparison couples, e is the difference between the CO 
posterior-based simulation and the CO concentration observation, o and s mean the 
observations and simulations, respectively. 

The CO concentration in January is significantly higher than that in July, this 
tendency can be grasped well in the posteriors and the a priori. However, there are large 
errors between the CO simulations in the a priori and ground-based observations, and 
these errors are largely eliminated in the posterior-based simulations (Fig. 5 and Fig. 6). 
 

Figure 5. Comparison of posterior-simulations and observations in WLG 
 
 

In SDZ, the correlation coefficients between the observed and simulated CO 
concentrations based on the a prior are 0.58, 0.66, 0.65, 0.61 and 0.52 in the five 
validation sites, i.e., BJDL, BDJCZ, LFYCGS, TJWLJGQ, and TSSEZ, respectively 
(Table 5). Priori-based simulations have a poor correlation with the CO observed 



Lu - Wang: Development of a regional data assimilation system for estimating CO surface flux 
- 5239 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5225-5246. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_52255246 
© 2020, ALÖKI Kft., Budapest, Hungary 

concentrations, the main cause of this is the underestimation in the a priori. In an 
obvious contrast, errors between the posterior-based CO simulations and observations 
are significantly reduced and the simulation accuracy has been improved greatly (Fig. 5 
and Fig. 6). Besides, the correlation coefficients of validation sites, i.e., BJDL, BDJCZ, 
LFYCGS, TJWLJGQ and TSSEZ have been improved to 0.78, 0.78, 0.76, 0.76 and 
0.70, respectively. 
 

Figure 6. Comparison of posterior-simulations and observations in SDZ 
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Table 5. Errors of CO posterior-simulations and observations in SDZ and WLG 

 
SDZ 

(mg/m3) 
WLG 

(mg/m3) 
 BJDL BDJCZ LFYCGS TJKG TSSEZ XNJCZ LXHBJ 

priori-based:        
Emax 7.61 13.9 12.0 9.87 18.4 7.22 8.26 
Emean 0.49 0.87 0.71 0.60 1.20 0.65 0.54 
Ermse 0.62 1.11 0.82 0.74 1.57 0.72 0.60 

R 0.58 0.66 0.65 0.61 0.52 0.69 0.64 
posterior-based:        

Emax 6.42 12.7 10.6 6.94 13.2 6.43 7.19 
Emean 0.43 0.76 0.75 0.54 1.21 0.62 0.48 
Ermse 0.49 0.90 0.68 0.58 1.19 0.63 0.52 

R 0.78 0.78 0.76 0.76 0.70 0.73 0.74 

 
 

In WLG, the correlation coefficients between the observed and simulated CO 
concentrations based on the prior flux is 0.69 and 0.64 at XNJCZ and LXHBJ, 
respectively (Table 5). The correlations are slightly higher than that based on the a 
priori in SDZ, but the priori-based simulations still have great errors. With the posteriori 
optimized by the TracersTracker system, the correlation between CO simulations and 
observations increased to 0.73 and 0.74 at XNJCZ and LXHBJ, respectively, and the 
CO simulations and observations are more consistent in the variation trend in the whole 
year. In addition, errors between the CO simulations and observations are also reduced 
obviously, the average error is reduced from 0.65 mg/m3 to 0.62 mg/m3 at XNJCZ and 
0.54 mg/m3 to 0.48 mg/m3 at LXHBJ, respectively. At the same time, the maximum 
errors also show a stable downward trend in both SDZ and WLG. In SDZ, the 
maximum error of posterior-based simulations decreased by 1.19 mg/m3, 1.2 mg/m3, 
1.4 mg/m3, 2.93 mg/m3 and 5.2 mg/m3 at BJDL, BDJCZ, LFYCGS, TJWLJGQ and 
TSSEZ, respectively, the average decrease ration of the five monitoring sites is over 
20%. In the WLG, the maximum error of posterior-based simulations decreased by 
0.79 mg/m3 and 1.07 mg/m3 at XNJCZ and LXHBJ respectively with an average 
decrease of 12% (Table 5). 

All above performance of the posterior illustrate that the TracersTracker system can 
greatly optimize the CO flux and significantly improve the simulation accuracy. It also 
shows that observation information is very important in the assimilation system, enough 
observations is the effective guarantee for high-precious flux inversions. Insufficient 
observed information could bring a lot of uncertainties, thus increases the simulations 
errors of the posteriors. In addition, there are both similarities and differences in 
simulation errors and tendencies in the a priori and posteriors no matter in SDZ and 
WLG. CO simulation errors in both areas tend to decrease in all validation sites, and 
errors range obviously shrinks in the posterior-based simulations. Although the trend of 
error distribution is similar in all monitoring sites, the shrink trend of error change is not 
in the same degree. Some of them have large contractions, e.g., TSSEZ, some have 
small contractions, e.g., BJDL, some have no obvious error contractions, e.g., XNJCZ, 
which is mainly related to the location of each validation site and the magnitude of CO 
observation concentration itself. 



Lu - Wang: Development of a regional data assimilation system for estimating CO surface flux 
- 5241 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5225-5246. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_52255246 
© 2020, ALÖKI Kft., Budapest, Hungary 

Seasonal and regional variation of emissions 

From the perspective of seasonal net increase of the posteriors, the net flux increase 
in winter is the largest among the four seasons in SDZ, reaching 0.43 mole/s, there is no 
significant difference in the other three seasons, which are about 0.3 mole/s, 0.31 mole/s 
and 0.27 mole/s in spring, summer and autumn respectively, only about two thirds of 
that in winter. Similar to SDZ, net flux increase in winter is the largest in WLG, 
reaching 0.17 mole/s, while spring and summer have the smallest net increase of 
0.06 mole/s, only one third of that in winter (Table 6). From the perspective of annual 
average net increase, it is much smaller in WLG than that in SDZ. 
 

Table 6. Seasonal variation and increment proportions of the CO posteriors in SDZ and 
WLG 

Time Max Avg Percent(%) 

SDZ:    
Spring 3.69 0.31 28.5 

Summer 3.49 0.31 31.8 
Autumn 2.37 0.27 27.2 
Winter 3.86 0.43 28.9 
WLG:    
Spring 0.15 0.09 60.6  

Summer 0.11 0.06 59.4  
Autumn 0.17 0.10 59.8  
Winter 0.17 0.17 65 

 
 

From the perspective of seasonal net increase ration of the posteriors, there is no 
significant difference in the incremental ratio of the four seasons in SDZ. The growth 
ratio of the four seasons is basically the same, about 30%, summer has the highest 
increment (31.8%) which is slightly higher than that in other three seasons. In WLG, the 
proportions of growth in all seasons is much higher than that in SDZ, and the tendency 
of growth is also significantly different from that in SDZ (Table 6). The growth rate of 
WLG in winter is the largest, reaching 65%, slightly higher than that in other seasons. 

Overall, the posteriors in winter have the highest growth rate in both areas. During 
this period, anthropogenic living activities, e.g., residential heating, push up the CO 
concentration in the atmosphere. With the development of economic, the demand for 
living activities in winter increases rapidly, thus makes the CO flux growth rate in 
winter higher than that in other seasons. 

Fig. 7 is the scatter diagram of the seasonal error distribution in SDZ, in which the 
horizontal axis is the concentration of CO observations, the vertical axis is the posterior-
based CO simulation, the black points are the prior-based simulations, and the red 
points are the posterior-based simulations. On the whole in SDZ, CO concentration in 
winter is the highest with a range of 0 mg/m3 to 24 mg/m3, which is much higher than 
that in other seasons and indicating that CO concentration changes frequently and 
greatly in winter, the main cause for this phenomenon is the activities of residents 
heating. For the CO simulations, the results have obvious different situations in 
different seasons whether in the a priori or the posteriors. Besides, the simulation 
accuracy of the a priori and the posteriors are better in autumn and winter than that in 
spring and summer, correlations of the priori-based simulations are 0.56 and 0.59 in 
spring and summer, 0.62 and 0.61 in autumn and winter, respectively. After the flux 



Lu - Wang: Development of a regional data assimilation system for estimating CO surface flux 
- 5242 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5225-5246. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_52255246 
© 2020, ALÖKI Kft., Budapest, Hungary 

optimization, the trend of the posterior-based simulations is more obvious. The 
simulation precision is higher in autumn and winter, and the correlation coefficients are 
0.75 and 0.83, respectively. 
 

Figure 7. Simulated errors of validation sites in SDZ. The pri-based and post-based errors are 
simulations errors based on the a priori and the posterior, respectively 
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Fig. 8 is the scatter diagram of the seasonal error distribution in WLG. Similar to that 
in SDZ, CO concentrations in winter is significantly higher than that in other seasons in 
WLG, but there are obvious differences of CO simulations between the two study areas. 
The correlation of priori-based simulations is very poor, especially in autumn (R is only 
0.56), which is significantly lower than that in other seasons. After flux optimization, 
the correlation between the CO observations and the posterior-based simulations has 
been improved greatly especially in winter (R is 0.79) and spring (R is 0.76). 
 

Figure 8. Simulated errors of observation sites in WLG. The pri-based and post-based errors 
are simulations errors based on the a priori and the posterior, respectively 

 
 

In winter of northern China, the low temperature will increase the consumption of 
fossil fuels, e.g., coal and oil, thus the CO concentration in the atmosphere increase 
sharply in a short period. In addition, adverse weather conditions will exacerbate the 
increase speed, and eventually led to heavy air pollution events. In general, it will be 
more difficult to simulate the CO concentration with frequent variations in the 
atmospheric model. However, from the results shown above, CO concentration in 
winter with large fluctuations have better simulations than other period, which illustrate 
that the posterior can effectively optimize the a priori, errors are eliminated significantly 
in the posterior. For the period with small fluctuation of CO concentration, the accuracy 
of the posterior simulation is improved, but the accuracy in spring, summer and autumn 
are not as good as that in winter (Fig. 9 and Fig. 10). 
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Figure 9. Seasonal increment of the CO posteriors in SDZ (a) and WLG (b) 
 
 

 

Figure 10. Seasonal increment proportions of the CO posteriors in SDZ (a) and WLG (b) 
 
 
Conclusions 

In this paper, a regional assimilation system, i.e., TracersTracker, was conducted for 
CO flux inversion by coupling the POD4DVAR method and the CMAQ model. The 
system was then applied to two distinct areas in china to diagnose the variations of CO 
flux inversion with different conditions. The TracersTracker system can effectively 
assimilate the hourly CO observations in the two study areas, the posteriors can 
significantly improve the accuracy of CO simulations. This study also suggested that the 
MIX inventory has underestimations of CO emission by 29.1% in SDZ and 61.2% in 
WLG. Due to the active chemical characteristics of CO, the flux inversion for CO can 
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only be carried out in a small area, how to obtain global and continental CO fluxes 
should be considered in next step. In addition, in order to improve the efficiency of the 
assimilation inversion system, other mathematical methods with high efficiencies 
should be introduced into the assimilation system to obtain high-resolution CO fluxes. 
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Abstract. Invasion success of the invasive plant species (Singapore daisy) mostly depends on 
environmental factors, therefore, this study was conducted to investigate the effect of temperature, 
25/30 °C (outside), 30/35 °C (inside) and water fluctuation, volumetric water content at 100% field 
capacity (normal water), volumetric water content at 33% field capacity (water stress) in three different 
soil types (nutrient soil, normal soil and sandy soil) on the growth and photosynthetic traits of Wedelia 
trilobata (Wt) in Jiangsu University, Zhenjiang China. In comparison, Wt significantly performed better 
in outside temperature at all water levels in every soil type. Wt can tolerate high temperature at normal 
water level in normal and nutrient soil. At outside temperature along with water stress in sandy soil, Wt 
exhibited reduction in growth and photosynthetic trails, but the adverse effect was more severe at inside 
temperature with water stress in normal and sandy soil. After 4th week, leaf chlorophyll content of Wt 
decreased in water stress at outside and inside temperatures in normal and sandy soil. Furthermore, Wt 
maintained its water status under water stress, after the 4th week to the 8th week in every soil type, which 
indicated that Wt have the ability to grow in every harsh environmental condition. In conclusion Wt 
successfully invaded different soil types at high temperature, under water stress conditions. 
Keywords: invasive plant species, resources variation, growth, physiological traits, invasion 

Introduction 

Invasive plant species are key threat to natural biodiversity and working of 
ecosystems (Schweiger et al., 2010). The properties that enhanced the ability of non-
native plants becoming invasive are linked with their fast germination to reproductive 
growth stage and their high phenotypic plasticity, all of these enable them to cope with 
different environmental stress habitats (Baker, 1974). Not all invasive plant species 
show these types of characteristics (Lorenzo et al., 2010). It is the knowledge about 
invasive plant species, namely why they become invasive and which properties within 
the plant help them to become invasive, that makes us clear how to control the spread of 
these invasive plant species. Invasion success of invasive plant species have been 
explained by several hypotheses i.e. novel-weapons hypotheses (Callaway et al., 2000), 
propagule-pressure hypotheses (Colautti et al., 2006; Adamowski et al., 2008; Pairon et 
al., 2010), increased competitive ability hypotheses (Blossey et al., 1995), high 
reproductive with dispersal success (Moravcova et al., 2010; Van Kleunen et al., 2015; 
Jacquemart et al., 2015) and enemy release hypothesis (Keane et al., 2002). Many of 
these proposed mechanisms were taking part in the invasion success of several invasive 
plant species. 
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Invasive plant species have physiological, phenotypic plasticity and may utilize the 
resources for its growth development and reproduction, when the enemy pressure is 
reduced (Ebeling et al., 2008). According to these strategies invasive plant species 
should maintain their growth in poor resources environment and maximize their growth 
under favorable environmental conditions (Gioria et al., 2014). These strategies should 
be investigated with the help of physiological traits of invasive plant species under poor 
and favorable environmental conditions, in order to directly involve resource acquisition 
(Van Kleunen et al., 2010). Many physiological factors involved in plant growth 
development like net photosynthetic rate, growth rate, leaf species area (SLA) and water 
use efficiency (WUE) could help invasive plant species to improve their fitness in 
different environmental resources containing water fluctuation and temperature 
variations (Zheng et al., 2009; van Kleunen et al., 2011; Javed et al., 2019). These 
functional traits are vital for invasive plant species for reproductive and physiological 
evaluation to build new populations or maintain their population in different habitats 
(Sun et al., 2019). Therefore, the studies linked with invasive plant species and based on 
physiological traits could be helpful to understand their invasion success under different 
environmental conditions. 

Biological invasion may increase due to climate change and fluctuation of 
environmental resources such as precipitation, nutrient variation, temperature and 
substrate type (Abatzoglou et al., 2011; Azeem et al., 2020). Among these water, soil 
type and temperature are the main factors in the development of invasive plant species 
in different type of habitats. Increased temperature helps to boost the expansion of 
invasive plant species under higher precipitation availability and better nutrient 
substrate (Wang et al., 2011). Soil nutrient composition and water holding capacity has 
been shown to have great influence on plant productivity and stability (Callaway et al., 
2004; Middleton et al., 2012; Van Der Heijden et al., 2008). Interaction effect of soil 
type and water fluctuation have received more attention recently (van der Putten, 2010). 
Similarly, interaction of temperature variations and precipitation also played an 
important part in growth development and reproduction of invasive plant species 
(Saptiningsih et al., 2019). Therefore, it is important to study the effect of each 
environmental factor and their interaction related to the success of the target plant. 

Singapore daisy (Wedelia trilobata, Wt) belongs to the Asteraceae family and an 
annual invasive plant species in China, was chosen for this study (Azeem et al., 2020). 
It has been registered as one of the top 100 worst invasive plant species in the world (Qi 
et al., 2014). In 1970s, Wt was introduced to south China as a groundcover plant, but it 
quickly spread to the field (Weber et al., 2008). Faster clonal growth is also an 
important feature for their successful invasion (Song et al., 2010). Wt has ability to 
survival in every habitat condition. It can bear high temperature and moderate drought 
under different soil types. It prefers to grow in nutrient rich soil and moderate 
temperature range with high amount of water (Dai et al., 2016). The competitive 
success of Wt partially depends on its reproductive capacities. According to 
reproductive biology, the competitive success depends upon its physiological traits that 
enhances both WUE and photosynthetic rate (Quinet et al., 2015). Many researchers 
have done work to check response of Wt under different moisture conditions, soil 
nutrient combination and shading conditions (Dai et al., 2016; Saptiningsih et al., 2019). 
Apart from this higher temperature, water fluctuation and soil culture are also very 
important factors restricting plant growth (Xu et al., 2006). In addition, many 
researchers noted the response of invasive plant species with water stress and different 
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temperature regime under only one type of soil (Legault II et al., 2018; Song, 2017), but 
none of them investigated the response of invasive plant species under combined effect 
of temperature variations along with water fluctuations in different soil types. 
Therefore, in this study our objectives were to investigate the response of Wt under 
water fluctuations and temperature variations within different soil types and their 
combined effect on physiological traits related to plant growth, water relation and their 
combination. Detailed physiological traits enable us to understand the invasion success 
of Wt under different environmental conditions. According to these we proposed 
hypotheses that Wt will grow better under normal water availability along with 
moderate temperature in every soil types but at severe temperature along with water 
stress, Wt sustain its growth in nutrient soil and normal soil due to their better water 
holding capacity and nutrient availability. 

Material and methods 

This study was conducted at the School of Environmental and Safety Engineering, 
Jiangsu University, Zhenjiang China (32.20°N, 119.45°E). This study was started in 
May and completed in July 2019. Ramets of Singapore daisy (Wedelia trilobata, Wt) 
were collected outside of the greenhouse where they were grown for experimental 
studies. Ramets of Wt were prepared in the seedling trays with sand as a culture 
medium. These trays were placed in the greenhouse that had 25 ± 5 °C temperature with 
70% relative humidity. When these ramets had two fully expended leaves, they were 
transferred into plastic pots (height 10 cm, outer diameter 13 cm and lower inner 
diameter 6 cm), filled with three type of soil (sandy soil, normal soil, and nutrient soil). 
The physical and chemical characteristics of all soil types, that were used in this study 
are given in Table 1. 

 
Table 1. Physical and chemical characteristics of different soil types 

Parameters Nutrient soil Sandy soil Normal soil Unit 

pH 7.0 6.60 6..20 - 

Organic matter 38 0.34 1.75 % 

Total nutrient 3.8 0.98 1.6 % 

Water content 20 15 18 % 

Electrical conductivity 2 1.2 1.8 ds/m 

 
 
These transferred seedlings were placed under different temperature conditions 

25/30 °C and 30/35 °C named as inside and outside temperature regime. All these 
seedlings were watered normally for one week to adopt the inside and outside 
(temperature) conditions. After one week of seedling transfer, treatments were started. 
This study was completely spilt-plot design with temperature as whole plot factor and 
their factorial combination of water levels, soil types serve as split-plot factors (Will et 
al., 2013a) with five replicates (2 × 3 × 2 × 5), 60 pots in total as shown in Figure 1. 
The water treatment was set according to pot volumetric water content. Volumetric 
water content at 100% field capacity was taken as normal water treatment and 
volumetric water content at 33% field capacity was taken as water stress treatment. Soil 
moisture meter (TR-6/TR-6D, China) was used to measure volumetric soil water 
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content three time a week and watering was carried out when the volumetric soil water 
content fell below the set treatment level. 

 

 

Figure 1. Experimental design 
 
 
Set temperature values (outside and inside) were achieved in a greenhouse and the 

level of warming was controlled with ventilation (Valiño et al., 2014). The greenhouse 
at Jiangsu University, Zhenjiang, China was partitioned into two compartments in April 
12, 2017. One compartment was equipped with two ventilators (380V, 2000W), and 
two windows and it was used for the inside temperature regime (Teitel et al., 2010; 
Willits, 2003). The outside temperature group was placed under a shelter made of the 
same material of the greenhouse. The material of the greenhouse made by solar sheet, 
light transmittance up to 96% (Xiaoming et al., 2008; Ureña-Sánchez et al., 2012), thus 
without regards to shade. Air temperature and humidity were recorded automatically 
every 10 min using temperature humidity recorder (TH11R, Inste, Shenzhen, China) 
placed 5 cm above pot edge (Fang et al., 2015; Will et al., 2013b). 

Outside and inside temperature condition were received two water levels (water 
stress) volumetric water content at 33% field capacity and (normal water) volumetric 
water content at 100% field capacity in all three types of soil. The details of the 
treatments were explained in Table 2. These treatments were continued for two month 
and parameters related to growth were determined after every week. The photosynthetic 
traits and water potential were determined after the 4th and the 8th week of the study 
period. 

 
Plant growth measurements 

The parameters selected for plant growth measurement were plant height, number of 
nodes, leaves per plant and specific leaf area (SLA). The plant height was determined 
from the top of the soil surface to the top of first leaf with a ruler. Leaf chlorophyll 



Azeem et al.: Adaptation of Singapore daisy (Wedelia trilobata) under different environmental conditions; water stress, soil type 
and temperature 

- 5251 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5247-5261. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_52475261 
© 2020, ALÖKI Kft., Budapest, Hungary 

content was measured with portable chlorophyll meter (SPAD; Oakoch OK-Y104, 
China). Moisture content was measured with moisture meter (TR-6/TR-6D, China). 

Leaf area was determined with ImageJ software, then these leaves, were placed into 
an oven at 60 °C for two days to determine their dry weight (DW). Specific leaf area 
(SLA) were determined as the ratio of leaf area to leaf DW. 

 
Table 2. Experiment treatments detail 

Treatments Soil type Water level Temperature 

T1 Nutrient  Normal water Outside 

T2 Normal Normal water Outside 

T3 Sandy Normal water Outside 

T4 Nutrient Water stress Outside 

T5 Normal Water stress Outside 

T6 Sandy Water stress Outside 

T7 Nutrient Normal water Inside  

T8 Normal Normal water Inside 

T9 Sandy Normal water Inside 

T10 Nutrient Water stress Inside 

T11 Normal Water stress Inside 

T12 Sandy Water stress Inside 

Normal water representing pot volumetric water content at 100% field capacity, water stress 
representing pot volumetric water content at 33% field capacity. Outside temperature = 25/30 °C, Inside 
temperature = 30/35 °C 

 
 

Photosynthetic traits 

Photosynthetic traits were determined after the 4th and the 8th week of the treatment’s 
initiation. Gas exchange parameters like net photosynthetic rate (PN), stomatal 
conductance (gs), and transpiration (Tr) were recorded by using a portable 
photosynthesis measurement system (LI-6400XT, LI-COR, Lincoln, NE, USA). A fully 
extended leaf from the top of the plant was selected for measurement. Measurement 
were performed under full sunshine conditions from 10 am to 11 am. The following 
conditions were maintained during the measurement: photosynthetically active radiation 
maximum up to 1000 μmol m−2 s−1, molar flow of air 403.3 mmol m−2 s−1, ambient CO2 
concentration 400 μmol mol−1, atmospheric pressure 99.9 kPa, water vapor pressure 
ranged from 7.0 to 8.8 mbar.  

Water use efficiency was calculated according to the following equation: 
 
  (Eq.1) 
 

where PN: net photosynthetic rate and Tr: transpiration respectively. 
 

Plant water status 

Plant water status was measured through water potential (Wp). Wp of every 
treatment plant was determined after the 4th and the 8th week of the treatment with the 
help of a dew point micro voltmeter in a C-52-SF universal sample room (Psypro, 
Wescor, USA).  
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Statistical analysis 

Variance analysis with four crossed fixed factors (water level, soil type, weeks, 
temperature) was performed to analyse soil moisture content, plant height, leaves per 
plant, nodes per plant and leaf chlorophyll content. Variance analysis with three crossed 
fixed factors (water level, soil type and temperature) was performed to analyse, gas 
exchange and water status parameters. Post hoc analyses were performed using the 
Tukey test with p < 0.05. All these analyses were performed on SPSS 22, software 
(SPSS Inc., Chicago, IL, USA). Origin pro 9.0 was used to makes graphs. 

Results 

Growth response 

Water levels, temperature variations, soil types and duration of treatment 
significantly affect plant height as shown in Table 3. Their interactions also have 
significant effect on plant height (F12,126 = 22.115, P < 0.01). Plant height at outside 
temperature T6 showed the smallest value while at inside temperature T11 and T12 both 
resulted in the smallest height as shown in Figure 2A, B. 

 
Table 3. Analysis of variance with four fixed factors against growth response 

Responses 
Plant 

height 

Moisture 

content 

Leaves per 

plant 

Nodes per 

plant 

Leaf 
chlorophyll 

content 

Temperature 1325.480** 3176.878** 46.398** 78.545** 3.177 

Soil type 1770.225** 2439.745** 199.150** 72.591** 1.286 

Weeks 5903.425** 235.388** 1071.506** 516.460** 10.764 

Water level 1021.544** 1977.366** 869.251** 387.879** 18.034 

Temperature * Soil type 617.065** 34.004** 19.537** .045 .779 

Temperature * Weeks 132.138** 4.135* 3.313* 5.753** .336 

Temperature * Water level 194.239** 50.821** 28.602** 87.515** 1.102 

Soil type * Weeks 75.388** 3.004* .372 7.982** .675 

Soil type * Water level 175.465** 344.764** 33.289** 17.924** .217 

Weeks* Water level 323.599** .708 94.572** 34.591** 6.278** 

Temperature * Soil type * Weeks 48.578** 5.319** 2.580* .806 .893 

Temperature * Soil type * Water level 395.196** 96.140** 7.961** 9.561** 2.610 

Temperature * Weeks * Water level 23.958** 7.267** 1.469 4.753** 1.103 

Soil type * Weeks * Water level 20.000** 1.105 10.261** 1.538 1.439 

Temperature * Soil type * Weeks * Water level 22.115** .736 2.104* 1.412 .630 

Main and interactive effects (F-values) of water levels, temperature, soil type and weeks on the growth parameters 
of Wedelia trilobata over the growing period. ** and * indicate a significant level at P < 0.01 and P < 0.05 

 
 
Soil moisture content was also significantly effective on temperature 

(F1,126 = 3176.878, P < 0.01), soil types (F2,84 = 2439.745, P < 0.01), weeks (F6, 

36 = 235.388, P < 0.01), and water levels (F1,126 = 1977.366, P < 0.01). Interaction effect 
between weeks and water levels were non-significant due to soil moisture content 
depends upon soil type and its water holding capacity as shown in Table 3. The 
interaction effect of temperature, soil types, weeks and water levels were non-
significant (F12,126 = 0.736, P = 0.715). Soil moisture content at T6 and at T11 and T12 
shown lower values  as compared to other treatment levels with increasing the duration 
of treatment period as shown in Figure 2C, D. 
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Figure 2. Impact of outside, inside temperature, soil types and water levels against duration of 
treatment on Plant height (A, B) Moisture content (C, D), Leaves per plant (E, F). Data 

represented with mean ± SD on error bar of each treatment against weeks 
 
 
Leaves per plant also showed significant results with respect to temperature, soil 

types, water levels and duration of treatment as shown in Table 3. Interaction effect of 
water levels and temperature was significant (F1,126 = 28.602, P < 0.01) that showed 
with the increasing temperature plant needed more water to sustain its growth at higher 
temperature. Interaction effect of soil types and weeks were non-significant (F12, 
84 = 0.372, P = 0.534) because properties of different soils with respect to water holding 
capacity and temperature responses does not depend upon duration of treatments. 
Regarding leaves per plant under outside temperature regime, T1 showed higher values 
as compared to others and under inside temperature regime, T12 and T11 showed lower 
values as compared to other treatments as shown in Figure 2E, F. 

Number of nodes per plant was also significantly affected by all treatments as shown 
in Table 3. Interaction effect between temperature and soil types were non-significant 
(F2, 126 = 0.045, P = 0.956) because every soil has ability to bear higher temperature and 
maintain their properties. Interaction effects of all factors were non-significant (F12, 

126 = 2.104, P = 0.019), which indicated that invasive plant species have ability to 
maintain their growth in every habitat condition. Number of nodes per plant were 
decreased with decreasing amount of water and increasing temperature. At both outside 
and inside temperature with water stress treatments plants have lower number of nodes 
compared with those under normal water level treatments as shown in Figure 3G, H. 

Leaf chlorophyll content was significantly affected by the interaction effect of water 
levels and weeks (F6,36 = 10.764, P < 0.01). Interaction effects of all other factors were 
non-significant as show in Table 3. Leaf chlorophyll content value at T6, T11 and T12 
were decreasing after the 5th week of treatments as shown in Figure 3I, J. This was 
indicated by the loss of green colour of plant leaves in plants under water stress and 
high temperature conditions, that is the first indication of plant under stress. 
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Figure3. Impact of outside, inside temperature, soil types and water levels against duration of 
treatment on nodes per plant (G, H) Chlorophyll content (I, J). Data represented with 

mean ± SD on error bar of each treatment against weeks 
 
 
Specific leaf area (SLA) was also significantly affected by soil types, water levels 

and temperature after the 4th and the 8th week of treatments as shown in Tables 4 and 5. 
SLA of normal soil at T2, T8 under normal water at both outside and inside temperature 
showed a higher value as compared to other soil types as shown in Figure 5U, V. SLA 
was more affected in all soil types under water stress at inside temperature from the 4th 
and the 8th week, indicating that plant water requirement increased with its growth 
development and also with higher temperature. Interaction effect after the 4th week 
between soil types and temperature were non-significant (F2,18 = 2.541, P = 0.10), but 
soil types and water levels were significant (F2,18 = 68.923, P< 0.01), which described 
that every soil has different water holding capacity under same water level conditions. 
Similar results were found after the 8th week as shown in Table 5. According to the 
results, Wt can survive under higher temperature, if reasonable amount of water is 
available or growing medium has ability to hold more water content. 

 
Photosynthetic responses 

Stomatal conductance (gs) gradually decreased during the first four weeks of 
treatments (F2,18 = 18.212, P < 0.01). Soil types, water levels and temperature 
(F2,12 = 398.988, P < 0.01, F1,18 = 50.536, P < 0.01, F1, 18 = 3604.34, P < 0.01) had a 
significantly negative effect on stomatal conductance as shown in Figure 4K, L. After 
the 4th to the 8th week all these factors have significant effect on stomatal conductance 
as shown in Table 5. More negative effect of stomatal conductance was found under 
water stress treatment at both outside and inside temperature in every soil type as shown 
in Figure 4K, L. These results indicated that Wt water requirement increased as long as 
its growth increased. 
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All treatments had significant effect on photosynthesis after the 4th and the 8th week 
of treatment imposition as shown in Tables 4 and 5. Photosynthesis of T6, T11 and T12 
were low values  as compared to other treatments as shown in Figure 4M, N. 

 
Table 4. Analysis of variance after four weeks of treatment against physiological traits 

Response gs PN Tr WUE Wp SLA 

Soil type 398.988** 851.996** 81.822** 413.981** 117.474** 84.023** 

Temperature 50.536** 1038.554** 428.889** 235.735** 63.027** 30.160** 

Water level 3604.346** 3673.937** 525.208** 1461.600** 695.230** 440.059** 

Soil Type * Temperature 5.856 153.133** 2.605 111.120** 8.093* 2.541 

Soil Type * Water level 25.182** 229.787** 52.050** 145.823** 103.565** 68.923** 

Temperature * Water level 776.286** 41.521** 36.141** 121.644** 46.066** 4.142 

Soil Type * Temperature* Water level 18.212** 61.855** 30.585** 16.121** 17.914** 9.146* 

Main and interactive effects (F-values) of water levels, temperature and soil type on the physiological traits of 
Wedelia trilobata after four weeks of treatments. ** and * indicate a significant level at P < 0.01 and P < 0.05. gs: 
stomatal conductance, PN: photosynthetic rate, Tr: transpiration, WUE: water use efficiency, Wp: water potential 
and SLA: specific leaf area 

 
 
Table 5. Analysis of variance after eight weeks of treatment against physiological traits 

Response gs PN Tr WUE Wp SLA 

Soil type 630.385** 1332.963** 95.091** 748.037** .050 109.562** 

Temperature 472.724** 216.031** 59.751** 62.306** .519 82.174** 

Water level 6820.402** 6841.689** 745.959** 2771.657** .030 744.589** 

Soil Type * Temperature 18.735** 55.197** 22.195** 80.906** .252 3.019 

Soil Type * Water level 124.874** 33.102** 5.083 41.249** .087 66.032** 

Temperature * Water level 340.335** 178.361** .813 176.575** .068 1.814 

Soil Type * temperature* Water level 29.152** 8.756* 30.527** 34.035** .260 .259 

Main and interactive effects (F-values) of water levels, temperature and soil types on the physiological traits of 
Wedelia trilobata after eight weeks of treatments. ** and * indicates a significant level at P < 0.01 and P < 0.05. gs: 
stomatal conductance, PN: photosynthetic rate, Tr: transpiration, WUE: water use efficiency, Wp: water potential 
and SLA: specific leaf area 

 
 
Temperature, soil types and water level had a significant effect on transpiration (Tr) 

of Wt (F1,18 = 428.88, P < 0.01, F2,12 = 81.822, P < 0.01, F1,18 = 525.208, P < 0.01), after 
4 weeks of treatment imposition. Transpiration of Wt was decreased with high 
temperature along with water stress at both outside and inside temperature as shown in 
Figure 4O, P. After 8 weeks of treatment imposition transpiration was decreased 
significantly more at T6, T11 and T12 as compared to other treatments. Interaction effect 
of soil types, temperature and water levels had a significant effect on transpiration as 
shown in Tables 4 and 5. 

Water use efficiency (WUE) was also negatively affected by increasing temperature 
and decreasing water availability in every soil types as shown in Figure 5Q, R. After the 
4th and the 8th week of treatments temperature, soil types and water levels had a 
significant effect on water use efficiency as show in Tables 4 and 5. WUE were 
increased from the 4th to the 8th week under normal water level in nutrient soil and 
normal soil at both outside and inside temperature. While under water stress level in 
sandy soil at outside and in normal soil and sandy soil at inside temperature, WUE were 
decreased because stomatal closure and increased transpiration.  
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Figure 4. Impact of water levels, temperature and soil types on stomatal conductance (K, L), 
photosynthesis (M, N) and transpiration (O, P) of Wedelia trilobata after the 4th and the 8th week 
of treatments. Different letter indicates the significant difference P < 0.05, according to Tukey 

test. 
 
 

  

Figure 5. Impact of water levels, temperature and soil types on WUE (Q, R) water potential (S, 
T) and SLA (U, V) of Wedelia trilobata after the 4th and the 8th week of treatments. Different 
letter indicates the significant difference P < 0.05, according to Tukey test. WUE: water use 

efficiency, SLA: specific leaf area  
 
 

Water status 

After 4 weeks of treatment imposition water potential (Wp) was significantly affected 
by soil types, temperature and water level as shown in Table 4. Water potential of all soil 
types under water stress level at both outside and inside temperature were decreased 
significantly as shown in Figure 5S, T. These significant results indicated that Wt was 
facing difficulty to survive under these habitat conditions. After 8 weeks of treatment 
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imposition Wp was non-significant with soil types and water levels (F2,12 = 0.05, P = 0.22, 
F1,18 = 0.03, P = 0.475), but significant effect of temperature (F1,18 = 0.519, P < 0.01) was 
observed. After the 8th week non-significant results indicated that for Wt it took the first 
four weeks to cope with habitat conditions and after the 4th week due to strong ability of 
Wt to tolerate all types environmental conditions it maintained steady growth. 

Discussion 

Effect of temperature, water stress and different soil types on physiological traits of Wt 

Physiological traits that were considered in this study have often been described 
among characteristics that may take part in invasive plants development and consequently 
improve plants growth and enhance invasiveness. In this regard higher photosynthetic rate 
and morphological traits, that were connected with plant growth development and also 
with the plant invasiveness (Quinet et al., 2015; Van Kleunen et al., 2010). Especially in 
high temperature habitats where reasonable amount of water content is needed to 
maximize photon (Čuda et al., 2014). Under these experiment results SLA, plant height, 
number of leaves per plant and number of nodes per plant increased under normal water 
at inside and outside temperature in all soil types with the increasing duration of the 
treatments as shown in Figure 2A-D. This indicated that Wt has potential to tolerate 
higher temperature under favourable environmental conditions. Therefore, in the future 
due to global warming and urbanization there is some possibility that Wt will grow faster 
in these habitats (Song et al., 2012). Similarly, PN, gs, Tr and WUE decreased with 
increasing temperature under water stress at both outside and inside temperature after 4 

and 8 weeks as shown Tables 4 and 5 in every soil type. The treatments T6, T11, and T12 
had lesser growth rate and photosynthetic traits, that indicated Wt was suffering with high 
temperature stress due to shortage of water as shown in Figures 2 and 4. Soil properties 
were also played an important role for the successful invasion under water fluctuation and 
temperature variations (Fang et al., 2016). In sandy soil Wt was suffering due to less 
water holding capacity at high temperature, similar result was observed in normal soil at 
inside temperature condition because with the passage of time plant water requirement 
was increasing (Azeem et al., 2017), but due to insufficient amount of water Wt was 
suffering. Soil moisture plays an important role in the survival of invasive plant species at 
high temperature (Song, 2017). 

Nutrient soil has better effect on plant growth at both inside and outside temperature 
along with water stress level due to its better water holding capacity. This allowed Wt to 
cope with these habitat conditions and it developed better growth. Leaf chlorophyll 
content at the beginning of the treatments were increasing in every treatment but after 
the 3rd and the 4th week of the treatments, leaf chlorophyll content at T6, T11 and T12 
were decreasing as shown in Figure 3I, J. Leaf chlorophyll content depends upon 
sunlight and also the amount of water available for photosynthesis (Song, 2017), which 
supports our results that leaf chlorophyll content was decreasing under lower 
photosynthetic rate and under lower water potential (Song et al., 2010).   

 
Invasive potential 

Phenotypic plasticity allows invasive plant species to grow and expand in low 
resources and heterogeneous habitats (Richards et al., 2006). It has been reported that 
phenotypic plasticity is the characteristic that promotes invasiveness (Gioria et al., 
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2014). In this study growth development were tested under different environmental 
factors. We observed that physiological traits such as SLA, lower gs, stable PN, Tr and 
adjustable Wp enable Wt to grow well in different environmental habitats. This could 
be the best strategy for survival under these habitat conditions (Rahlao et al., 2010). 
Moreover, Wt is known as fast spreading through nonsexual propagation (clonal 
growth). Once established in plantation Wt can also grow into a compressed 
groundcover and avert the revival of native plant species (Song et al., 2010). 
Macanawai, 2013 and Saptiningsih et al., 2019 reported that Wt can bear higher 
temperature, water stress and grow in every soil medium that was also confirmed in this 
study. According to these findings Wt is able to maintain growth development and 
reproduction within unfavourable conditions, which proposed that the strategy used by 
Wt for invasion success was very similar to the jack, trades scenario (Richards et al., 
2006). 

In this study we acknowledged physiological traits connected to temperature and 
water stress tolerance with different soil types that could indicate high phenotypic 
plasticity may confer competitive advantages of these invasive plant species. In meta-
analysis (Van Kleunen et al., 2015) it was reported that invasive plant species had 
complex values for several valuable constraints of plant physiology such as PN, WUE, 
leaf area, and SLA compared to native plant species. However, the competitive 
properties of native plant species compared with invasive plant species depend on the 
environmental resources (Gioria et al., 2014). Many researchers have described that 
invasive plant species were better contestants in water stress, with different soil textures 
and higher temperature regimes than native plant species, because they have 
expressively higher tolerance ability (Gioria et al., 2014; van Kleunen et al., 2011). In 
this regard studies comparing different plant species with the same family of Wt, could 
help us to recognize and predict future invasions. In addition, precise experiments under 
different environmental conditions i.e. temperature and water stress to examine the 
functional traits among Asteraceae family plants and comparing their physiological 
traits involved to predict the future trends of invasive species in presently invaded and 
potentially susceptible countries. Furthermore, future change in climate are possible to 
affect local, regional moisture, temperature and invasion success of Wt and may aid its 
spread effectively under future environmental conditions. 

Conclusion 

Our study confirmed that higher environmental resource accessibility (water, soil type 
and temperature) enhanced growth of Wt, furthermore under water stress and high 
temperature in normal soil and sandy soil, the growth of Wt was decreased. Wt is likely to 
become more aggressive in the future upcoming heat and water stress conditions. In a 
long-term evaluation process Wt developed an adaptive strategy to cope with high 
temperature and water stress in every soil medium. These facts are playing an important 
role in its management and control. Based on our finding we suggested that managers 
plan to target areas that have higher precipitation and ambient temperature to remove 
seedling from that places where Wt performed well. In addition, future study could be 
done by considering its native congener Wedelia chinensis along with these 
environmental factors under competition experiment. Therefore, investigating the growth 
development under competition along with these environmental factors could give us 
more understanding for the invasion success of Wt under these environmental conditions. 
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Abstract. Silicon plays an important role in reducing the damage done to plans by environmental stress. 
Arsenic is an important stress factor, and silicon can reduce arsenic-induced stress on plants. In this study, 
we examined the affection of silicon on different enzymatic, and non-enzymatic antioxidants in the roots 
and shoots of different rice that exposed to arsenic at different time periods. The rice varieties studied during 
this experiment included LE-WT, LE-OE, and LE-R. This study showed addition of silicon increased APX, 
CAT, GSH, and GST in the first and second weeks after treatment, while it also significantly decreased 
MDA, POD, and SOD in roots and shoots of three varieties of rice. Addition of arsenic increased MDA 
content the all rice, but also decreased the rest of enzymes compared to control. Treatment of seedlings 
with As + Si significantly decreased APX, CAT, GSH, GST, POD, and SOD in rice shoots and roots 
compared to control in the first and second weeks after treatment. The results indicated the effect on 
enzymes activity in rice roots and shoots, which are attributable to arsenic, and silicon levels in the culture 
medium. 
Keywords: rice (Oryza sativa L.), wild type, transgenic, silicon, arsenic (III), antioxidants 

Introduction 

Arsenic (As) is a carcinogenic metalloid (Dey et al., 2014), which accumulates in soil 
and water is a significant problem in the environment, which negatively affects human 
health. In addition, contaminated soil cause a negative result on economic growth and 
development because of its deep effects on growth of crops (Farquhar et al., 2002; Huq 
et al., 2006; Celik et al., 2008). Contamination of water by As needs specific attention 
due to high toxicity of it, even at down concentrations, due to its rapid transfer to the 
environment. High concentrations of arsenic reported in France, Bangladesh, Brazil, 
Vietnam, China, Nicaragua, United States, and many other countries (McClintock et al., 
2012), making As contamination important public health issue around the world. 
Therefore, special attention should be paid or the arsenic accumulation indirectly 
consumed crops, such as rice. Indeed, arsenic accumulates in rice, and as rice is a staple 
diet in many countries, this increases the risk of arsenic-related diseases in humans living 
in those areas (Tchounwou and Centeno, 2004; Mondal, 2008; Su et al., 2010; 
Fontcuberta et al., 2011; Awasthi et al., 2017). Moreover, extreme accumulation of As in 
soil and irrigation water negatively affects both the growth and quality of rice which 
presses the importance of this issue further. 

Silicon (Si) is a numerous metalloid in the soil, and that is useful for rice. Si absorbed 
in the form of silicic acid (H4SiO4) in high quantities via plants. Si content in rice reach 
up to 10% of its dry weight. Si fertilizers commonly used to increase rice growth and 
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production capacity. Si also makes plants resistant to biological and non-biological 
stresses (Ma et al., 2001, 2006; Feng et al., 2011; Singh et al., 2011; Guntzer et al., 2012; 
Pontigo et al., 2017). Some studies showed the application of Si can reduce the biological 
toxicity of As, as well as As accumulation decreased in rice, which grows in pots or 
hydroponics (Seyfferth and Fendorf, 2012; Tripathi et al., 2013; Fleck et al., 2013). 

A number of different methods have been used to reduce soil As contamination, but 
the application of fertilizers is one of the simplest for this purpose. Si widely uses to make 
a better soil condition for plant growth. Besides its suitability for basic manure, the high 
potential of sodium silicate to reduce As content in rice has also been reported. Effects of 
Si on As-induced oxidative stress is a way to increase As tolerance in the early stages of 
growth. In present study, we investigate effect of Si on oxidative stress behaviour on three 
different rice seedlings exposed to As. To recognize possible mechanisms responsible for 
stress responses in rice, the impact of anti-oxidative enzymes in short (one week after As 
and Si treatment) and long-term (two weeks after As and Si treatment) were analyzed. 
This experiment evaluated the time-dependent responses in rice plants after adding Si and 
As in both periods. We hypothesized that the addition of Si in the early stages of growth 
would help the rice to compensate for the toxic effects of As via anti-oxidative enzyme 
protective mechanisms. The present study particularly addresses the questions: (1) if does 
the addition of Si in the early stages of rice increases the tolerance to As toxicity, and (2) 
whether does the combination of As and Si in different rice varieties affects the amount 
of anti-oxidative enzymes. 

Material and method 

Planting conditions 

This study was done in the greenhouse of Fujin agriculture and forestry university in 
Fuzhou city of China. Rice seeds selected from two different varieties of rice, Lemont 
wild type (Le-WT), Lsi1-overexpression transgenic Lemont (LE-OE), and Lsi1-RNAi 
transgenic Lemont rice (LE-R). Before planting, the seeds sterilized by 1% H2O2 for 
15 minutes, rinsed in deionized water for 48 hours, and then kept in a Petri dish in an 
incubator for 4 days, at 28°C. After germination, suitable seedlings selected and 
transferred to the greenhouse for cultivation under hydroponic conditions. The pots 
(2.5 L) filled with a modified version of the nutrient solution described by Yoshida et al. 
(1971). The nutrient solution included: (NH4)2SO4 (48.2 mg L−1), Ca(NO3)2·4H2O 
(86.43 mg L−1), K2SO4 (14.9 mg L−1), Na2SiO4·9H2O  (200 mg L−1), KNO3 (18.5 mg L−1), 
FeSO4·7H2O (45.7 mg L−1), H3BO3 (1.43 mg L−1), EDTA (48.44 mg L−1), CuSO4·5H2O 
(0.04 mg L−1), KH2PO4 (24.8 mg L−1), MnCl2·4H2O (0.905 mg L−1), Na2MoO4·2H2O 
(0.045 mg L−1), ZnSO4·7H2O (0.11 mg L−1), and MgSO4·7H2O (135.06 mg L−1). The 
nutrient solution pH set to 5.8 by using HCl or NaOH rice seedlings planted, when they 
had three leaves, and the nutrient solution changed once a week. In each pot, we planted 
4 seedlings. The plants exposed to two levels of Si (Na2SiO4·9H2O) (0 and 0.70 mM), 
and two levels of As (III) (NaAsO2) (0 and 30 μM), thus, four different treatments formed, 
control (CK, I), 0.70 mM Si + no As (II), 30 μM As + no Si (III), 30 μM As + 0.70 mM 
Si (IV). For each treatment we had three pots. 

Random plant samples were selected one and two weeks after treatment. For both 
times of sampling, we harvested two seedlings from each pots. The roots and shoots of 
plants washed separately by distilled water, and remaining residue in the root zone 
washed by 0.5 mM CaCl2 solution for 30 minutes before being washed with distilled 
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water again. All samples were instantly transferred to a freezer at -10°C, and stored until 
the enzyme activity determined. 

The amount of sodium added to the solution compensated for adding Na2SiO4·9H2O, 
the equivalent of NaCl added to the solution. 

Superoxide dismutase (SOD) activity measurement 

SOD activity specified with some modification of the nitro blue tetrazolium method  
(NBT) (Dias et al., 2011; Esposito et al., 2015). Approximately, 0.5 g of samples 
homogenized by potassium phosphate buffer (50 mM, pH 7.8) including 1% 
polyvinylpolypyrrolidone, and centrifuged for 20 minutes, at 15000 × g speed, and 4°C. 
The supernatants used to find SOD activity (Sajedi et al., 2011). Every 3 ml of the reaction 
mixture included 0.2 ml of NBT (750 μM), 130 mM Met (0.2 ml), 2.2 ml of PBS (50 mM 
pH 7.8), 20 μM EDTA-Na2 (0.1 ml), 100 μM riboflavin (0.2 ml), and 0.1 ml of 
supernatant. The enzyme activity expressed as the amount of extract requirement to 
control the decrease of NBT by 50%. 

Catalase (CAT) activity measurement 

Azevedo et al. (2007) reported, CAT activity specified by the absorbance amount of 
240 nm because of H2O2 consumption. Reaction mixture included H2O2 (0.3 ml, 0.1 M), 
distilled water (1 ml), 50 mM PBS (1.5 ml, pH 7.8) and sample (0.2 ml). 

Ascorbate peroxidase (APX) activity measurement 

The supernatant was used to measure APX activity. It made by using 1 g sample 
homogeneous solution, 0.1 M sodium phosphate buffer (5 ml, pH 7) including 10% PVP. 
Then it centrifuged for 20 minutes at 12000 × g speed, and 4°C (Nakano and Asada, 
1981). Reaction mixture included 0.1 mM EDTA (0.3 ml), 0.1 M phosphate buffer 
(0.7 ml, pH 7), 0.5 mM ascorbic acid (0.3 ml), 0.1 mM H2O2 (0.3 ml), and the supernatant 
(0.4 ml). The reaction mixture absorbance variation determined at 290 nm after 5 minutes. 
APX activity expressed by consuming extinction coefficient 2.8 mM-1 cm-1, then showed 
decomposed ascorbic acid protein mg-1 min-1. 

Peroxidase (POD) activity measurement 

POD activity characterized by some changes according to Bai et al. (2006) method. 
Almost 0.5 g of samples of the stored shoots and roots homogenized. We used potassium 
phosphate buffer (50 mM, pH 7.8) for homogenized. That included 1% 
polyvinylpolypyrrolidone, and centrifuged for 20 minutes, at 15000 × g speed, and 4°C. 
The supernatants used to find POD activity. Reaction mixture included 0.3% H2O2 
(1.0 ml), 0.9 ml Guaiaco l0.2%, 0.05 M PBS (1 ml, pH 7.8), and supernatants (0.1 ml), 
and absorbance determined at 470 nm in a minute period. 

Malondialdehyde (MDA) content measurement 

The MDA content estimated from a reaction with Thiobarbituric Acid (Heath and 
Packer, 1968). We subjected sample (0.5 g) with potassium phosphate buffer (1.5 mM, 
PBS, pH 7.8) contains 1% polyvinylpolypyrrolidone. We centrifuged it for 20 minutes, 
at 15,000 × g speed, and 4°C (Sajedi et al., 2011). The supernatant (2 ml) mixed by 0.5% 
TBA (2 ml), and 20% TCA (2 ml). The mixture made hot with a temperature around 95°C 
for about 30 minutes, after that rapidly made it cold. Non-specific adsorption measured 
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at 600 nm, and reaction mixture minus absorbance from sample solution at 532 nm. To 
find MDA content, contraction coefficient (155 mM-1 cm-1) used. 

Glutathione reduced (GSH) content measurement 

GSH content measured by Sedlak and Lindsay (1968) method. The plant sample (1 g) 
was prepared in a homogeneous solution; 5% (w / v) SSA (5 ml) including EDTA 
(10 mM), then it centrifuged for 20 minutes, at 10,000 × g speed, and 4°C. The 
supernatant (10 μl) added to reaction mixture (140 μl). The reaction mixture included 
potassium phosphate buffer (100 mM, pH 7.5), 6 ml-1 GR, EDTA (1 mM), 5% SSA 
(10 μl), and 10 mM DTNB, and then put in Incubator for 3 hours at a dark room. The 
reaction started via increasing 2 mM NADPH (50 μl). Absorbance occurred at 412 nm 
with a spacing of 1 minute and 5 minutes. We found GSH content by a standard curve, 
then demonstrated as nmol.g-1 (FW). 

Glutathione-S-transferase (GST) activity measurement 

The roots and shoots (1 g) homogenized by 100 mM Tris-HCl (5 ml, pH 7.5) including 
14 mM β-mercaptoethanol, 7.5% PVP (w/v), and EDTA (2 mM) (Ando et al., 1988). The 
collected supernatants centrifuged for 15 minutes, and 15,000 × g speed, and 4°C. 
Measurement did in 100 mM potassium phosphate buffer (2 ml, pH 6.5), which included 
1 mM CDNB (250 ml), 5 mM GSH, and extracted enzyme (0.5 ml). The absorbance 
changes determined at 340 nm with a spacing of 1 minute and 5 minutes. The GST activity 
computed by consuming an extinction coefficient (9.6 mM-1 cm-1), then showed as 
U.min-1.mg-1 protein. 

Statistical analyses 

This experiment arranged in the completely randomized factorial design, and three 
replications. All the findings analyzed by one-way ANOVAs pursued by LSD test 
(p  0.05), and SPSS software (19.0). 

Results and Discussion 

Effects of Si and As on SOD activity of rice roots and shoots 

In our study, we tried to understand the result of Si in reducing As stress by measuring 
physiological responses of rice to different treatments, at different periods. Our results 
show that SOD activity in roots and shoots of different rice decreased As exposure 
compared to CK (p  0.05). The highest reduction observed in LE-R line root in the first 
week, but the highest decrease observed in the roots of LE-WT after two weeks (Fig. 1). 
In addition, Si treatment showed a significant difference in SOD activity of rice roots and 
shoots compared to CK (p  0.05). The greatest decrease in the first and second weeks 
after exposure to Si treatment observed in the roots of LE-R. In the present study, 
reduction in SOD activity observed in the seedlings, which treated by As + Si in shoots 
and roots in both exposure periods. The highest decrease was in the roots of LE-R in the 
first and second weeks. 

Abiotic stress same as metalloids and heavy metals increases the amount of reactive 
oxygen species (ROS) in plants, and stimulates oxidative stress. ROS, by containing O2−, 
OH and H2O2 attack important metabolic functions via destroying vital biomolecules 
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same as proteins, lipids, and nucleic acids. Plants have several defense mechanisms 
against ROS. One of those defense pathways in plants is through different enzymes same 
as SOD, POD, and CAT. These enzymes detoxify ROS, and destroy free radicals, that 
are responsible for cellular signaling. The effects of SOD, POD, and CAT highly majored 
to produce one of them usually turns into another enzyme-substrate, resulting in the 
production of non-toxic substances. First defensive line of organisms versus the toxicity  
of ROS is SOD, and it catalyzes the disproportionate reaction of O2ˉ to hydrogen 
peroxide, oxygen, and works as a significant defense mechanism versus ROS. Thus, SOD 
considered a suitable index for assessing toxicity in nature. 
 

Figure 1. SOD activity in shoots and roots of LE-WT, LE-OE line and LE-R first and second 
weeks after adding different treatments 

 
 

In theory, as ROS increases, plants increase SOD activities to remove ROS. In this 
study, SOD activity was significantly reduced with increasing ROS, which indicates rice 
seedlings tolerated oxidative stress caused by As toxicity. Including giving less area for 
As accumulation in rice, or oxidative stress that damages SOD, thereby diminishing SOD 
activity, or stresses that cause intense loss to rice cells, leading to restraint of more SOD 
amount (Shen et al., 2010; Farooq et al., 2013; Wu et al., 2017). In our study, As + Si  
treatment significantly grew SOD activity compared to the single As treatment, which 
indicates Si can activate SOD to eliminate additional free radicals, and can effectively 
increase defense capacity versus oxidative stress caused via As toxicity in rice. Some 
studies showed SOD activities will also increase under other stress in rice (Song et al., 
2009; Tripathi et al., 2013; Ju et al., 2017). Moreover, we also observed the reduction in 
SOD activity in roots under As stress was greater than in the shoots, indicating that the 
reduction in SOD activity related to rice tissue characteristics, too (Zeng et al., 2011). 

Effects of Si and As on CAT activity of rice roots and shoots 

Treatment containing As decreased CAT activity compared to CK (p  0.05). The 
highest reduction observed both in the first week and second weeks in the roots of LE-WT 
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(63.98% and 44.79% decrease compared to CK, respectively) (Fig. 2). The present study 
showed Si treatment in different rice in the first week and second weeks increased CAT 
activity. The highest increase in CAT activity observed in LE-R shoots compared to CK 
(p  0.05). The increase in CAT activity in the first week and second weeks was 
respectively 13.84% and 12.3% compared to CK. By adding As + Si treatment, CAT 
activity significantly reduced in roots and shoots of different rice compared to CK 
(p  0.05). The highest reduction saw in LE-WT roots, which was 54.62% lower in the 
first week than in the control, and in the second week decreased by 38.62% compared to 
control. 
 

Figure 2. CAT activity in shoots and roots of LE-WT, LE-OE line and LE-R first and second 
weeks after adding different treatments 

 
 

There are some non-enzymatic and enzymatic ROS elimination systems in plants. 
These systems act as a vital role in the membrane defense systems structure and function, 
and in maintaining the redox state of cells (Chen et al., 2018). SOD naturally converts 
O2− to harmful H2O2 and O2, and although H2O2 is still harmful, CAT can instantly 
transform that to water (Liu et al., 2015). CAT is likely to be an important enzyme in 
facilitating ROS modification in rice, making that essential section of ROS detoxification 
system, and a key in defense mechanism versus ROS. Thus, CAT activity is ever subject 
to increased oxidative stress (Wang et al., 2015). As treatments significantly decreased 
CAT activity, which can be because of 1) ROS levels are higher than those CAT is able 
to control 2) CAT may have a less role in detoxifying As in rice. In the latter case this 
maybe because As inhibits rice growth, or stronger oxidative stress damages CAT. 
Similar results related in rice and other plants (Shi et al., 2005; Song et al., 2009; Zeng et 
al., 2011; Farooq et al., 2013; Tripathi et al., 2015; Rahman et al., 2017). Treatments with 
both As and Si increased CAT activity compared to As alone treatment, probably due to 
the CAT synthesis increasing effect of Si. Higher CAT activities increased via Si addition 
may further eliminate ROS as well as H2O2, and defense rice organs against As membrane 
oxidative damage. Other studies have shown similar results in different plants under 
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different stress, and this indicates different effects on different varieties, plant growth 
stages, and even plant tissue types (Shi et al., 2005, 2010, 2014; Song et al., 2009, 2011; 
Zeng et al., 2011; Farooq et al., 2013; Habibi and Hajiboland, 2013; Zhang et al., 2013; 
Vaculíková et al., 2014; Tripathi et al., 2015; Kang et al., 2016; Ju et al., 2017; Rahman 
et al., 2017; Wu et al., 2017; Shekari et al., 2017). 

Effects of Si and As on APX activity of rice roots and shoots 

Compared to CK, APX activity significantly (p  0.05) decreased in both roots and 
shoots of all three rice verities, when they were exposed to As, with the highest decrease 
observed for both the first and second weeks in the roots of LE-WT (Fig. 3). In addition, 
Si treatment showed a significant (p  0.05) grow in APX activity both in the shoots and 
roots of rice plants compared to control. The highest increase was observed in the LE-OE 
line shoots in the first week and second weeks after treatment with Si, which respectively 
represents 8.85% and 14.40% growth compared to CK. APX activity was decreased in 
plants treated with As + Si compared to CK (p  0.05), and the largest reduction saw in 
the roots of LE-WT. One week after treatment this decrease was 28.02%, and was 22.80% 
two weeks after treatment. When we compared APX activity in shoots, the highest 
reduction in APX activity observed in LE-WT shoots. APX activity decreased 2.94%, 
one week after treatment, and 5.57%, two weeks after treatment, indicating different 
effects of the same treatment on different tissues. APX is important in the ascorbate-
glutathione cycle, and can break down H2O2 (Mittler et al., 2004; Liang et al., 2005; 
Mhamdi et al., 2010; Zeng et al., 2011; Foyer and Noctor, 2011). Since Si has a positive 
effect on APX activity in rice, which are under stress, treating plants with Si, can 
effectively increase the defense capacity versus oxidative stress, either caused by arsenic 
or other stressors. The function of APX to eliminate H2O2 partially overlaps with that of 
CAT in non-photosynthetic tissues, and research has shown, that APX’s role in 
eliminating H2O2 in rice can be replaced or offset by CAT (Zhao et al., 2018). 
 

Figure 3. APX activity in shoots and roots of LE-WT, LE-OE line and LE-R first and second 
weeks after adding different treatments 
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Effects of Si and As on POD activity of rice roots and shoots 

Treatment of seedlings by Si significantly (p  0.05) decreased POD activity in both 
the first and second weeks after treatment with the lowest POD activity being observed 
in LE-WT shoots (Fig. 4). POD activity decreased by 9.99% in the first week after 
treatment but only reduced 5.95% in the second week. One and two weeks after As 
treatment, POD activity was significantly different in the roots and shoots of rice, when 
it was compared to CK (p  0.05). The lowest POD activity observed in the shoots of 
LE-WT in the first week (47.51% decreased compared to control), and in the roots of 
LE-WT in the second week (39.16% reduceed compared to control). However, POD 
activity in rice treated with As + Si was higher than in rice treated only with As. This 
indicates that the addition of Si positively affects POD activities and effectively enhances 
the defense capacity versus oxidative stress-induced via As exposure in rice. Same results 
found in rice treated by heavy metals, acidic rain, and other stresses, and also was seen in 
different plants like barley ، Brassica Chinensis L  ،. cotton, xerophyte Zygophyllum 
xanthoxylum  ،peas  ،peanut,  pakchoi  ،banana, dill  ،pistachio (Song et al., 2009; Shi et al., 
2010; Zeng et al., 2011; Li et al., 2012; Zhang et al., 2013; Bharwana et al., 2013; Farooq 
et al., 2013; Habibi and Hajiboland, 2013; Kang et al., 2016; Rahman et al., 2017; Shekari 
et al., 2017; Ju et al., 2017). Furthermore, the efficacy of Si addition can depends on plant 
varieties and tissues (Song et al., 2009; Shi et al., 2010; Zeng et al., 2011; Zhang et al., 
2013; Kang et al., 2016). At extreme As doses CAT activity may not be sufficient in 
protecting the plants against the large amounts of released H2O2 and, the POD enzyme 
can be involved in the detoxification process. POD can take part in lignin biosynthesis to 
create physiological obstacles versus heavy metal stress, and it also can detoxify H2O2 
using different substrates (same as phenols) as an electron donor. Thus, POD activity 
changes considered as the most trustworthy oxidative stress indicators, the decrease in 
POD may be because of severe oxidative stress damage (Farooq et al., 2013). 
 

Figure 4. POD activity in shoots and roots of LE-WT, LE-OE line and LE-R first and second 
weeks after adding different treatments 
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Effects of Si and As on MDA content of rice roots and shoots 

MDA levels increased after adding As to the culture solution compared to CK 
(p  0.05); the highest MDA content in the first week was observed in shoots of LE-R 
line (Fig. 5). However, the highest MDA content in the second week was observed in the 
LE-WT shoots. This increase in MDA content compared to CK respectively was 186% 
and 98%. In most of the plants, free radicals inevitably made in non-infected plants and 
plants, which evolved elimination systems (non-enzymatic antioxidants, and antioxidant 
enzymes) to control ROS levels and prevent excessive accumulation of ROS. This 
balance can be broken by environmental stresses. The excessive presence of heavy metals 
in plants causes accumulation of free radicals. Accumulation of As stimulates the increase 
of ROS, the effect on the activity of chlorophyll synthesis and biomass, membrane 
permeability, enzymes, and photosynthetic reactions. ROS dou to As directly attack to 
the hydrogen atom on the methylene group alongside an unsaturated carbon atom, thus, 
peroxidation, as the chain of degenerate fatty acids, polyunsaturated fatty acids, induce 
membranes, and eventually produce lipid peroxides. MDA is an important product of the 
degradation of unsaturated fatty acids by hydroperoxides, is generally regarded as an 
indirect index of oxidative stress. in present experiment, MDA content grew in whole rice 
treated with As compared to CK, and it shows As can cause superoxide radicals. 
Increasing the MDA content proves that rice was under oxidative stress conditions. In 
addition, the increase in MDA in a rice cultivar indicates that the cultivar is weak against 
As stress. This can be related to rice tissue, rice genotype, stages and conditions of plant 
growth, and the concentration and duration of As exposure. Studies showed similar results 
for MDA content in different plants under different stresses (Liu et al., 2009; Song et al., 
2011; Vaculíková et al., 2014; Tripathi et al., 2015; Begum et al., 2016; Wu et al., 2017). 
 

Figure 5. MDA content in shoots and roots of LE-WT, LE-OE line and LE-R first and second 
weeks after adding different treatments 

 
 

Treated with Si rice seedlings significantly reduced MDA content, with the lowest 
MDA content, observed in the first and second weeks being in roots of Lsi1-OE line 
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(37.61% and 30.11% decrease, compared to CK (p  0.05), respectively). MDA content 
in rice treated with As + Si grew compared to CK (p  0.05), and the highest MDA 
content, both in the first and second weeks, was observed in LE-WT shoots (52.11% and 
43.39% increase, respectively). In the present study, MDA contents in roots and shoots 
of different rice varieties treated by As + Si decreased compared to As exposure, 
indicating Si, indeed, is important in ROS metabolism of rice subjected to stress, and 
mitigates effect of As toxicity. The reason maybe that 1) Si reduces superoxide 
accumulation, and H2O2 radicals, as a result reducing LPO in As-stressed rice, and 
improving the antioxidant defense system, or 2) Si minimizes the penetrate plasma cell 
membranes by increasing the lipid strength and preventing harm to the structures and 
function of rice cell membranes during stress (Shi et al., 2005, 2014; Liu et al., 2009; 
Song et al., 2009, 2011; Li et al., 2012; Bharwana et al., 2013; Farooq et al., 2013; Tripathi 
et al., 2013, 2015; Cao et al., 2015; Vaculíková et al., 2014; Wu et al., 2017). 

Effects of Si and As on GSH content of rice roots and shoots 

Si treatment significantly (p  0.05) increased GSH content in roots and shoots of 
different rice compared to control (Fig. 6). The highest GSH content observed in the 
LE-WT shoots both in the first and second weeks (12.81% and 8.68% increase compared 
to CK, respectively). GSH content significantly decreased in all rice cultivars, which 
treated with As. When compared to CK, the highest decrease of GSH content was in 
LE-WT roots, both in the first and second weeks (80.78% and 66.16% decrease, 
respectively). At the time of application of As + Si treatment, GSH content increased 
compared to the application of As alone, but it decreased in all rice cultivars in both the 
first and second weeks. The highest decrease observed in the roots of LE-WT in both first 
and second weeks, with respectively, 68.67% and 52.84% decreases compared to CK 
(p  0.05). 
 

Figure 6. GSH content in shoots and roots of LE-WT, LE-OE line and LE-R first and second 
weeks after adding different treatments 
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GSH is an important non-protein triols sources in plant cells. High levels of GSH effect 
on reducing the toxicity of heavy metals via direct cleaning of ROS or making a complex 
with the toxic metals by GST activity. Meanwhile, GSH is involved in the biological 
transmission of As. GSH is used as an enzymatic or non-enzymatic depressant to decrease 
As (V) to As (III), therefore, GSH is a good indicator for assessing the toxicity of As in 
the environment. Binding of inorganic GSH to As is a good mechanism by which may 
control the toxicity of As. GSH uses GST to synthesize toxic molecules. GST is a present 
enzyme, which stimulates with toxic metals, in detoxification by combining GSH to toxic 
molecules. GSH nucleophilic attack on the electrophilic center of toxic compounds, and 
targets them for ATP-dependent transport into the vacuole, and it protects plant cells 
against their detrimental effects. In this experiment, the presence of As clearly decreased 
GSH content in three rice. This decrease in GSH levels may be due to 1) shortening of 
NAD(P)H as a substrate in possible reaction, through the reduction of GSSG to GSH by 
GR; 2) its reduction phytoclutins via acute or chronic exposure to stress; 3) Interference 
with the reproduction of AsA from its oxidized form in AsA-GSH cycle (Shi et al., 2005; 
Ellis et al., 2006; Hasanuzzaman et al., 2017). In our study adding Si increased GSH 
content in different rice roots and shoots, indicating an increase in GSH activity by Si 
application. According to reports, Si is important in the activity enzymes of ROS 
inhibitors in chloroplasts, in ASA-GSH pathway. When rice is in a stressful environment, 
Si will be involved in ROS metabolism. Similar results observed in rice under heavy 
metals stress, and other stress. According to similar studies, Si has a different effect on 
GSH content in different plant tissues as well as different rice (Shi et al., 2005; Song et 
al., 2009; Liu et al., 2009; Li et al., 2012; Wang et al., 2015; Cao et al., 2015; Rahman et 
al., 2017). 

Effects of Si and As on GST activity of rice roots and shoots 

In our study, GST activity levels significantly decreased by As treatments compared 
to CK (p  0.05). The highest reduction in GST activity compared to control observed in 
LE-WT shoots in both first and second weeks (32.26% and 31.07% decline, compared to 
CK, respectively) (Fig. 7). When As + Si treatment added, GST activity increased 
compared to the As application alone. However, the GST activity under As + Si treatment 
showed a significant reduction compared to CK (p  0.05). The highest reduction 
observed in LE-WT shoots, with 6.39% and 4.20%, respectively decreased compared to 
CK, in the first and second weeks. Treating rice seedlings with Si (p  0.05) significantly 
increased GST activity compared to control in both the first and second weeks after 
treatment. The highest GST activity observed in LE-OE line roots in the first week, and 
the highest GST activity in the second weeks observed in LE-OE line shoots, showing a 
23.22% and 20.31% increase compared to control, respectively. 

GSTs are concentrated in apoplast, cytosol, chloroplast, mitochondria, and nucleus 
(Gechev et al., 2006). GST activity has important function in the ascorbate-glutathione 
cycle relate to ascorbate, and its regulatory enzymes. GSTs do detoxification in plants via 
combining toxic molecules with GSH (Ellis et al., 2006). Increased GST activity in rice 
seedlings treated by As + Si compared to treated with As alone indicates Si prevents 
oxidative damage induced by As, probably by reducing GSSG to GSH (Tripathi et al., 
2013). Same results reported for the effects of GST activity against various stresses on 
the tissues of rice, pea, maize, wheat and Phragmites (Mauch and Dudler, 1993; Marrs 
and Walbot, 1997; Dixit et al., 2001; Iannelli et al., 2002; Adamis et al., 2004; Zhang et 
al., 2013). 
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Figure 7. GST content in shoots and roots of LE-WT, LE-OE line and LE-R first and second 
weeks after adding different treatments 

 
 
Conclusions 

By decreasing the antioxidant capacity, exposure to As in rice plants can be harmful 
to the plant. The use of Si with As-toxicated plants partially reduces the harmful effects 
of As alone by modulating the antioxidant activities. Si application can also reduce stress 
induced by As by reducing MDA content in rice seedlings. Findings of the present 
experiment partly indicate Si is capable to enhance significantly the antioxidant defense 
capacity in rice seedlings, thus, it increases the resistance of different plant organs to As 
stress over time. 

We also found that different varieties of rice have different resistance to As stress, and 
the addition of Si in different varieties has a different effect on the plant's resistance to As 
stress. Therefore, choosing As tolerant varieties, along with the use of Si in fertilizers can 
substantially reduce the damage caused in rice, and compensate for the economic loss. 
Also, suggest doing RNA-seq and Transgenic experiments, to know more details about 
the mechanisms and the genes relate to As and Si in these three rice varieties. 
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Abstract. Recent studies indicated that overexpression of dxs and idi genes in bacteria transformed with 
crtEBI genes dramatically improved the production of lycopene. The aim of the present study was the 
assessment of crtEBI-transformed S. cerevisiae overexpressing the bacterial synthetic dxs and yeast idi 
genes for lycopene production. The two genes were driven by galactose-induced promoters namely GAL1 
and GAL10, respectively, of the pESC-LEU yeast vector of which gene cassettes were inserted in 
pTEF1/Zeo vector. The synthetic dxs gene was constructed in accordance with the preferred codon usage 
in S. cerevisiae with no change in the resulting amino acid sequences. The RT-PCR analysis indicated 
that the two genes were efficiently transcribed in crtEBI-transformed S. cerevisiae cells. The highest 
production of lycopene (6755 μg lycopene/g dry cell weight) was reached for yeast cells transformed with 
the two genes, which is higher than the previously reported lycopene levels in yeast. The level of Acetyl-
Coenzyme A (Acetyl-CoA) was negatively related to that of lycopene in transformed S. cerevisiae cells, 
suggesting that lycopene and Acetyl-CoA biosyntheses compete for the use of pyruvate. 
Keywords: GAL1 promoter, GAL10 promoter, RT-PCR, zeocin resistance, Acetyl-CoA, pESC-LEU yeast 
vector, pTEF1/Zeo vector 

Abbreviations: IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl diphosphate; DXP, 1-deoxy-D-
xylulose 5-phosphate; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; GAP, glyceraldehyde-3-
phosphate; IPDP, isopentenyl diphosphate; FPP, farnesyl diphosphate; DCW, dry cell weight; TCA, 
tricarboxylic acid; MDH, malate dehydrogenase; ANOVA, analysis of variance; LSD, least significant 
differences 
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Introduction 

Lycopene is an important naturally occurring intermediate metabolite directly 
converted into β-carotene. Lycopene received major interest among carotenoids as it 
may be beneficial in diseases such as cancer, coronary heart disease and many other 
chronic conditions including osteoporosis. It is also used as an antioxidant to reduce 
cellular or tissue damage (Sevgili and Erkman, 2019). Metabolic engineering was 
successfully employed in improving industrial strains (Lee et al., 2005; Price et al., 
2004) through the overproduction of a desired product via expression/overexpression of 
certain metabolic genes (Herrgård et al., 2006; Kirschner, 2005). Isoprenoids, basically 
formed from two precursors, isopentenyl pyrophosphate (IPP) and its isomer 
dimethylallyl diphosphate (DMAPP), have many applications in biotechnology and 
industry (Lange and Croteau, 1999; Römer et al., 2000). Biosynthesis of these two 
precursors utilizes the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway in 
eukaryotes and eubacteria (Eisenreich et al., 2004). This pathway supports the synthesis 
of the major pigments, including lycopene, hormones and mono- and di-terpenes 
(Eisenreich et al., 2004) by initiation of a reaction catalyzed by the enzyme 1-deoxy-D-
xylulose 5-phosphate (DXP) synthase (DXS) using pyruvate and glyceraldehyde-3-
phosphate (GAP) as substrates (Fig. 1a) to yield DXP (Lange et al., 1998; Lois et al., 
1998). The latter is converted into a mixture of IPP and DMAPP compounds through 
six consecutive enzymatic reactions (Lange et al., 2000; Rodrıguez-Concepción and 
Boronat, 2002). The fluctuation in ratio of these two compounds is based on the 
expression of a gene encoding isopentenyl diphosphate (IPDP) isomerase (the idi gene), 
a key enzyme that has been shown to exert a positive effect on lycopene production 
(Lee and Schmidt-Dannert, 2002). Recent studies indicated that overexpression of dxs 
and idi genes in E. coli transformed with crtEBI genes resulted in the production of 
lycopene at 8.57 mg/g dry cell weight (DCW), which is ~ 6-fold higher than the control 
crtEBI-E. coli strain (1.48 mg/g DCW) (Choi et al., 2010). On the other hand, the 
overexpression of the mdh gene, which encodes malate dehydrogenase (MDH) of the 
tricarboxylic acid (TCA) cycle, in conjunction with idi and dxs genes, resulted in a 
slightly higher level of lycopene (9.98 mg/g DCW) (Choi et al., 2010). TCA cycle has 
no direct connection with MEP pathway for lycopene production, except that NADH 
generated by MDH action is required for the synthesis of isopentenyl diphosphate (IPP) 
or dimethylallyl diphosphate (DMAPP) via the MEP pathway. In cilico analysis for 
improving lycopene production in E. coli (Choi et al., 2010) indicated that the flux from 
pyruvate to Acetyl-CoA (Fig. 1b) is decreased and flux from pyruvate to DXP is 
increased due to overexpression of dxs and idi genes. This indicates that the MEP 
pathway (for lycopene biosynthesis) and Acetyl-CoA biosynthesis (precursor for the 
TCA cycle, glyoxylate cycle and histone acetylation) might compete for the use of 
pyruvate in E. coli (Fig. 1). 

More recently, Sun et al. (2014) has utilized a completely different approach to 
accumulate higher levels of lycopene (6.5 mg/g DCW) in engineered E. coli. This 
approach relies on the deletion of genes (e.g., crtY and crtX) functioning downstream 
the final step of lycopene biosynthesis. The authors also used ribosome binding site 
libraries to modulate expression of dxs, idi and the crt genes and optimal strain 
produced as high as 50.6 mg/g DCW. More recently, the overexpression of OLE1 gene, 
encoding stearoyl-CoA 9-desaturase, in combination with the STB5 gene, encoding a 
transcription factor involved in NADPH production, in the yeast with increasing 
membrane flexibility and NAPDH production resulted in the production of up to 
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41.8 mg/g DCW of lycopene (Hong et al., 2019). These two genes can be further used 
in addition to the genes under study in order to maximize the production of lycopene in 
yeast (S. cerevisiae). 
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Figure 1. Engineered MEP pathway (in blue) for lycopene biosynthesis (a) by inducing the 
conversion of pyruvate to DXP due to the action of the bacterial dxs and overexpressing the 
yeast idi gene in crtEBI-transformed S. cerevisiae cells. Acetyl-CoA biosynthesis (b) and 
downstream metabolic processes (in red) in the nucleus (histone acetylation), mitochondrion 
(TCA cycle) and peroxisome (glyoxylate cycle) are favored in nature due to the conversion of 
pyruvate to Acetyl-CoA. Abbreviations: DXP, 1-deoxy-D-xylulose-5-phosphate; IPP, 
isopentenyl pyrophosphate; DMAPP, dimethylallyl diphosphate; FPP, farnesyl diphosphate 

 
 
The aim of the present study was the assessment of crtEBI-transformed S. cerevisiae 

line overexpressing the bacterial dxs and the yeast idi genes for lycopene production. 
The sequence of the bacterial dxs gene was optimized according to the preferred codon 
usage of S. cerevisiae. The two genes were efficiently expressed under the control of 
GAL1 and GAL10 promoters, respectively, contained within the pESC-LEU vector (cat. 
no. 217452, Agilent Technologies, Santa Clara, CA 95051, USA). 

Materials and methods 

Strain and its growth conditions 

Master plates and cell cultures of Saccharomyces cerevisiae DSY-5 strain 
(Dualsystems Biotech AG, Schlieren, Switzerland) were prepared as indicated earlier 
(Bahieldin et al., 2014). 

 
Construction of yeast expression vector with the synthetic bacterial dxs and the native 

yeast idi genes 

The synthetic dxs gene (1863 bp) was constructed by Bioneer corporation (Daejeon, 
Republic of Korea; NCBI submission ID no. 1719788) and inserted in the pKS1 
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(6.65 bp) shuttle vector (cat. no. P03305, KickStart™ Dualsystems Biotech AG, 
Schlieren, Switzerland). The gene was synthesized in reference to the corresponding 
native gene from E. coli, strain K-12 (acc. no. HG738867, region: 340298-342160 bp) 
and the codon preference of S. cerevisiae. The replacement of nucleotides between the 
native and synthetic gene resulted in the reduction of GC contents from ~56% to ~46%. 
Added-on restriction sites of BamHI and KpnI were inserted at the 5` and 3` ends of the 
synthesized gene, respectively, to facilitate further ligation of the gene to the 
BamHI/KpnI-digested pESC-LEU vector (7.8 kb) downstream of the GAL1 promoter 
(Fig. 2). The yeast idi full-length open reading frame (acc. no. NM_001183931, 867 bp) 
was amplified from S. cerevisiae DSY-5 strain by PCR using primers (idi_F: 5` 
attagaattc-ATGACTGCCGACAACAATAGTA 3` and idi_R: 5` 
attagagctcTTATAGCATTCTATGAATTTGCCTGTC 3`) with EcoRI and SacI 
restriction sites added-on at the 5` and 3` ends, respectively. Primers were designed 
using the Universal ProbeLibrary Assay Design Center (Roche, www.roche-applied-
science.com, 2012). PCR was performed in a 20-μl reaction mixture and conditions 
consisted of denaturation at 94 °C for 4 min (first cycle), then denaturation for 15 s, 
annealing at 48 °C for 30 s, and extension at 72 °C for 1 min (40 cycles). Amplicons 
were run on a 1.2% agarose gel stained with ethidium bromide and visualized using the 
Gel Doc XR (Bio-Rad Laboratories; Hercules, CA, USA). EcoRI/SacI-digested PCR 
products were ligated to EcoRI/SacI-digested pESC-LEU vector downstream of the 
GAL10 promoter (Fig. 2). Generated P-GAL1/dxs/T-CYC and P-GAL1/dxs/T-CYC::P-
GAL10/idi/T-ADH1 cassettes were digested with ApaI/NotI and ligated to ApaI/NotI-
digested pTEF1/Zeo vector (3.56 kb, cat. no. V503-20, Life Technologies Inc., Grand 
Island, NY, USA) to generate pTEF1/Zeo/dxs and pTEF1/Zeo/dxs/idi yeast expression 
vectors. 
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Figure 2. Schematic representation of P-GAL1/dxs/T-CYC::P-GAL10/idi/T-ADH1 gene 
cassette (~ 4.23 kb) of yeast expression pESC-LEU vector construct after genes were inserted 
between R/S and B/K sites of MCS1 and MCS2 (red), respectively. Gene cassette was inserted 
between N/A sites of MCS1 (black) of yeast expression pTEF1/Zeo (~ 3.56 kb) vector construct. 
Abbreviations: T-CYC1 and T-ADH1: yeast CYC1 and ADH1 terminators, P-GAL1 and P-
GAL10: yeast GAL1 and GAL10 divergent promoters, MCS1 and MCS2: multiple cloning sites 
1 and 2, AmpR: ampicillin prokaryotic resistance gene, pUC ori: origin of replication, P-TEF1 
and P-EM7: TEF and EM7 eukaryotic and prokaryotic promoters, respectively, BleoR: Zeocin 
prokaryotic and eukaryotic resistance gene. Abbreviations of restriction enzymes: A: ApaI, K: 
KpnI, B: BamHI, R: EcoRI, S: SacI, N: NotI 

 
 

Transformation of S. cerevisiae with a vector harboring the idi/dxs genes 

The S. cerevisiae cell Line 2 with pKS1 harboring synthetic crtEBI genes (Bahieldin 
et al., 2014) was transformed with pTEF1/Zeo, pTEF1/Zeo/dxs or pTEF1/Zeo/dxs/idi 
yeast expression vector following protocol in the manufacturer’s manual (KickStart™ 
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Dualsystem protein expression kit protocol, Schlieren, Switzerland). The S. cerevisiae 
cell Line 2 as well as those harboring the pTEF1/Zeo derivatives were grown under 
optimized growth conditions (35 °C with YPD medium adjusted at pH 6.0 and 
supplemented with 0.5% glucose and 80 μg/ml G418) as described earlier (Bahieldin et 
al., 2014). Yeast cell Line 2 harboring pTEF1/Zeo derivatives were originally selected 
on 100 g/ml zeocin (cat. no. R250-01, Life Technologies Inc., Grand Island, NY, 
USA) with no galactose added to the medium. Transformed cells with robust growth on 
YPD plates were recovered and stored as glycerol stocks at -80 °C. Then, the growth 
behavior in terms of biomass production of the original S. cerevisiae DSY-5 
transformed cell Line 2 was tested in the presence of zeocin (0, 50, 100 and 200 μg/ml) 
in the medium to detect the concentration completely inhibiting cell growth. This 
concentration of zeocin was used in evaluating yeast cells transformed with different 
pTEF1/Zeo derivatives. Biomass was determined under optimized conditions (cells 
were grown in YPD medium with 0.5% glucose at pH 6.0/35 °C, see Bahieldin et al., 
2014), in the presence of 200 μg/ml zeocin) in five randomly selected S. cerevisiae Line 
2 transformed with pTEF1/Zeo, pTEF1/Zeo/dxs or pTEF1/Zeo/dxs/idi expression 
vector. Turbidity was monitored by spectrophotometer at 546 nm across growth time (0, 
5, 25, 45 and 65 h), in three replicates. The best performing S. cerevisiae Line 2 
transformed with pTEF1/Zeo, pTEF1/Zeo/dxs and pTEF1/Zeo/dxs/idi expression 
vectors were used in further experiments. 

 
RT-PCR analysis 

Transcript levels of the dxs and/or dxs/idi genes in selected single events (based on 
biomass production) of S. cerevisiae cell Line 2 with pTEF1/Zeo/dxs or 
pTEF1/Zeo/dxs/idi yeast expression vector, grown at optimized conditions in the 
presence of galactose (2%) for 65 h, were analyzed by RT-PCR. Transformed yeast 
cells with pTEF1/Zeo vector only were used as a control. RNAs were extracted with 
QIAzol (Qiagen, Düsseldorf, Germany) from different transformed derivatives of the 
S. cerevisiae cell Line 2. Then, RNAs were treated with RNase-free DNase (Promega, 
Madison, WI, USA). First-strand cDNA was synthesized using 1 μg of total RNA, 
0.5 μg oligo reverse primers of each gene (Table 1) and Superscript II reverse 
transcriptase (Invitrogen, Carlsbad, CA, USA) to a final volume of 20 μl. PCR with 
forward and reverse primers (Table 1) for amplifying either gene consisted of 
denaturation at 94 °C for 4 min (first cycle), then denaturation for 15 s, annealing at 
48 °C for 30 s, and extension at 72 °C for 45 s (40 cycles) to amplify 294 bp for dxs 
gene and 288 bp for idi gene. Amplicons were run on a 1.2% agarose gel stained with 
ethidium bromide and visualized using the Gel Doc XR (Bio-Rad Laboratories; 
Hercules, CA, USA). To ensure the absence of DNA contamination, PCR for the 
original RNA samples was run and results were negative (data not shown). Yeast actin 
gene (acc. no. L00026.1) was used as a reference to amplify 337 bp (Table 1). 

 
Quantification of lycopene and acetyl-coenzyme A in S. cerevisiae dxs- and dxs/idi-

transformed cells 

Quantification of lycopene in S. cerevisiae cell Line 2 as well as in single selected 
transformed yeast cell with pTEF1/Zeo, pTEF1/Zeo/dxs or pTEF1/Zeo/dxs/idi 
expression vector was performed as described (Bahieldin et al., 2014). First, cells were 
harvested by centrifugation and lyophilized. The extracted lycopene was subjected to 
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high-performance liquid chromatography (HPLC) as described (Miura et al., 1998a). 
The S. cerevisiae cell Line 2 was used as a control. Galactose was added to the 
optimized medium at different concentrations (0, 1, 2, 3 and 4%) and measurements 
were made after 65 h growth. Concurrently, Acetyl-Coenzyme A Assay kit (cat. no. 
MAK039, Sigma-Aldrich, St. Louis, MO, USA) was used to detect concentration of 
Acetyl-CoA in nmole/l after 65 h growth as described in the manufacturer’s manual. 
Deproteinized samples were collected from the different dxs- or dxs/idi-transformed 
lines as well as from S. cerevisiae cell Line 2 (control). Then, time-dependent profiles 
of lycopene and Acetyl-CoA syntheses in different transformed cells were tested across 
time (0, 5, 25, 45 and 65 h) when cells were grown under optimized growth condition 
and optimal concentration of galactose. Experiments were statistically analyzed via two-
way analysis of variance (ANOVA) with three replicates. ANOVA was performed 
based on the data of lycopene and Acetyl-CoA levels for the four yeast transformants 
with different vectors under the five different galactose concentrations. Multiple 
comparisons were performed within and across these two factors based on the least 
significant differences (LSD) at 5%. P-values were estimated for the variances among 
transformants with different vectors (V) and among different galactose (G) 
concentrations as well as for the variance due to the interaction between these two 
factors (e.g., V x G). 

 
Table 1. Primer names, sequences, expected sizes and locations of amplicons in the coding 
regions of the synthetic dxs of bacterial origin (E. coli, strain K-12) and yeast endogenous 
idi genes along with the house-keeping gene actin of S. cerevisiae 

Primer Accession no. Sequence (5` - 3`) Size of amplicon (bp) 

dxs_RT_F 
HG738867 

GAA GCT ATG AAC CAT GCA GG 
294 

dxs_RT_R AAC ATC ATG ACC ATC AAC TGG 

idi_RT_F 
NM_001183931 

ACG TCA AAT GAC GAA AGC G 
288 

idi_RT_R ACA TAG TGG ATG AGA GCA GC 

actin-F 
L00026.1 

CCA ATT GCT CGA GAG ATT TC 
337 

actin-R CAT GAT ACC TTG GTG TCT TG 

Results 

Yeast strains tend to respond to antibiotics differently. Zeocin antibiotic was tested at 
different concentrations (0, 50, 100 and 200 g/ml) against the yeast Line 2 transformed 
with the three crtEBI genes (Bahieldin et al., 2014) and results indicated that zeocin at 
200 g/ml completely inhibited growth of yeast cells in terms of biomass production. 
This concentration was used to select one, out of five, single transformed yeast cell - in 
terms of biomass production - with pTEF1/Zeo vector or that harboring dxs or dxs/idi 
genes, both functions upstream the crt genes in the MEP pathway. There is no 
significant difference in terms of biomass within each of the three transformants (with 
pTEF1/Zeo or derivatives) after 45 and 65 h indicating that cell growth almost reached 
a growth plateau (Fig. 3) in accordance with the findings of Bahieldin et al. (2014), 
where they found that 45 h were sufficient to recover the highest biomass production of 
crtEBI transformants. The crtEBI genes were inserted in the pKS1 vector under the 
control of ADH2 promoter, while the other two upstream genes were inserted in the 
pTEF1/Zeo vector under the control of GAL1 promoter for dxs gene and the control of 
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GAL10 promoter for idi gene. Expression of the crt genes requires the depletion of 
glucose, while expression of the latter two genes requires the presence of galactose. It 
was decided to use the transformed Line EBI-Nil2 with pTEF1/Zeo vector only 
(Fig. 3a), the transformed Line EBI-D4 with dxs gene (Fig. 3c) and transformed Line 
EBI-DI2 with dxs/idi genes (Fig. 3b) in the presence of 200 μg/ml zeocin in the 
optimized medium (Bahieldin et al., 2014) in further experiments. 
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Figure 3. Growth profile of different S. cerevisiae Line 2 transformed with pTEF1/Zeo (a), 
pTEF1/Zeo/dxs (b) or pTEF1/Zeo/dxs/idi (c) expression vector under optimized conditions 
(growth in YPD medium with 0.5% glucose at pH 6.0/35 °C in the presence of 200 μg/ml 
zeocin). Bars refer to values of standard error. Lines were marked via excel 
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Expression of dxs and idi genes in transformed S. cerevisiae lines 

Lines EBI-D4 and EBI-DI2, grown for 65 h at optimized conditions with galactose at 
2%, were subjected to molecular analysis to detect the expression of the dxs and idi 
genes. Line 2 transformed with pTEF1/Zeo served as a control. The RT-PCR analysis 
(Fig. 4) revealed that the two genes were transcribed, where appropriate, and amplicons 
were recovered at the expected sizes. The RT-PCR analysis of transcripts from control 
cell resulted in the recovery of no amplicons for dxs gene (Fig. 4, lane 4). Amplicon 
intensities of idi gene were much higher for the two Lines EBI-D4 and EBI-DI2 as 
compared to the control yeast cell (Fig. 4, lanes 4-6, respectively), which indicates the 
low expression level of the endogenous idi gene in the control (Fig. 4, lane 6) as 
compared to that in the two Lines EBI-D4 and EBI-DI2 (Fig. 4, lanes 4 and 5, 
respectively) where the gene is driven by GAL10 promoter. 

 
 M 4 5 6 M 7 8 9 M 1 2 3 

bp 

500 

300 

 
(a) dxs (b) idi (c) actin 

Figure 4. Analysis by RT-PCR of dxs and idi transcripts in EBI-D4 (lanes 1 and 4, respectively) 
and EBI-DI2 (lanes 2 and 5, respectively) transformed Lines of S. cerevisiae. Control cell of S. 
cerevisiae Line 2 (lanes 3 and 6, respectively) was transformed with the pTEF1/Zeo. Primers 
used for PCR (Table 1) were specific to dxs gene (a) to generate amplicons of 294 bp; idi gene 
(b) to generate amplicons of 288 bp; and actin gene (c) to generate amplicons of 337 bp. 
Primers specific to actin gene were used to demonstrate the transcription activity in EBI-D4 
(lane 7) and EBI-DI2 (lane 8) transformed Lines of S. cerevisiae as well as S. cerevisiae Line 2 
(lane 9) transformed with the pTEF1/Zeo. M refers to the 100-bp ladder (Bioron, Ludwigshafen, 
Germany) 

 
 

Synthesis of lycopene and Acetyl-CoA in S. cerevisiae transformed with dxs or dxs/idi 

genes 

Lycopene and Acetyl-CoA were examined for the two transformed Lines EBI-D4 
and EBI-DI2 as well as for the transformed cell Line 2 w/o pTEF1/Zeo (controls) under 
optimized conditions in the presence of galactose at different concentrations (0, 1, 2, 3 
and 4%) and measurements were made after 65 h cell growth (Table 2). The results of 
lycopene and Acetyl-CoA levels indicated no significant differences among different S. 
cerevisiae Line 2 and pTEF1/Zeo derivatives in the absence of galactose. However, the 
two Lines EBI-D4 and EBI-DI2 showed much higher significant levels of lycopene in 
the presence of galactose. This is reasonable because the onset of GAL1 and GAL10 
promoter activities necessary for the expression of dxs and idi genes, respectively, 
depends on the presence as well as the concentration of galacose in the medium. The 
highest levels of lycopene were scored at 2% galactose for both lines EBI-D4 and EBI-
DI2. The latter line with both dxs and idi genes significantly synthesized higher level of 
lycopene (6755 μg/g dry cell weight) as compared to the first line with dxs gene 
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(5214 μg/g dry cell weight), only (Table 2). These results indicate the efficacy of 
inducing the two genes that function upstream the crtEBI genes in the MEP pathway. 
The same procedure was used to synthesize lycopene in E. coli but resulted in much 
higher levels (e.g., 8.57 mg/g dry cell weight, see Choi et al., 2010). The results of 
Acetyl-CoA levels across galactose concentrations indicated no significant increase or 
decrease within Line 2 (e.g., Line pKS1-crtEBI) as well as within its pTEF1/Zeo 
derivative with the increase of galactose concentration in the medium (e.g., Line EBI-
Nil2) (Table 2). However, the levels of Acetyl-CoA within Lines EBI-D4 and EBI-DI2 
significantly decreased with the increase of galactose concentration in the medium up to 
2%. These two lines showed significantly lower levels of Acetyl-CoA as compared to 
either Line 2 or EBI-Nil2. The levels of lycopene and Acetyl-CoA at 65 h with 2% 
galactose in the medium reversely related among S. cerevisiae Line 2 with pKS1-crtEBI 
and pTEF1/Zeo derivatives. This indicates that biosynthesis of lycopene and Acetyl-
CoA compete for the use of pyruvate (see Fig. 1) in yeast. 

 
Table 2. Means ( ± SE) of lycopene (μg) (a) and Acetyl-CoA (μmoles) (b) levels per g dry 
cell weight (DCW) of S. cerevisiae Line 2 transformant (Line pKS1-crtEBI) and those with 
pTEF1/Zeo derivatives. Cells were grown for 65 h under optimized condition with different 
concentrations of galactose to induce expression of bacterial dxs gene and overexpress 
yeast idi genes. Measurements were performed three times and means with standard errors 
at 5% are presented P-values were estimated based on the variances among transformants 
with different vectors and among different galactose concentrations and the variances due 
to the interaction between the two factors 

(a) Lycopene (μg) 

Vector 
Galactose (%) 

0 1 2 3 4 

Line 2 (Line pKS1-crtEBI) 3327 ± 23 3219 ± 41 3281 ± 42 2992 ± 38 3106 ± 46 

pTEF1/Zeo (Line EBI-Nil2) 3207 ± 31 3310 ± 37 3601 ± 38 3100 ± 27 3123 ± 28 

pTEF1/Zeo/dxs (Line EBI-D4) 3311 ± 44 4302 ± 28 5214 ± 51 5030 ± 46 5100 ± 19 

pTEF1/Zeo/dxs/idi (Line EBI-DI2) 3219 ± 39 4730 ± 32 6755 ± 23 6196 ± 76 6208 ± 42 

Sources of variance F value P-value 

 
Transformant (V) (df = 3) 3.37 0.0277 

Galactose % (G) (df = 4)  6.23 0.0005 

V x G (df = 12) 2.89 0.0058 

 

(b) Acetyl-CoA (μmoles) 

Vector 
Galactose (%) 

0 1 2 3 4 

Line 2 (Line pKS1-crtEBI) 3.66 ± 0.2 3.45 ± 0.2 3.19 ± 0.2 3.62 ± 0.3 3.55 ± 0.2 

pTEF1/Zeo (Line EBI-Nil2) 3.51 ± 0.2 3.31 ± 0.2 3.33 ± 0.3 3.26 ± 0.2 3.41 ± 0.3 

pTEF1/Zeo/dxs (Line EBI-D4) 3.62 ± 0.3 2.80 ± 0.2 1.67 ± 0.1 1.99 ± 0.1 1.93 ± 0.1 

pTEF1/Zeo/dxs/idi (Line EBI-DI2) 3.49 ± 0.2 2.61 ± 0.3 1.50 ± 0.1 1.91 ± 0.1 1.85 ± 0.1 

Sources of variance F value P-value 

 
Transformant (V) (df = 3) 4.11 0.0124 

Galactose % (G) (df = 4)  2.92 0.0329 

V x G (df = 12) 2.37 0.0205 
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Biosynthesis of the two compounds were also studied across yeast growth time up to 
65 h and results indicated similar conclusions to those reached in the last experiment, 
where we observed an increase in lycopene synthesis in Lines EBI-D4 and EBI-D12 
(Fig. 5a, triangles and circles, respectively) as compared to those in Line 2 or 
pTEF1/Zeo derivative (e.g., Line EBI-Nil2) (Fig. 5a, diamonds and squares, 
respectively). However, there were no significant changes in biosynthesis of lycopene 
across Line 2 and all pTEF1/Zeo derivatives beyond 45 h of cell growth (Fig. 5a). 
These results also indicate that growth of yeast cells beyond 45 h time point for 
commercial production of lycopene is unnecessary. These results align with that of the 
biomass production as yeast cells have gained no significant weight beyond 45 h of cell 
growth. Biosynthesis of Acetyl-CoA was increased across time up to 25 h for 
transformants EBI-D4 and EBI-DI2 (Fig. 5b, triangles and circles, respectively), while 
continued to increase for Lines 2 and EBI-Nil2 up to 65 h (Fig. 5b, diamonds and 
squares, respectively). On the other hand, levels of Acetyl-CoA were almost unchanged 
for Lines EBI-D4 and EBI-DI2 beyond 25 h time point. These results confirm our 
previous findings that biosyntheses of lycopene and Acetyl-CoA compete for the use of 
pyruvate in yeast. 
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Figure 5. Time-dependent changes across time (0, 5, 25, 45 and 65 h) in lycopene (a) and 
Acetyl-CoA (b) levels in EBI-D4 and EBI-DI2 transformed Lines of S. cerevisiae as well as S. 
cerevisiae Line 2 w/o the pTEF1/Zeo under optimized condition. Measurements were performed 
three times and means with standard errors at 5% are presented. Bars refer to values of 
standard error. Lines were marked via excel 
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Discussion 

Promoters used for the expression of crt genes in previous studies of C. utilis and S. 
cerevisiae were P14 and P57, PMA, GAP, PGK (Miura et al., 1998a, b) and ADH2 
(Bahieldin et al., 2014). The highest lycopene levels (1100 and 3280 ug/g dry cell 
weight, respectively) were reached when crtE gene was driven by GAP promoter, crtB 
gene was driven by P14 promoter, and crtI gene was driven by PGK promoter (Miura et 
al., 1998a, b) or when the three crt genes were driven by ADH2 promoter (Bahieldin et 
al., 2014). In the present study, we can claim that the use of GAL10 promoter resulted in 
higher expression of idi gene as well as higher levels of lycopene production. This 
conclusion cannot be applied for GAL1 promoter driving the dxs gene as no information 
is available for the efficacy of utilizing this or other promoters in driving the dxs gene in 
terms of lycopene production in yeast. 

However, Lee and DaSilva (2005) also reported the superior performance of the 
ADH2 promoter relative to the inducible CUP1 and GAL1 promoters in driving the lacZ 
gene. We can also claim that the use of synthetic genes with codons preferred to S. 
cerevisiae cells in order to overexpress foreign genes like dxs is a successful approach. 
These synthetic crt as well as dxs genes had a high AT ratio as compared to the native 
genes. The results of the present work also indicate that lycopene can be produced at 
high levels not only by utilizing the Saccharomyces cerevisiae ADH2 promoter in 
driving the three crt genes but also by utilizing GAL1 and GAL10 promoters in driving 
the bacterial dxs and the yeast idi genes, respectively. The main advantage of the ADH2 
promoter relative to other non-yeast promoters is the inducer-free characteristic 
allowing uninterrupted bioreactor operations during industrial fermentation processes 
(Michael Lee and DaSilva, 2005). A library of the TEF1 promoter mutants was also 
screened by Alper et al. (2005) and results indicated the possible generation of precise 
genetic control that is also a useful characteristic for industry. 

Yeast (Saccharomyces cerevisiae) is considered as an attractive organism for 
metabolic engineering as compared to E. coli and Candida utilis as it is classified as a 
GRAS (generally regarded as safe) organism. The yeast cell wall does not contain any 
toxic components (such as pyrogens in the case of E. coli). In industry, yeast is easy to 
cultivate and requires no sophisticated instruments or supplies. Previous studies have 
indicated that S. cerevisiae transformed with native (Miura et al., 1998a, b) or 
synthesized (Bahieldin et al., 2014) crt genes accumulate lycopene. In the present study, 
we employed synthetic bacterial dxs and overexpressed yeast idi genes. The first was 
constructed according to the preferable codon usage of S. cerevisiae, for the lycopene 
production. This is the first report to use S. cerevisiae transformed with these two genes 
for the successful recovery of lycopene at higher levels (6755 μg/g dry cell weight) than 
those reported earlier. The idi gene is endogenously expressed in yeast, however, 
overexpression resulted in higher expression of the gene as well as higher level of 
lycopene production. These results prove the utility of metabolic engineering in the 
commercial production of lycopene. 

Lycopene can be extracted from tomatoes, however, its content in the fruit is low 
(~0.02 g/kg), and the extraction method is difficult and relatively expensive (Sun et al., 
2014). Lycopene can also be produced by chemical analysis, but this approach is 
complex and includes hazardous materials (Sun et al., 2014). Therefore, microbial 
fermentation can be considered as the method of choice (Alper and Stephanopoulos, 
2008; Choi et al., 2010; Kim et al., 2011) as lycopene overproduction can take place via 
several strategies involving overexpression of genes required for isoprenoid synthesis to 
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encode compounds of the MEP pathway (e.g., crtEBI, dxs and idi). This strategy was 
successfully utilized in E. coli (Choi et al., 2010; Liu et al., 2020) and yeast (the present 
study) engineered to overproduce lycopene. Other strategies involve the knockout of (or 
deleting) genes functioning downstream the lycopene biosynthetic pathway (e.g., crtY 
and crtX) (Sun et al., 2014) or the increase of IPP (isopentenyl pyrophosphate) supply 
(Yoon et al., 2007). In addition, fermentation processes can be optimized to 
overproduce lycopene by adding auxiliary carbon source (Kim et al., 2011) or 
maintaining high O2 levels and pH values (Yoon et al., 2006). Most recently, Sun et al. 
(2014) has successfully utilized ribosome binding site libraries to modulate expression 
of crtEBIYX, dxs and idi genes towards the production of substantial levels of lycopene 
production. 

In general, we suggest that biosynthesis of lycopene and Acetyl-CoA compete for the 
use of pyruvate. The same conclusion was reached by Choi et al. (2010) in their study in 
E. coli. It is notable that the decrease in Acetyl-CoA level due to the engineering in 
MEP pathway is not severe as this co-enzyme is crucial for the cell in many metabolic 
pathways (Fatland et al., 2005). Acetyl-CoA is important for pyruvate decarboxylation, 
which occurs in the matrix of the mitochondria (Fig. 1), then, it enters the citric acid 
cycle (Choi et al., 2010). It is also an important component in the biogenic synthesis of 
the neurotransmitter acetylcholine and plays an essential role in regulating fatty acid 
synthesis and degradation (Wright et al., 2006). 

Conclusion 

The study aims at the assessment of crtEBI-transformed S. cerevisiae overexpressing 
two bacterial synthetic dxs and yeast idi genes driven by galactose-induced promoters 
for lycopene production. Gene cassettes constructed in pESC-LEU were inserted in 
pTEF1/Zeo vector. Expression levels of the two genes were proven in crtEBI-
transformed S. cerevisiae cells resulted in highest production of lycopene (6755 μg 
lycopene/g dry cell weight). In contrast, the levels of Acetyl-Coenzyme A (Acetyl-CoA) 
was lowest in crtEBI-transformed S. cerevisiae cells indicating the competition for the 
use of pyruvate in biosynthesizing lycopene and Acetyl-CoA. We strongly recommend 
the use of yeast as a host for the production of lycopene utilizing metabolic engineering 
approaches in future trials to further improve its levels at commercial scale. 
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Abstract. Drought, as a natural disaster, affects the local environment and agricultural production. 
Drought monitoring plays a crucial role in preventing and mitigating drought, especially Meteorological 
and Agricultural Drought (IMAD) monitoring. To better monitoring IMAD, a new comprehensive 
drought index, called Meteorological and Agricultural Drought Index (MADI), was developed in this 
study, which combined the Standardized Precipitation Evapotranspiration Index (SPEI) and the 
Temperature Vegetation Dryness Index (TVDI). And, the spatiotemporal characteristics of drought were 
analyzed by the methods of the frequency, comparison and regionalization in Gansu Province of China 
during 2000-2016. The results showed that: (1) The meteorological and agricultural drought always 
occurred, while there was a difference in time of appearance; the IMAD in Gansu Province was mainly 
light and moderate, becoming serious from southeast to northwest. (2) MADI was temporally well-
matched to the drought affected area, soil moisture and NPP. (3) The IMAD based on MADI can reflect 
both meteorological and agricultural drought well in time and space. (4) According to the drought 
frequency, the study area was divided into six regions, and most of the study area was the stable drought 
type. For different regions, government should take timely measures to prevent drought. 
Keywords: SPEI, TVDI, MADI, integrated meteorological and agricultural drought (IMAD), arid 
region, China 

Introduction 

Drought caused by the unbalance supply of water, is one of the most frequent, 
widespread, disastrous and costly natural disasters in the world (Lloyd-Hughes and 
Saunders, 2002). It can significantly impact on socio-economy, agricultural production, 
water resources and ecosystem function (Lei et al., 2016). With climate warming, 
drought occurred frequently in China during the past decades (Liang et al., 2014; Yu et 
al., 2014; Zhang et al., 2018), especially in the northwestern region (Ren et al., 2014). 
Gansu Province is a typical arid area and sensitive to drought in the northwestern China, 
where the crop production and people’s lives are largely affected by drought. Therefore, 
studying the drought characteristics in this area is conducive to comprehensively 
exploring the drought conditions in arid areas, and can provide more useful suggestions 
for drought in similar areas in the world. 
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Drought is generally classed into the meteorological, agricultural, hydrological, 
socio-economic drought (Maity et al., 2016). The meteorological drought (MeD) and 
agricultural drought (AD) are closely related to national food security and social 
stability (Liu et al., 2015). MeD refers to the water deficiency caused by the unbalance 
between precipitation and evapotranspiration, and AD refers to soil moisture less than 
the water requirement of vegetation (Sheffield and Wood, 2012). Various indices of 
MeD and AD have been proposed by many scholars (Zargar et al., 2011; Hao and 
Singh, 2015). 

MeD indices are widely applied to monitor drought (Zhang et al., 2011), such as the 
percentage of Precipitation anomaly (Pa) (Van Rooy, 1965), Standardized Precipitation 
Index (SPI) (McKee et al., 1993), Standardized Precipitation Evapotranspiration Index 
(SPEI) (Vicente-Serrano et al., 2010), Palmer Drought Severity Index (PDSI) (Palmer, 
1965), and Compound Index (CI) (Zou et al., 2010). Among them, while SPI and Pa are 
simple to calculate, they only consider precipitation and cannot reflect drought change 
as the climate warming (Guo et al., 2018). PDSI can be calculated by temperature, 
precipitation, runoff and soil moisture, whereas it is complicated to calculate and cannot 
reflect multi-scale characteristics of droughts (Yao et al., 2017). CI is a comprehensive 
index, but it always exaggerates the actual drought situation. However, SPEI not only is 
a standardized and multi-scale drought monitoring index, but also considers 
precipitation and evapotranspiration which can reflect the drought condition accurately 
as the climate warming (Begueria et al., 2014). Thus, SPEI is the most suitable index to 
monitor meteorological drought. 

Most of AD indices are remote sensing indices, which can objectively reflect the 
drought condition. And those indices can be classified into three categories: some 
indices detect AD by Land Surface Temperature (LST), such as Apparent Thermal 
Inertia (ATI) (Price, 1985); some indices use the vegetation change monitoring to detect 
drought, such as Anomaly Vegetation Index (AVI) (Chen et al., 1994) and Vegetation 
Condition Index (VCI) (Kogan, 1995); some indices based on the feature space of LST 
and vegetation indices, such as Vegetation Supply Water Index (VSWI) (Carlson et al., 
1994) and Temperature Vegetation Dryness Index (TVDI) (Sandholt et al., 2002). 
Different indices above has different application conditions. For example, ATI is only 
suitable in bare or low vegetation coverage area (Wu et al., 2012); AVI and VCI always 
lag behind the drought monitoring (Sun et al., 2012); VSWI and TVDI have high 
requirements for the study area where the vegetation coverage should vary from bare to 
high vegetation (Yang et al., 2009). According to the vegetation coverage of the Gansu 
Province, TVDI was selected to monitor AD because of its simple computation and 
high precision (Bai et al., 2017). 

Due to the independence and interaction of MeD and AD, the integrated drought 
based on MeD and AD is crucial in the development of drought research. Many scholars 
have developed the comprehensive drought indices and minoring drought 
characteristics. For example, Hao and AghaKouchak (2013) developed Multivariate 
Standardized Drought Index (MSDI) based on SPI and Standardized Soil Moisture 
Index (SSM); Li et al. (2017) improved MSDI and developed Modified Multivariate 
Standardized Drought Index (MMSDI) based on SPEI and SSI, which makes up the 
deficiencies of MSDI. However, the physical significance, calculation methods and 
monitoring accuracy of these drought indices may need to be improved. Besides, it is 
lack of the comprehensive drought indices for the arid areas. Thus, there are some 
issues to be considered in the future research: (1) how to develop a comprehensive and 
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accurate comprehensive based on a simple calculation? (2) how to minoring 
comprehensive drought characteristics by a new drought index? 

Given the introduction above, this study aims to develop a new comprehensive 
drought index to investigate the drought characteristics in Gansu Province of the 
northwest China: (1) select the optimal indices of MeD and AD for the arid region, and 
analyze the MeD and AD characteristics; (2) develop Meteorological and Agricultural 
Drought Index (MADI) based on SPEI and TVDI, and analyze the spatiotemporal 
characteristics of Integrated Meteorological and Agricultural drought (IMAD); (3) 
validate the MADI from several aspects; (4) determine the drought partitions according 
to the drought frequency of IMAD, and provide targeted suggestions. 

Data and methods 

Study area 

Gansu Province is located in the northwest region of China (32°11′-42°57′N, 92°13′-
108°46′E), which covers various climatic types from humid to semi-humid, and from 
semi-arid to arid (Fig. 1). The annual average temperature ranges from 0 to 16 ℃ and 
the annual precipitation ranges from 30 mm to 860 mm. Gansu Province lies among the 
Loess Plateau, the Tibetan Plateau and the Mongolian Plateau. The landscape is 
complex and diverse, including plateaus, mountains, valleys and deserts, and it is 
covered from bare areas to high vegetation. And there are six geomorphic units, 
including the Gannan Plateau, the Longnan Mountainous Region, the Loess Plateau in 
the middle and east of Gansu, the Qilian Mountain Region, the Hexi Corridor and the 
northern zone of the Hexi Corridor. Affected by climate, topography, geographic 
location and human activities, natural disasters in the study area occur frequently, and 
drought is the most serious disaster, which has a major impact on agriculture, economy 
and human health. 

 

 

Figure 1. The location of the study area 
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Data and processing 

Meteorological station data 

The meteorological data from 1960 to 2016 were obtained from the China 
Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/), including 
monthly precipitation and temperature. In order to reduce error of spatial distribution, 
35 stations were eliminated in the original datasets due to the observation data less than 
30 years during 1961-2016 or missing observation data more than one year during 
2000-2016. And 120 meteorological gauge stations were selected, including 26 stations 
in Gansu, 8 stations in the Inner Mongolia, 9 stations in Ningxia, 23 stations in Qinghai, 
16 stations in Shanxi, 20 stations in Sichuan and 18 stations in Xinjiang. In this study, 
the meteorological drought index was calculated based on monthly precipitation and 
temperature data from 1960 to 2016. However, the meteorological data and remote 
sensing data were different in time range, and there were difference between the results 
of meteorological drought index and agricultural index. Therefore, the result of 
meteorological drought index during 2000-2016 was extracted to show and analyze 
drought in this study. 

 
Remote sensing data 

The Moderate Resolution Imaging Spector radiometer (MODIS) data were obtained 
from National Aeronautics and Space Administration (NASA), including four products 
of Normalized Difference Vegetation Index (NDVI) (MOD13A2), LST (MOD11A1), 
Net Primary Productivity (NPP) (MOD17A3) and surface reflectance (MOD09A1) 
(Table 1). Four tiles (h25v04, h25v05, h26v04, h26v05) were used to cover the study 
area. Table 1 provides the detailed information on the MODIS products. 

 
Table 1. MODIS data information 

Production Time 
Spatial 

resolution 
Temporal 
resolution 

Source 

MOD13A3 NDVI  2000-2016 500 m  16- Day NASA (http://modis.gsfc.nasa.gov ) 

MOD11A2 LST 2000-2016 1 km 8-Day   

MOD09A1 surface 
reflectance (Band 6 

and Band 7) 
2000-2016 1 km 8-Day 

Numerical Terradynamic Simulation 
Group (NTSG) at the University of 

Montana 
(http://www.ntsg.umt.edu/project/mod16) 

MOD17A3 NPP 2000-2015 1 km Year  

 
 

Global land data assimilation system (GLDAS) soil moisture data 

Global Land Data Assimilation System (GLDAS) data from NASA 
(https://disc.gsfc.nasa.gov/) is the global land surface assimilation data based on satellite 
data, land surface models and ground observation data jointly released by NASA and 
the National Oceanic and Atmospheric Association (NOAA). The GLDAS soil moisture 
data (0.25° × 0.25°, unit of kg/m2) are global monthly data generated by the GLDAS-
Noah model, including 4 layers of 0-10 cm, 10-40 cm, 40-100 cm, and 100-200 cm. 
These data have been widely used worldwide and show actual soil moisture (Zawadzki 
and Kedzior, 2015). In addition, soil moisture data in the soil layer of 0-10 cm can 
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better reflect drought conditions (Pang et al., 2019), so the soil moisture in the 0-10 cm 
soil layer from 2000 to 2016 was selected to evaluate the proposed drought index. 

 
Other data 

Disaster data were obtained from the crop and disaster database of the Ministry of 
Agriculture and Rural Affairs of the People’s Republic of China, including types, area 
and degree of disaster. In this study, crop area affected by drought in Gansu Province 
during 2000-2016 was expressed the actual drought condition and verified the results of 
this study. 

 
Drought indices 

Standardized precipitation evapotranspiration index (SPEI) 

The SPEI can show the water deficit for a certain temporal scale at a location to the 
historical average of the cumulative moisture deficit (Li et al., 2012). In this study, SPEI 
is calculated using the SPEI package in the R software environment (Santiago Beguería 
and Vicente-Serrano, 2013). There are nine categories of SPEI according to the World 
Meteorological Organisation, National Standard of Meteorological and Agricultural 
Drought in China, and the actual situation in Gansu (WMO, 2012; Ramkar and Yadav, 
2018) (Table 2). It reflects different drought characteristics based on SPEI in different 
time scales, and SPEI-3, SPEI-6, and SPEI-12 represent seasonal, half a year, and 
annual accumulated drought condition, respectively (Shi et al., 2017). Therefore, SPEI-
12 was selected to monitoring drought in this study. 

 
Table 2. Classification of SPEI 

Category SPEI value Category SPEI value 

Extreme Wet (EW) (2.0, + ∞) Light Drought (LD) (-1, -0.5] 

Severe Wet (SW) (1.5, 2] Moderate Drought (MD) (-1.5, -1] 

Moderate wet (MW) (1, 1.5] Severe Drought (SD) (-2, -1.5] 

Light Wet (LW) (0.5, 1] Extreme Drought (ED) (-2, -∞) 
Normal (N) (-0.5, 0.5]   

 
 

Temperature vegetation dryness index (TVDI) 

The obviously negative correlation between NDVI and LST is closely related to soil 
moisture (Yu and Chen, 2010). The scatter plot of NDVI and LST has a triangular shape 
when vegetation coverage and soil moisture vary widely (Price, 1990). In the NDVI-
LST triangle feature space (Fig. 2), the point A and B indicate the dry and wet bare soil, 
respectively. The point C indicates the area where soil moisture is sufficient and the 
surface is completely covered by vegetation with strong transpiration. With the surface 
vegetation coverage increasing, LST decreases and evaporation increases at the same 
time. The edge AC, as the dry edge of the NDV-LST feature space, indicates low soil 
moisture and low surface evapotranspiration in the area. The edge BC, as the wet edge 
of the NDVI‐LST feature space, indicates a sufficient soil moisture and equal 
evapotranspiration and potential evapotranspiration in the area. 

Based on the relationship between NDVI and LST, the Temperature Vegetation 
Dryness Index (TVDI), can monitor the soil moisture (Sandholt et al., 2002). As TVDI 
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increases, soil moisture decreases and the drought becomes more severe. According to 
the actual drought condition, the classifications of TVDI were shown in Table 3 (Liu et 
al., 2017). 
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Full Vegetation
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Figure 2. The NDVI-LST triangle space and definition of the TVDI 
 
 
Table 3. Classification of TVDI 

Category TVDI value Category TVDI value Category TVDI value 

EW [0, 0.1] LW (0.3, 0.4] MD (0.7, 0.8] 

SW (0.1, 0.2] N (0.4, 0.6] SD (0.8, 0.9] 

MW (0.2, 0.3] LD (0.6, 0.7] ED (0.9, 1] 

 
 

Meteorological and agricultural drought index (MADI) 

For better monitoring both MeD and AD at the same time, a new IMAD index, called 
Meteorological and Agricultural Drought Index (MADI), was proposed based on the 
Euclidean distance method. The Euclidean distance can measure the absolute distance 
between points in multi-dimensional space (Mesquita et al., 2017). Due to the 
objectivity, scientific nature and universality of Euclidean distance, it has been widely 
used in various geographically related fields, such as dry monitoring, ecological quality 
assessment, and vegetation monitoring (Amani et al., 2017; Shi et al., 2018; Li and 
Tian, 2013). The Euclidean distance can be expressed as (Eq. 1): 

 

  (Eq.1) 
 

where D(X,Y) is the Euclidean distance between the point X(x1, x2, x3..., xn) and the 
points Y(y1, y2, y3..., yn); n is the multidimensional space. 

Based on the above introduction, the MADI is developed as follows: first, a reference 
point is set (for research purposes, this point is the wettest point), and then, the 
Euclidean distance is calculated from each point to this reference point. When the 
calculated distance is longer, the drought value is higher; otherwise, the drought value is 
lower. The MADI value ranges from 0-200 and the higher MADI is drier. Its calculation 
is as follows (Eq. 2): 

 

  (Eq.2) 
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where NSPEImax and NTVDImin represent the driest status. NSPEI and NTVDI represent 
the normalized value of SPEI and TVDI in a point. 

Due to the differences in ranges of drought classifications among different drought 
indices, a similar classification should be established to make these indices comparable 
(Esfahanian et al., 2017). Therefore, associated ranges were assigned and nine 
categories were identified, including four drought categories (light drought, moderate 
drought, severe drought, and extreme drought), four wet categories (light wet, moderate 
wet, severe wet, and extreme wet) and a normal category (normal). To obtain the 
drought score of each category of SPEI and TVDI, each drought index and category 
should be normalized using the linear scaling technique (Table 4). 

 
Table 4. The normalized formula of each category using the linear scaling technique 

Category Formula Category Formula 

LW 
 

LD 
 

MW 
 

MD 
 

SW 
 

SD 
 

EW 
 

ED 
 

N 
 

  

I is the original drought/wet index value; IN is the normalized value of drought/wet index; p and q are the 
associated range of the normal category; a and b are the associated range of the light drought/wet category; 
b and c are the associated range of the moderate drought/wet category; c to d is the associated range of the 
severe drought/wet category; d to e is the associated range of the extreme drought/wet category 

 
 
The classification of MADI was acquired from the classification of NSPEI and 

NTVDI. The calculation of MADI was shown as follows (Eq. 3): 
 

  (Eq.3) 

   
 

where MADIm represent the boundary value of every category of MADI. NSPEIm and 
NTVDIm are the boundary value of every category of SPEI and TVDI. 

The NSPEI, NTVDI and MADI classification were shown in Table 5. 
 
Table 5. Classification of NSPEI, NTVDI and MADI 

Category 
NSPEI and 

NTVDI value 
MADI value Category 

NSPEI and 

NTVDI value 
MADI value 

EW [-100, -75] [0, 25] LD (20, 40] (120, 140] 

SW (-75, -50] (25, 50] MD (40, 60] (140, 160] 

MW (-50, -25] (50, 75] SD (60, 80] (160, 180] 

LW (-25, 0] (75, 100] ED (80, 100] (180, 200] 

N (0, 20] (100, 120]    
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Analysis methods 

The frequency analysis of drought 

The drought frequency indicates the probability of drought occurrence and can be 
calculated as follows: 

 

 100%
n

F
N

=   (Eq.4) 

 
where n is the number of drought occurrence in the time series. N is the total number of 
time points in the time series. 

 
Comparative analysis of the drought indices 

In the temporal scale, SPEI, TVDI and MADI are quantitatively compared using 
Probability of Detection (POD), False Alarm Ratio (FAR), Critical Success Index (CSI), 
and Effect of Detection (EOD) methods (Table 6) (Hao and AghaKouchak, 2014). 

 
Table 6. The quantitative compared methods 

Method     

Formula 
    

H (Hit) denotes the grid number where SPEI or TVDI is drought and MADI is drought; M (Miss) denotes 
the grid number where SPEI or TVDI is drought and MADI is not drought; F (False Alarm) denotes the 
grid number where SPEI or TVDI is not drought and MADI is drought; HN (Hit Null) denotes the grid 
number where SPEI, TVDI, MADI are not drought; A (all) denotes the total number of grid 

 
 
In the spatial scale, the consistent of meteorological drought, agricultural drought and 

IMAD based on SPEI, TVDI and MADI were analyzed using the coding method 
(Table 7). (a, b, c) is the code, among which a, b, c represents the drought condition of 
SPEI, TVDI and MADI, respectively. 1 and 2 indicate respectively drought and no 
drought. 

 
Table 7. The code and type of consistency 

Type Code (a, b, c) 

The monitoring drought 
result of SPEI, TVDI, MADI 

are all consistent 

SPEI, TVDI, MADI are all dry (1, 1, 1) 

None of SPEI, TVDI, MADI is dry (2, 2, 2) 

The monitoring drought 
result of SPEI, TVDI, MADI 

are not consistent 

MADI and SPEI are dry, but TVDI is not dry (1, 2, 1) 

SPEI is dry, but TVDI and MADI are not dry (1, 2, 2) 

TVDI and MADI are dry, but SPEI is not dry (2, 1, 1) 

TVDI is not dry, but MADI and SPEI are not dry (2, 1, 2) 

 
 

The method of drought type partition 

In order to better prevent and mitigate drought, drought type partition was obtained 
taking into consideration of the frequency of IMAD (Table 8). There are three types, 
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including Stable Drought (StD), Stable Non-Drought (SND), and Fluctuation type of 
Drought and Non-Drought (F-D-ND). The StD includes Stable Light Drought (SLD), 
Stable Moderate Drought (SMD), Stable Severe Drought (SSD), Stable Extreme 
Drought (SED), and Fluctuation type of LD, MD, SD (F-LD-MD-SD). 

 
Table 8. The partition type of drought 

Type Frequency 

Stable Non-Drought (SND) 0 ≤ frequency of drought ≤ 20% 

Fluctuation type of Drought and Non-Drought (F-
D-ND) 

20% < frequency of drought ≤ 70% 

Stable 
Drought 

(StD) 

Stable Light Drought (SLD) Frequency of LD > 70% 

Frequency of 
drought＞70 

Stable Moderate Drought (SMD) Frequency of MD > 70% 

Stable Severe Drought (SSD) Frequency of SD > 70% 

Stable Extreme Drought (SED) Frequency of ED > 70% 

Fluctuation type of Light Drought, 
Moderate Drought, Severe Drought (F-

LD-MD-SD) 

Frequency of LD ≤ 70%, frequency 
of MD ≤ 70%, frequency of 
SD ≤ 70%, and frequency of 

ED ≤ 70% 

Results 

The characteristics of meteorological and agricultural drought 

The characteristics of MeD based on SPEI-12 

SPEI-12 value fluctuated around -0.5 and drought duration was long in each drought 
period (Fig. 3), indicated that the MeD always occurs in the study area. The northwest 
and southeast region was mainly affected by LD and N, respectively (Fig. 4a). LD 
occurred every year with occupying the largest area; the MD occurred in 12 years, and 
its largest occupied area occurred in 2000 and 2009; the SD occurred in 2006 and 2009; 
the ED only occurred in 2009 (Fig. 4b). Moreover, the largest drought area and the most 
drought categories were occurred in 2009, which indicated the most serious drought 
occur in 2009. 

 

 

Figure 3. Time series plot of SPEI-12 
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Figure 4. The spatiotemporal distribution of MeD based on the annual SPEI-12 values during 
2000-2016: (a) the spatial distribution of the annual average values of SPEI-12 (b) and the 

yearly change of area percent of different MeD categories in years 
 
 
The drought frequency value showed an increasing trend from southeast to 

northwest (Fig. 5). And the high drought frequency, approaching 60%, mainly 
occurred in the northwestern region of the study area, especially the northern zone of 
the Hexi Corridor. The low drought frequency, less than 48%, was mainly in the 
southeastern region, especially in the Longnan Mountainous Region and the Gannan 
Plateau. The frequency of LD and MD was higher than other drought categories; the 
frequency of ED was the least throughout the Province; the higher frequency value of 
light, moderate, severe, extreme drought all appeared in the northwestern Gansu and 
the northern zone of the Hexi Corridor. In a word, MeD was spatial and temporal in 
character. 

 

 

Figure 5. The spatial distribution of MeD occurrence frequency from 2000 to 2016: the 
frequency distribution of (a) drought occurrence, (b) LD occurrence, (c) MD occurrence, (d) 

SD occurrence, (e) ED occurrence 
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The characteristics of agricultural drought based on TVDI 

During 2000 to 2016, the mean TVDI value had a slight fluctuation around -0.69 
(Fig. 6). And this study area was mainly affected by light and moderate drought. The 
lightest and most serious drought occurred in 2012 and 2002, respectively. Overall, AD 
always occurred in the past years and small changed in intensity. 

 

 

Figure 6. Time series plot of TVDI 
 
 
Seed from annual average value of TVDI in 17 years (Fig. 7a), most of the study 

area was affected by light, moderate and severe drought, which was up to 85% in 
percentage; the MD percentage amounted to 40%, and distributed widely; the ED 
percentage was approximately 5% and concentrated in the desert; the percent of wet 
category approaches 7%, mainly in the mountain regions. And the percent of drought 
was about 80% in the most years, among which the percent of MD was the most, 
followed by SD and LD, and ED was the least (Fig. 7b). 

 

  

Figure 7. The spatio-temporal distribution of AD based on the annual TVDI values during 
2000-2016: (a) the spatial distribution of the annual average values of TVDI (b) and the yearly 

change of area percent of different AD categories in years 
 
 
The drought frequency was from 0 to 100 and it increased from southeast to 

northwest (Fig. 8): the highest drought frequency, up to 90%, was mainly in the 
northwestern region, especially the northern zone of the Hexi Corridor; the least drought 
frequency, less than 20%, mainly occurred in Qilian Mountain Region. However, the 
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frequency of different AD categories differed significantly. The frequency of LD and 
MD occurrence was relatively higher than other drought categories: the high frequency 
of LD was mainly distributed in the Loess Plateau of the middle and east of Gansu, the 
Hexi Corridor, surrounding areas of Qilian Mountain Region and the northern zone of 
the Hexi Corridor; the high frequency of MD mainly represented in Hexi Corridor and 
the northern zone of the Hexi Corridor; the high frequency of SD was mainly 
concentrated in the desert area; the frequency of ED was less than 10% in the whole 
province. Overall, AD had obvious spatiotemporal characteristics and small changed. 

 

 

Figure 8. The spatial distribution of AD occurrence frequency from 2000 to 2016: the 
frequency distribution of (a) drought occurrence, (b) LD occurrence, (c) MD occurrence, (d) 

SD occurrence, (e) ED occurrence 
 
 

The characteristics of IMAD based on MADI 

From the time series plot of MADI during 2000-2016, slight fluctuation was from 
130 to 145 in mean MADI value (Fig. 9). And this study area was mainly affected by 
LD in 17 years and only MD in 2009. Moreover, the lightest and most serious drought 
occurred in 2012 and 2009, respectively. From distribution of MADI (Fig. 10), most of 
the study area occurred IMAD and the sum area of LD and MD account for about 80%. 
And area percentages of LD and MD accounted for the majority in17 years; the largest 
area and range of SD occurred in 2009, and ED also mainly occurred in 2009. 

From the occurrence frequency of IMAD at 1-year interval in 17 years (Fig. 11), the 
drought frequency ranged from 0 to 100, gradually increasing from southeast to 
northwest. The high drought frequency, over 90%, was in the large part of the study 
region. The least drought frequency, less than 10%, was concentrated in the Qilian 
Mountain Region. Moreover, the frequency differences of different drought categories 
were relatively high: the occurrence frequency of LD and MD were higher than other 
drought categories, being in the largest region of the whole province and in the northern 
zone of the Hexi Corridor, respectively; the high frequency of SD occurred in the desert 
area of the northern zone of the Hexi Corridor; the frequency of ED was nearly 2% 
around the Province. Overall, IMAD had obvious spatiotemporal characteristics in 
Gansu Province. 
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Figure 9. Time series plot of MADI 
 
 

  

Figure 10. The spatiotemporal distribution of IMAD based on the annual values of MADI 
during 2000-2016: (a) the spatial distribution of the annual average values of MADI (b) and the 

yearly change of area percent of different IMAD categories in years 
 
 

 

Figure 11. The spatial distribution of IMAD occurrence frequency from 2000 to 2016: the 
frequency distribution of (a) drought occurrence, (b) LD occurrence, (c) MD occurrence, (d) 

SD occurrence, (e) and ED occurrence 
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Discussion 

The validation of the MADI 

Drought affected area 

The drought affected area can directly reflect the drought impact extent and is often 
used for the accuracy validation of drought index (Du et al., 2013). The MADI was in 
good agreement with the variation of drought affected area (Fig. 12). The MADI 
showed a good positive linear correlation with the drought affected area, with the 
correlation coefficient R value reaching 0.7263 and passing 0.01 significance test. 
Meanwhile, the fluctuation changes, peaks and troughs of MADI were generally 
consistent with drought affected area in the 17 years. For example, MADI detected the 
worst drought in 2000 and 2009, and the drought affected areas in 2000 and 2009 were 
also relatively high; MADI detected the lightest drought in 2012, and the lowest drought 
affected areas also occurred in 2012. Thus, according to the above, MADI has a good 
accuracy in monitoring drought affected area. 

 

  

Figure 12. The relationship between MADI and drought affected area from 2000 to 2016 
 
 

GLDAS soil moisture and NPP 

Soil moisture, playing an important role in the formation and development of 
drought, is a direct indicator of the dry-wet condition in the land surface and is often 
verified the drought index (Cong et al., 2017; Hauser et al., 2016). Therefore, GLDAS 
soil moisture from 2000 to 2016 was selected for the accuracy of MADI. Due to the 
GLDAS soil moisture with 0.25°×0.25° spatial resolution, Inverse Distance Weighted 
(IDW) interpolation was performed to improve the spatial resolution to 1 km × 1 km. 
And the correlation between soil moisture and MADI was conducted based on pixels 
from 2000 to 2016 (Fig. 13a). The results showed that there was a negative correlation 
between soil moisture and MADI, accounted for about 85.34% of the study area. It 
proved that the drought change detected by MADI well matched the soil moisture 
change. Thus, MADI can better reflect the soil moisture change in the most areas. 

Vegetation is an important feedback to the drought. When vegetation is subjected to 
drought stress, it will exhibit adaptive traits such as decreased photosynthesis and 
respiratory metabolism, thus reducing productivity (Drake et al., 2017). Therefore, the 
NPP can be as an effective tool to verify the MADI and directly reflect the drought 
distribution (Fig. 13b). It should be noted that the correlation between NPP and MADI 
was only distributed in the vegetation zone. Result showed the R value between the 
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NPP and the MADI was negatively correlated in 88% of the regions with vegetation, 
indicating that the changes between the MADI and the NPP in most regions are 
consistent. Thus, the MADI can reflect the vegetation production status and better 
detect drought. 

 

 

Figure 13. The spatial distribution of correlation coefficient R: (a) soil moisture and MADI (b) 
and NPP and MADI 

 
 

The difference of the MADI among MeD, AD and IMAD based on SPEI, TVDI and 
MADI 

POD, EOD, CSI and FAR can be used to evaluate the accuracy of IMAD in detecting 
of MADI from temporal aspect (Fig. 14). Result showed that POD, CSI and EOD had 
similar change characteristics and their values were closed to 0.9 from 2000 to 2016. 
The POD indicated that IMAD occurred in the same time and place when MeD/AD 
occurred; the EOD indicated that there was high the success rate to detect occurrence 
and no occurrence of IMAD and Med/AD. Moreover, the values of FAR were nearly 0 
but not equal to 0, proving that IMAD was not only the simple addition of Med and AD, 
but also monitor the dry areas that cannot be monitored in Med and AD monitoring. 
Therefore, IMAD not only reflect MeD and AD, but also is more comprehensive to 
reflect drought than MeD and AD. 

Comparing MeD, AD and IMAD spatially (Fig. 15), the area where MeD, AD and 
IMAD occurred and did not occur together, accounted for 59.3% of the study area: the 
type of (1,1,1) that MeD, AD and IMAD occurred together, was mainly distributed in 
Hexi Corridor, the northern zone of the Hexi Corridor and the northern region of the 
Loess Plateau in China; the type of (2,2,2) that MeD, AD and IMAD all did not occur, 
was mainly distributed in the most parts of Qilian Mountain Region, parts of the 
Gannan Plateau and the Longnan Mountainous Region. Moreover, the different area of 
MeD, AD and IMAD accounts for 40.7%, including four types (2,1,1), (1,2,2), (1,2,1) 
and (2,1,2): the type of (2,1,1), which AD and IMAD occurred but MeD did not occur, 
was distributed in the middle of Hexi Corridor, the most regions of the Loess Plateau, 
some parts of the Gannan Plateau and the Longnan Mountainous Region; the type of 
(1,2,2) which AD and IMAD did not occurred but MeD occurred, was mainly in the 
western mountain area of Qilian Mountain Region. 

In a word, the MADI is a good index and IMAD monitored by MADI can well 
reflect both Med and AD whether from temporal or spatial perspectives. 
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Figure 14. The temporal comparation among MeD, AD and IMAD with the trend of POD, CSI 
and EOD from 2000 to 2016 

 
 

 

 

Figure 15. The spatially comparation among MeD, AD and the IMAD: the spatial distribution 
of (a) MeD based on SPEI, (b) AD based on TVDI, (c) IMAD based on MADI, (d) and 

comparative result. D and ND referred to occurrence of drought and no drought 
 
 

Application in different drought partitions 

In accordance with the drought frequency, the study area was divided in to 6 
partitions (Fig. 16), including SND, F-D-ND, F-LD-MD-SD, SLD, SMD, and SSD 
(Table 8). The area percentage of each was in the order: F-LD-MD-SD (29.8%) > SLD 
(25.5%) > SMD (21.3%) > F-D-ND (12.2%) > SND (9.7%) > SSD (1.5%). In different 
partitions, different measures for drought prevention and mitigation should be 
recommended. 

(1) The region of SND is mainly distributed in high-vegetation mountains and 
grasslands. Because of low temperature and good water conservation, this region is rich 
in water resources. Moreover, the main agricultural type is animal husbandry with low 
water requirement. Therefore, the drought does not occur in this region (Xu, 2004). To 
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maintain the current non-drought condition, the government should reduce the size and 
quantity of grazing, avoid excessive deforestation, and strengthen the protection and 
construction of grassland-forest. Meanwhile, the drought monitoring system and 
mountain reservoir should be established to monitoring drought conditions. 

 

 

Figure 16. The partitions of IMAD in the study area: (a) the regionalization based on the 
drought frequency of MADI (b) and the Google map of the study area. The sample of 1-14 is the 

typical point in different regions: the picture of 1 represents SSD; the picture of 2, 3, 4 
represent SMD; the picture of 5, 6, 7 represent SLD; the picture of 8, 9 represent F-LD-MD-

SD; the picture of 10, 11 represent F-D-ND; and the picture of 12, 13, 14 represent SND 
 
 
(2) The region of F-D-ND is mainly distributed around the high mountains. The land 

use and agriculture type in this region was the same as SND. Hence, government should 
makes the similar measures with the region of SND to prevent and mitigate drought. 

(3) The region of SLD is the main rained agriculture region with the scarce resources 
of surface water. Its main agricultural type is crop farming, with the main crops being 
wheat, maize and potato (Tian and Chen, 2011). In this region, government should 
promote the technology of “terracing + plastic film + rain collection + structural 
adjustment” and select various irrigation types, such as well canal joint irrigation, drip 
irrigation and infiltration. In addition, the government should invest in the construction 
of water conservancy facilities, reservoirs and rainwater collection facilities to increase 
the utilization of rainwater resources. Finally, famers should avoid wasting water 
resources and select the most suitable crops in dry area. 

(4) The region of SMD is mainly distributed in desert, because of low precipitation 
vegetation coverage, high land surface temperature, and water shortage (Peng, 2011). 
From the perspective of desertification management, drought-tolerant plants, such as 
Tamarisk, Calligonum and white thorn, should be widely planted to enhance the ability 
of drought resistance and sand fixation; from the perspective of crop farming, the local 
government should take measures to encourage farmers to plant more drought-tolerant 
crops, such as cotton, cantaloupe, sunflower, red date, grape (Shi, 2013); and in terms of 
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irrigation, the government should advocate water-saving irrigation, vigorously develop 
drip irrigation under mulch to reduce evaporation and leakage, and increase the 
utilization efficiency of water (Hou et al., 2009). 

(5) The region of SSD is distributed in the desert area of the northwestern desert. The 
main crops are cotton and cantaloupe in this region. In order to deal with serious 
drought, the planting structure should be changed to reduce the proportion of food 
crops. And high-efficiency water-saving agriculture, featuring red globe grasps and 
special vegetables planting, should be promoted. In addition, farmers should raise their 
awareness of water conservation and build water storage facilities (Shu, 2012). 

(6) The region of F-LD-MD-SD. In this region, the measures of prevent and mitigate 
drought should be similar with SLD, SMD and SSD. 

 
Research prospects 

This study started from two aspects of meteorology and agriculture, and combined a 
common meteorological drought index SPEI and agricultural drought index TVDI to 
develop a new comprehensive index MADI. And it proved that the MADI has 
advantages in drought monitoring: (1) It has good accuracy, which can well reflect the 
drought affected area, soil moisture and NPP situation; (2) It can well monitor the 
meteorological and agricultural drought at the same time, and can be applied to IMAD 
monitoring. However, the index uses meteorological station data from station 
observations and remote sensing data from satellite observations in the calculation, 
which may cause some errors in the results. Therefore, in future research, the data in 
index calculation should be improved and remote sensing data should be used as much 
as possible. 

Conclusions 

In this study, the MADI was developed based on SPEI and TVDI, validated and 
applied in Gansu Province of China. Results showed that the MeD and AD always 
occurred, but the most serious and lightest droughts occur at different times; according 
to the classification of MADI value, the study area was mainly affected by light and 
moderate IMAD, being gradually serious from southeast to northwest; the serious 
drought occurred in the northern zone of the Hexi Corridor and the non-drought 
occurred in the Qilian Mountain Region. Seen from the validation result of the MADI, 
MADI was well-matched to the drought affected area, soil moisture and NPP; MADI is 
a better monitor index than SPEI and TVDI, and can well monitor IMAD in the study 
area. Seen from the different drought partitions, the study area was divided into six 
regions according to the drought frequency, including SND, F-D-ND, F-LD-MD-SD, 
SLD, SMD, and SSD. Some suggestions were proposed for different drought partitions: 
in the regions of SND and F-D-ND, the drought monitoring system and mountain 
reservoir should be established; in the regions of F-LD-MD-SD, SLD, SMD, and SSD, 
government should adopt positive measures in drought-tolerant crops, agricultural 
construction, irrigation types and water conservancy projects. In summary, MADI is a 
good IMAD monitoring index, which can be used for future drought monitoring; a 
comprehensive single index method can be used to construct a drought index; different 
regions should make different drought prevention measures according to different 
drought characteristics. 
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APPENDIX 

Abbreviations 

AD: agricultural drought 
ATI: Apparent Thermal Inertia 
AVI: Anomaly Vegetation Index 
CI: Compound Index 
CSI: Critical Success Index 
ED: Extreme Drought 
EOD: Effect of Detection 
EW: Extreme Wet 
FAR: False Alarm Ratio 
F-D-ND: Fluctuation type of Drought and Non-Drought 
F-LD-MD-SD: Fluctuation type of LD, MD, SD 
GLDAS: Global Land Data Assimilation System 
IMAD: Integrated Meteorological and Agricultural Drought 
LD: Light Drought 
LST: Land Surface Temperature 
LW: Light Wet 
MADI: Meteorological and Agricultural Drought Index 
MD: Moderate Drought 
MeD: meteorological drought 
MW: Moderate wet 
N: Normal 
Pa: percentage of Precipitation anomaly 
PDSI: Palmer Drought Severity Index 
POD: Probability of Detection 
MMSDI: Modified Multivariate Standardized Drought Index 
MODIS: Moderate Resolution Imaging Spector radiometer 
MSDI: Multivariate Standardized Drought Index 
NASA: National Aeronautics and Space Administration 
NOAA: National Oceanic and Atmospheric Association 
NPP: Net Primary Productivity 
NDVI: Normalized Difference Vegetation Index 
SD: Severe Drought 
SED: Stable Extreme Drought 
SLD: Stable Light Drought 
SMD: Stable Moderate Drought 
SND: Stable Non-Drought 
SPEI: Standardized Precipitation Evapotranspiration Index 
SPI: Standardized Precipitation Index 
SSD: Stable Severe Drought 
SSM: Standardized Soil Moisture Index 
StD: Stable Drought 
SW: Severe Wet 
TVDI: Temperature Vegetation Dryness Index 
VCI: Vegetation Condition Index 
VSWI: Vegetation Supply Water Index 
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Abstract. The textile wastewater induces a significant number of environmental problems, and while its 
toxicity has been extensively described in literature, its genotoxic and cytotoxic potential is not well known. 
The presence of non-biodegradable and highly toxic compounds in textile effluents make textile wastewater 
a possible source of ecological concern. Therefore, new data in subject matter may be very useful for their 
risk assessment. In the study the cytotoxicity and genotoxicity of textile wastewater derived from leather 
dyeing in reference to meristematic Vicia faba (V. faba) root cells has been studied. The study results show 
that textile wastewater decreased the mitotic index (MI) as well as significantly enhanced the micronucleus 
frequencies (MCN) and number of chromosomal aberrations (CA) in root cells. The MCN frequencies for 
wastewater samples were in the range of tested concentration 6.5 – 43.5 times higher than the negative 
control (NC). Also the correlation between the decreasing MI ratio and increasing wastewater concentration 
were detected. For the highest wastewater concentration the MI value was over 9 times lower than in the 
NC. The results indicate that textile wastewater has a genotoxic effect on plant cells and exposure to 
untreated wastewater can pose a potential cytotoxic and genotoxic risk. 
Keywords: cytotoxicity, dye, chromosome aberrations, micronuclei, mitotic index 

Introduction 

Environmental impact of textile and dyeing industry is directly associated with significant 
amount of water consumption and significant quantities and types of chemicals used along all 
of the textile processing steps. Textile wastewater is a heterogeneous, poorly characterized 
complex mixture of several contaminants which contains a large amounts of dyes, pigments, 
biocides, metals, salts, surfactants, solvents, detergents and other non-biodegradable organic 
matters (Liang et al., 2018; Castro et al., 2019). Most of these substances poses a serious 
threat to exposed ecosystems. Toxicity and biodegradability of individual textile wastewater 
components has been the subject of many studies. Many of dyes and pigments widely used in 
the textile industry have been found to be toxic and genotoxic. The toxicity of dyes as 
individual components of textile wastewater has been widely described by authors who 
applies a battery of ecotoxicological tests contest organisms belonging to different trophic 
level and with a wide range of sensitivities (e.g. Daphnia magna, Artemia salina, Raphidoceli 
subcapitata, Aliivibrio fischeri, Lemna minor, Cucumis sativum, Lycopersicon esculentum, 
Eisenia fetida, etc.) (de Souza et al., 2007; Liang et al., 2018; Oliveira et al., 2018; Castro et 
al., 2019). Additionally, the publication describing the cytotoxicity, gentoxicity and 
mutagenicity of dyes detected using the techniques like mouse lymphoma assay, bone 
marrow micronucleus test and comet assay can also be found. The above-mentioned topics 
were the subject of work Fernandes et al. (2019) and Jha et al. (2016). 
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However, in relation to textile wastewater, it should be noticed that wastewater are a 
complex mixture in which the dyes are only a part. Thus, the assessment of the toxicity 
of a single component is not sufficient to predict the interactions and joint toxicity of 
pollutant present in mixture even at low concentration and does not reflect the real 
environmental threat. While information about the potential toxicity of textile 
wastewater as a complex mixture can be found in trade literature (Castro et al., 2019), 
the knowledge about the genotoxicity and cytotoxicity of textile wastewater is still 
insufficient. Therefore, in order to enrich knowledge about the environmental threat 
posed by untreated or insufficiently treated textile wastewater the aim of the present 
study was to evaluate the genotoxic potential of raw textile wastewater by the use of V. 
faba micronucleus test assay. V. faba micronucleus test is a low cost, easy to handle 
short term assay which has been extensively used for environmental monitoring and 
genotoxicity assessment of various types of chemicals and wastewater (Duan et al., 
1999; Iqbal, 2016). V. faba micronucleus test does not only provide information about 
cytotoxic and genotoxic potential of analyzed samples but also its mechanism of action 
on genetic material. 

Materials &Methods 

Wastewater sampling 

Textile wastewater samples were obtained from textile industry located in GZM 
Metropolis (Silesia, Poland). Within the study an average daily wastewater sample were 
used. The samples were collected directly from the dyeing process line in July 2019. 
The daily average sample was a mixture of hourly samples taken during the 24-hour 
production cycle. During the daily production cycle, a sample of wastewater was taken 
every hour and placed in a collecting vessel. Two containers of 5 L capacity were taken 
for the test. Directly after collection, a part of wastewater was sent for physicochemical 
analysis the rest was portioned and storage in refrigerator until use. Before each 
genotoxicity test the wastewater samples were thawed and filtered. 

Physico-chemical analysis 

Within the study an average daily wastewater sample were used. The collected textile 
wastewater sample was analyzed for physico-chemical parameters like: pH, 
temperature, biochemical oxygen demand (BOD5), chemical oxygen demand (COD), 
electrical conductivity (EC), total phosphorus (Ptot), total nitrogen (Ntot), total organic 
carbon (TOC) and suspended solids. Within the analyses the concentration of sulfate 
and chloride ions in wastewater sample was also determined. Table 1 showed some 
special phasico-chemical parameters of the analyzed wastewater samples. 

Test concentration and control 

The essence of the micronucleus test is the assessment of damage of genetic material 
occurring during the cell division. The genetic damages are observed in plant cells in 
the division phase, therefore it is importent to use the samples that do not affect the total 
inhibition of the mitosis process. In order to determine an appriopriate range of textile 
wastewater concentrations for V. faba micronucleus test assay an initially the root 
growth inhibition test for meristematic part of broad been was carried out. The root 
growth inhibition test was performed for 8 wastewater concentration in a range 0.78%-
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100.00% (OECD, 1984). Based on root growth inhibition test result the EC50 value for 
meristematic part of V. faba was estimated (Table 2). According to the guidelines the 
target V. faba micronucleus test was carried out for wastewater concentrations in the 
range below the EC50. Therefore, the V. faba micronucleus test was carried out for 5 test 
concentrations. The highest concentration corresponded to estimated EC50 value 
(15.40%) and amounted 12.50%. Subsequent wastewater concentrations were prepared 
by the dilution method, maintaining a dilution factor of 1: 2. Simultaneously, according 
to OECD (2014) recommendations in the field of genetic toxicology studies, the test 
was carried out using two types of test control: negative control (NC) and positive 
control (PC). As a NC an aerated tap water was used. The NC was used as a medium 
ensuring optimal culture growth conditions. A PC was used to observe damage induced 
by compounds with proven cancerogenic and mutagenic activity. In the micronucleus 
test a 1.12 g/L solution of maleic hydrazide (Sigma Aldrich, C4H4N2O2) was used as a 
PC. This compound is considered a potential carcinogen whose ability to cause 
micronuclei and chromosomal aberrations in plant cells has contributed to the 
widespread use of this compound in genotoxicity assessment (Hajjouji et al., 2007; 
Marcato-Romain et al., 2009; Sta et al., 2012). 
 

Table 1. Characteristics of untreated textile wastewater 

Parameter Unit Value ±SD 

pH - 6.6 0.2 

Electrical conductivity (EC) Μs/cm 7 500 380 

Temperature oC 14.5 - 

COD mg/L 17 500 2 600 

BOD5 mg/L 2 750  

TOC mg/L 3 100 460 

Ntot mg/L 380 57 

Ptot mg/L 27.5 2.8 

Suspended Solid mg/L 2 000 200 

Chloride mg/L 635 64 

Sulphates mg/L 2 070 210 

 
 

Table 2. Impact of raw textile wastewater on growth inhibition of V.faba root 

Sample Control Textile wastewater concentration [%] 

 NC PC 100 50 25 12.5 6.25 3.13 1.56 0.78 

Mean root length 
[cm] 

4.68 1.10 0.68 0.91 1.94 2.37 2.88 3.54 4.57 5.38 

± SD ±1.52 ±0.21 ±0.37 ±0.31 ±0.22 ±0.66 ±0.88 ±2.47 ±2.00 ±3.75 

Growth inhibition [%] - 76.5 85.3 80.5 58.5 49.3 38.3 24.3 2.32 -15.1 

EC50 [%] - - 15.45 

 
 
Procedure for seeds treatment 

In the test untreated broad bean (V. faba) seeds variety of White Windsor were used. 
The seeds were obtained from a local farmers’ market. 72 hours before the proper 
micronucleus test, healthy, equal size V. faba seeds were pre-sterilized using a 2% H2O2 
solution. After sterilization the seeds were soaked in tap water for 24 h and placed on 
moist surface to germinate for 2÷3 days at 20÷22oC. Incubations were carried out until 
the roots reached the required length of 1.5-2.5 cm. The required length should be 
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understood as the length of the root obtained after seed germination, which allows to 
immersed the root in the tested medium without soaking the seed which protects the 
tested material against rotting. For each of the test concentrations and controls five 
seeds of V. faba were used. One seed means one measurement series. 

Micronucleus test procedure 

The V. faba micronucleus test was conducted based on the modified procedure 
described by Minissi and Lombi (1997). V. faba micronucleus test assay is a 
modification of the micronucleus test procedure recommended by OECD (2014) 
guidelines. After reaching by the V. faba roots a required length the seeds were peeled 
from the skin covering the endosperm. The seeds were handled carefully in a way that 
prevents damage the visible germ or seed shell. Prepared seeds were placed on 
styrofoam platforms covering the glass cuvette filled with adequate concentrations of 
textile wastewater and respectively controls solutions. The Styrofoam platform has been 
constructed in a way ensuring permanent contact of plant roots with the tested medium 
(form of hydroponic farming). After 44 h of incubation, V. faba roots were cut at 1.5-2 
cm length and transferred to freshly prepared Carnoy solution (99% ethanol and glacial 
acetic acid in a 3: 1 ratio). Prepared samples were stored in 4÷7oC in dark for 24 h. 
After 24 h, the roots were rinsed with distilled water. Within the test the possibility of 
indirect microscopic analysis was used. For this purpose, the roots were fixed in a 70% 
ethyl alcohol solution (PPH Stanlab sp. J.). Samples for analysis were stored in a 
refrigerator (4°C). In order to prepare microscopic preparations, the roots were washed 
in dH2O and subjected to hydrolysis in 1N hydrochloric acid solution (POCH S. A.), at 
a temperature of 55÷60oC for a time of 5-7 minutes. After hydrolysis the roots were 
washed in dH2O and placed on microscope slides. 1.0÷1.5 mm meristem was cut, 
stained with a 2% orcein solution (2% orcein in 45% glacial acetic acid) and left for 
2÷5min (dye penetration time). A cover slip was applied. Microscopic observation was 
carried out at 1000x magnification (10 × 100) using a Motic light microscope. Pictures 
of the cells were taken with the MOTICam 100 camera and developed in the Motic 
Images program. For each of the test concentrations and controls, the test was 
performed in 5 replicates. In each replication, microscopic observations were made for 
1000 cells (1 series = 5000 cells analyzed / concentration). Based on the results of 
microscopic analysis, the following parameters were assessed: the value of the mitotic 
index (IM), the frequency of chromosome aberrations in cells during mitotic division 
(CA), as well as the incidence of micronucleus aberrations in the observed cells (MCN). 

Scoring the mitotic indexd (MI) 

Five slides for each wastewater concentration and control were prepared. Nearly 
5000 cells (1000 cells per slide) were subjected to microscopic analysis to determine the 
mitotic index (MI). The MI value was calculated as the quotient of a total number of 
dividing cells to total number of cells examined. 

Scoring the micronucleus (MCN) and chromosomal aberrations (CA) frequency 

About 1000 meristematic cells were scored for each slide. The MCN frequency was 
calculated from the number of cells with scored MCN aberrations divided by the total 
cells scored for slide and expressed in terms of MCN/1000 cells. Adequately, the CA 
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were analyzed by microscope observing about 400 cells at the stage of mitosis per slide. 
During the analyses a different types of the aberration cells were observed and recorded. 

Statistical analysis 

Statistical analysis was performed using MS EXcel software. The obtained results 
are expressed as an average value and standard errors. 

Results & Discussion 

MI is considered as an indicator that allows to estimate the frequency of cellular 
division. The results of the analysis (Table 3) show that textile wastewater induced 
mitotic delay and decrease MI frequency in meristematic root cell of V. faba. The MI 
index was significantly different for all analyzed samples, however in all test series a 
reliable and reproducible results were obtained. Compared to NC, MI frequencies 
decreased with increasing wastewater concentration. Textile wastewater affected the 
inhibition of the cell division from 13.67% to 54.85%. The 54.85% reduction of MI 
versus NC were detected in the V. faba root tips after treatment with the highest 
wastewater concentration (12.50%). Similar results were obtained by Giorgetti, which 
evaluates the geneotoxicity of raw effluents from textile industry. Estimated MI value 
was heavily reduced from 19.58% in the NC to 3.82% for raw effluent. For undiluted 
textile wastewater the mitosis activity inhibition was 80.49% (Giorgetti et al., 2011). 
 

Table 3. Value of mitotic index (MI) in root tip cells of V. faba treated with textile 
wastewater in various concentrations 

Wastewater 
concentration 

Mitotix index per 1000 Vicia faba cells in 5 root tips [%] 

Series 1 2 3 4 5 Mean ±SE 

12.5% 2.13 1.45 0.74 2.56 2.09 1.79 ±0.71 

6.25% 7.05 8.14 8.62 6.99 6.2 7.40 ±0.97 

3.125% 8.3 7.12 8.34 9.76 8.98 8.45 ±0.99 

1.56% 10.15 10.78 11.14 15.12 11.23 11.68 ±1.97 

0.78% 13.56 15.24 14.98 10.77 16.2 14.15 ±2.11 

NC 14.23 16.53 18.34 15.23 17.65 16.39 ±1.69 

PC 1.89 1.76 0.96 1.45 1.15 1.44 ±0.39 

 
 

The determined values of MI confirms the results obtained in growth inhibition test. 
Root growth reflects the toxicity in the elongation plant zone, as root growth inhibition 
is caused by the occurrence of chromosol aberration and a reduction in the root length 
of V. faba exposed to textile wastewater (Bhat et al., 2017). Both test results (growth 
inhibition, micronucleus test) confirm that textile wastewater in concentration above 
12.50% are highly toxic and affect significant growth inhibition, which exceeds the 
80% for wastewater concentration above 50%. Maximum inhibition of cell division 
noted in the micronucleus test directly coincides to a EC50 (15.45%) estimated in 
growth inhibition test for meristematic part of V. faba (Table 2). A comparable impact 
level of textile wastewater on plant cells has been shown by Samuel (2010). Estimated 
EC50 value of textile industry effluent for rhizosphere part of Allim cepa amounted 16% 
after 96 h of exposition. 



Zgórska – Borgulat: Genotoxicity of wastewater samples from textile industry detected by broad bean (Vicia faba) micronucleus test 
assay 

- 5320 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5315-5323. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_53155323 
© 2020, ALÖKI Kft., Budapest, Hungary 

The genotoxic effects expressed as the number of micronuclei (MCN) induced in 
V. faba root cells are given in Table 4. The reference point in the text is the PC that 
induced a significantly high number of micronuclei in root tips of V. faba (24.42‰). The 
number of micronuclei inducted by textile wastewater was lower according to PC (twice 
lower) and simultaneously much higher in reference to NC (43 times higher). Conducted 
studies proves that textile wastewater, even at low concentrations, causes damage to the 
genetic material of tested plants. The number of micronuclei identified in root cells 
exposed to wastewater sample at the lowest concentration reach 1.58‰ (wastewater 
concentration 0.78%) and increased with increasing wastewater concentration up to value 
10.44‰ (wastewater concentration 12.50%). Examples of micronucleus aberrations 
observed in V. faba meristematic cells are presented in Figure 1. 
 

Table 4. MCN frequencies in root tip cells of V. faba treated with textile wastewater in 
individual concentrations 

Wastewater 
concentration 

MCN per 1000 Vicia faba cells in 5 root tips [‰] Mean  

Series 1 2 3 4 5 Mean ±SE 

12.5% 11.89 10.98 9.77 11.02 8.56 10.44 ±1.29 

6.25% 6.54 9.28 7.13 7.25 6.14 7.27 ±1.21 

3.125% 4.56 10.56 5.12 4.16 6.55 6.19 ±2.61 

1.56% 2.94 3.15 3.89 2.06 3.85 3.18 ±0.75 

0.78% 1.03 0.99 1.45 2.43 2.01 1.58 ±0.63 

NC 0.78 0.00 0.00 0.12 0.32 0.24 ±0.33 

PC 24.32 21.34 19.87 26.75 29.84 24.42 ±4.03 

 
 

The study result shows a clastogenic effect, evidenced by the induction of CA at used 
concentration. During the micronucleus test the major CA were noted as fragments, 
laggards, vagrants and chromosomal bridges (Figure 2). The lowest CA frequency was 
observed to be 0.39% in control sample (NC). In turn the highest frequency of CA 
(18.78%) was found to be in 12.50% concentration of textile wastewater. A PC, whose 
genotoxicity has been confirmed, induced chromosomal aberrations at the level 3.52%. 
An increasing with wastewater concentration percentage of CA showed positive 
correlation with sample concentration (Table 5). 

Additionally, the studies proved the usefulness of V. faba micronucleus test for 
assessing the genotoxic potential of such complex mixtures as textile wastewater. 
Similar conclusions based on research were formulated by Bhat (2017). Author indicate 
in his work that the V. faba (broad bean) bioassay is used extensively to evaluate toxic 
substances in the environment and is an excellent bioassay for toxicological 
observations. As an advantage of the method author indicates the high sensitivity and 
economic profitability of the test. Moreover, author marks the that broad bean cells are 
quite large which makes the chromosomes more visible and finally makes the 
chromosomal-aberration evaluation easier (Bhat et al., 2017). The study result confirm 
that plant test model based on the analysis of induced changes in meristematic cells of 
V. faba is effective and appropriate assay for detection of genotoxicity and cytotoxicity 
of environmental samples. 



Zgórska – Borgulat: Genotoxicity of wastewater samples from textile industry detected by broad bean (Vicia faba) micronucleus test 
assay 

- 5321 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5315-5323. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_53155323 
© 2020, ALÖKI Kft., Budapest, Hungary 

A A1 B 

B1 C C1 
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Figure 1. Examples of micronucleus and chromosomal aberrations observed in Vicia faba root 
cells after exposure to textile wastewater: A,A1chromosome bridge; B,B1fragments of 
chromosome; C,C1lagger chromosome; D,D1vagrant chromosome; Emulti aberration 

 
 

F F1 G 

G1 H H1 

I I1 J 

Figure 2. Examples of micronucleus aberration observed in V.faba root cells after exposure to 
textile wastewater: F,F1micronuclei; G,G1meganuclei,H,H1 multinuclei; I,I1bud chromosome; 

Jmicronuclei in anaphase 
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Table 5. CA frequencies in root tip cells of V. faba treated with textile wastewater in 
individual concentrations 

Wastewater 
concentration 

CA per 400 Vicia faba cells in 5 root tips [%] 

Series 1 2 3 4 5 Mean ±SE 

12.5% 18.67 17.34 21.14 18.32 18.45 18.78 ±1.41 

6.25% 11.23 10.98 9.87 11.34 12.14 11.11 0.82 

3.125% 7.85 7.64 8.14 6.14 7.33 7.42 ±0.76 

1.56% 3.87 4.1 2.88 3.95 4.13 3.79 ±0.52 

0.78% 2.65 1.89 2.54 2.32 1.99 2.28 ±0.33 

NC 0.65 0.45 0.00 0.87 0.00 0.39 ±0.39 

PC 3.45 4.21 2.98 3.21 3.75 3.52 ±0.48 

 
 
Conclusion 

The results of the study showed toxic effect posed by untreated textile wastewater on 
the meristematic cell of V. faba. The test results demonstrated a positive correlation 
between the wastewater concentration and toxic effect expressed in the indicators form 
as MI, MCN frequencies and CA. Conducted research proves that textile wastewater 
have a genotoxic potential. The results imply that the wastewater could result in 
environmental contamination even at low concentration and exposure to wastewater 
might posed potential risk conducted cytogenetic damages induced in exposed 
organisms cells. Additionally, the study results imply that V. faba micronucleus assay as 
a sensitive and repeatable method can successfully use for testing cytotoxic and 
genotoxic risk for both, individual (chemical) substances, which have been already 
proved, as well as complex mixtures, such as textile wastewater which often forming a 
difficult to identify. Moreover, described method is cheaper than other techniques that 
may be used in genotoxicological studies (e.g. FISG, GISH or RT-PCR) and, what is 
particularly important, does not require sterile working conditions. 
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Abstract. This study was conducted to investigate the effects of nano potassium silicate on amino acid 
components and family gene expression of nitrogen metabolism-related glutamine synthetase (GS) in 
Chinese cabbage (Brassica rapa L. ssp. pekinensis). With ordinary potassium silicate (OKSi) and nano 
potassium silicate (NKSi) as different potassium fertilizers, the experiment set four potassium levels (K2O) 
of 0 (CK), 150, 300 and 450 kg·hm-2, respectively. Field experiments were adopted to investigate the 
effects of different forms and levels of potassium on the amino acid content of Chinese cabbage and GLN 
family gene expression in roots, stems and leaves. The total amount of essential amino acids was the highest 
in NKSi-300 treatment, which was 41.1% higher than that in the control (CK). In the stem of Chinese 
cabbage, the relative expression of GLN1.2, GLN1.3, GLN1.4 and GLN2 was up by 7.85, 3.46, 45.6 and 
50.7 times compared with CK under NKSi-300 treatment. In Chinese cabbage leaves, GLN1.1, GLN1.2 
and GLN1.3 had the highest relative expressions under NKSi-150 treatment, which were up by 1.984, 1.235 
and 1.617 times, respectively compared to CK. GLN family gene expression was significantly or extremely 
significantly correlated with histidine, glycine, methionine, tyrosine and cysteine contents in the stem of 
Chinese cabbage. 
Keywords: nano potassium silicate, Chinese cabbage, amino acid, GLN family gene, correlation analysis 

Introduction 

It has become an important goal to improve vegetable quality in today's vegetable 
production. Amino acids, sugars, organic acids and volatile metabolites have always acted 
as important indicators for evaluating nutritional and flavor quality of vegetables. To 
study the key enzymes and key genes involved in the synthesis of these compounds 
carries important significance for vegetable quality control. As one of the essential 
nutrients for plant growth and development, potassium participates in multiple metabolic 
processes of plants, which is crucial for the development of quality vegetable. However, 
China lacks potash fertilizer resources, potassium-ion soil deficiency is prevalent in China 
and Asia, and urgent solution is needed. Nanotechnology involves the understanding and 
control of substances at the nanoscale, i.e. new applications having unique physical, 
chemical and biological properties (nanomaterials, NMs) with dimensions in the range of 
1-100 nm (Huang et al., 2014). Nano-fertilizers provide certain effects in improving 
fertilizer utilization rate and agricultural product quality. Nano-selenium fertilizer can 
increase the content of selenomethionine, selenium methylation cysteine, etc. in wheat 
(Li et al., 2017). The experiment results on combined application of low potassium and 
nano magnesium hydroxide showed significantly increased contents of carotene, total 
phenols and flavonoids in Chinese cabbage (Brassica rapa L. ssp. pekinensis), with 
potassium utilization efficiency significantly improved (Yuan et al., 2017). Foliar spray 
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tests on nano chelate nitrogen fertilizer and urea showed that the former can better 
improve the quality of pomegranate fruit (Davarpanah et al., 2017). 

Since the 1930s, breeders have been emphasizing yield increase, basically ignoring 
vegetable quality in aspects like flavors and nutritional properties of interest to consumers 
(Gascuel et al., 2017). For the reason: first, it is quite difficult to obtain complex polygenic 
traits such as flavor; second, we lack understanding of molecular genetic basis of 
vegetable quality (Lim et al., 2014). These result in decline in vegetable quality and loss 
of flavor, indirectly producing a negative impact on vegetable consumption. Despite the 
continuous development of biotechnology in recent decades, breeding programs often fail 
in the face of complex quality traits (Mattoo et al., 2014). Advances in biotechnology and 
omics technology for variant traits may help us decode the underlying genetic basis of 
complex traits, so that it is possible to implant optimal allele to vegetables by 
hybridization, genetic engineering, transgenic techniques or new plant breeding 
techniques (NPBT) to improve vegetable quality (Gascuel et al., 2017). To this end, this 
study adopted field experiments to investigate the effect of nano potassium silicate on 
amino acid composition of Chinese cabbage, and explore the effect of nano potassium 
silicate on the family gene expression of amino acid metabolism and nitrogen 
metabolism-related glutamine synthetase in Chinese cabbage. The study aims to clarify 
the physiological and molecular biological mechanism in amino acid metabolism 
regulation of vegetables by nano-potassium fertilizer, thus providing a theoretical basis 
for efficient utilization of potassium fertilizer resources and high-quality vegetable 
production. 

Materials and methods 

Plant material, soil and treatments 

The Chinese cabbage (Brassica rapa L. ssp. pekinensis) variety for the field experiment 
was “Liangqing”, and the test fertilizer was the same as that in the pot experiment. The 
physical and chemical properties of the tested soil are shown in Table 1. 
 

Table 1. Basic soil physical and chemical properties in the field experiment 

pH 

Water/Soil=1/1 

Organic 

matter /g·kg-1 

Total 

nitrogen 

/g·kg-1 

Available 

nitrogen /mg·kg-

1 

Available 

phosphorus 

/mg·kg-1 

Available 

potassium /mg·kg-

1 

5.80 25.8 1.70 140 127 77.5 

 
 

The field experiment was conducted from February 18, 2017 to May 19, 2017 at 
Sanyuan Village, Badang Town, Bishan District, Chongqing, China. There were three 
potassium levels (K2O), 150, 300 and 450 kg·hm-2, respectively, as well as potassium-
free blank control (CK) (Table 2). Each treatment was repeated 3 times, and application 
of nitrogen (N) and phosphorus (P2O5) was consistent in all treatments. According to the 
customary application rate of farmers, 750 kg·hm-2 nitrogen-phosphorus compound 
fertilizer (15-15-0) was converted into urea and superphosphate and applied to the soil by 
means of furrow application. Only nitrogen fertilizer was applied in late topdressing, and 
the dosage was 300 kg·hm-2 urea. The test plot area was 2 m × 5 m = 10 m2, a total of 21 
plots. 60 strains of Chinese cabbage seedlings with uniform growth conditions were 
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transplanted in each plot, arranged in random blocks, with a spacing of 0.5 m between the 
plots for easy management. Also, guard rows were set around. Field management was 
carried out in accordance with conventional management. After the Chinese cabbage 
matured, 5 representative plants were selected and harvested from each plot. Different 
organ samples of Chinese cabbage were collected by portable liquid nitrogen tanks and 
stored in a -80 °C ultra-low temperature refrigerator for subsequent gene expression 
determination. Part of the harvested plants were used for determination of vegetable 
quality indicators, while part was killed at 105 °C, dried, crushed and stored at 65-80 °C 
for analysis and detection of plant nutrients. 
 

Table 2. Field experiment design and fertilization amount 

Treatment N-P2O5-K2O/kg·hm-2 

CK 112.5-112.5-0 

OKSi-150 112.5-112.5-150 

OKSi-300 112.5-112.5-300 

OKSi-450 112.5-112.5-450 

NKSi-150 112.5-112.5-150 

NKSi-300 112.5-112.5-300 

NKSi-450 112.5-112.5-450 

 
 
Amino acid component determination 

Measurement was carried out using L-8800 automatic amino acid analyzer (Hitachi, 
Japan). 

RNA extraction 

RNA was extracted from the roots, stems and leaves of Chinese cabbage using EZ-10 
DNAaway RNA Mini-Preps Kit (Sangon Biotech Co., Ltd, China). Please refer to the 
operating instruction on the kit for the specific procedures. The sample RNA was stored 
in -80 °C refrigerator for later use. 

RNA concentration and quality detection 

Using RNase-Free Water as a reference, the concentration and quality of extracted 
RNA were detected using a NanoDrop 2000C spectrophotometer (500 ng/band) (Thermo 
Scientific, Wilmington, DE, USA), and RNA degradation degree and quality were 
measured by 1% agarose gel electrophoresis. The results are shown in Table 3 and 
Figure 1. 

The detection results of NanoDrop 2000C spectrophotometer show that RNA 
concentration is greater than 125 ng·μL-1, OD260/280 is between 1.8-2.21, and 
OD260/OD230 is greater than 2.0, indicating that there is no protein or phenolic 
substances, carbohydrate, salt pollutions and quality and concentration are qualified. 

The results of RNA agarose gel electrophoresis (Figure 1) show that 28S band is 
brighter than 18S band, 5S band is the darkest or invisible, the characteristic bands are 
clear, the degradation is unobvious. Quality and concentration are assessed as qualified 
by luminance method (Li et al., 2018) and usage for follow-up experiments like reverse 
transcription is possible. 
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Table 3. Concentration and quality test results of RNA extracted from Chinese cabbage in the 
field experiment 

No. Treatments 
RNA concentrations 

/ng·µL-1 
OD260/ OD280 OD260/OD230 

1 CK-BrR 672.4 2.17 2.32 

2 OKSi-150-BrR 815.8 2.18 2.38 

3 OKSi-300-BrR 565.0 2.17 2.29 

4 OKSi-450-BrR 1172.4 2.21 2.36 

5 NKSi-150-BrR 492.8 2.14 2.19 

6 NKSi-300-BrR 1056.3 2.19 2.33 

7 NKSi-450-BrR 560.6 2.15 2.24 

8 CK-BrS 224.8 2.16 2.17 

9 OKSi-150-BrS 232.4 2.17 2.25 

10 OKSi-300-BrS 212.7 2.17 2.23 

11 OKSi-450-BrS 213.9 2.18 2.23 

12 NKSi-150-BrS 126.3 2.17 2.14 

13 NKSi-300-BrS 140.5 2.18 2.14 

14 NKSi-450-BrS 135.9 2.19 2.09 

15 CK-BrL 1348.1 2.19 2.34 

16 OKSi-150-BrL 1629.1 2.2 2.35 

17 OKSi-300-BrL 1210.5 2.2 2.33 

18 OKSi-450-BrL 1071.3 2.21 2.37 

19 NKSi-150-BrL 1076.5 2.16 2.27 

20 NKSi-300-BrL 1894 2.16 2.27 

21 NKSi-450-BrL 847.2 2.16 2.22 

Note: BrR/S/L indicates the root/stem/leaf of Chinese cabbage, the same below 

 
 
RNA purification and reverse transcription 

gDNA removal and reverse transcription were performed using TaKaRa PrimeScript® 
Reagent Kit. For specific procedures, refer to the kit's operating instructions. The reverse 
transcription product cDNA was stored in a -20 °C refrigerator. 

Detection of reverse transcription product cDNA 

With cDNA as a template, F26Sq+R26Sq was used as a primer (primer sequence was 
5'-GTTACCACAGGGATAACTGGCTTG-3' + 5'-CTAACCTGTCTCACGACGG 
TCTAA-3'), and 26SrRNA gene was amplified by 25 μL system and detected by agarose 
gel electrophoresis. The reaction system is as follows (Table 4). 

The PCR reaction procedure was as follows: predenaturation at 94 °C for 2 min; 
denaturation at 94 °C for 1 min, annealing at 60 °C for 30 s, extension at 72 °C for 30 s, 
repetition by 18 cycles and 35 cycles; extension at 72 °C for 10 min and at 4 °C for 2 min. 

The results of cDNA electrophoresis (Figure 2) show that a clear band of about 173bp 
is obtained by agarose gel electrophoresis except for No.6 (Figure 2A), indicating 
successful reverse transcription. However, RNA reverse transcription efficiency differs 
due to different RNA concentrations and purities, so 173 bp bands show slightly different 
brightness, and No.6 only has weak brightness. As can be seen from Figure 2B, No. 6 has 
been reverse transcribed successfully, though the reverse transcription efficiency is low. 
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Figure 1. Agarose gel electrophoresis detection results of RNA extracted from Chinese 
cabbage. Note: No.1-21 has the same meaning as Table 3, M-Trans 2K Plus Marker 

 
 

Table 4. Amplification system of reverse transcription product PCR 

Reagents Volume/µL 

ddH2O 20.15 

cDNA 0.50 

dNTPs /10 mmoL·L-1 0.50 

F26Sq /10 µmoL·L-1 0.50 

R26Sq /10 µmoL·L-1 0.50 

10×Easy Taq Buffer (Mg2+) 2.50 

Easy-Taq DNA PoLymerase /5U·µL-1 0.35 

Total volume 25.0 

Note: F-Forward primer, R-Reverse primer 
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Figure 2. Agarose gel electrophoresis results of reverse transcription product cDNA. Note: 
18A-PCR amplified cyclic electrophoresis results; 35 B-PCR amplified cyclic electrophoresis 

results, number 1-21 has the same meaning as those in Table 3, M-Trans 2K Plus Marker 
 
 
Electronic cloning of GLN family gene 

The locus number of the Arabidopsis thaliana L. GLN family gene was accessed from 
Arabidopsis thaliana L. database. BLAST was performed on NCBI website, Organism 
was defined as Arabidopsis thaliana L. and Brassica rapa L. ssp. pekinensis, respectively. 
The database was defined as Reference RNA sequence (refseq_rna), Reference genomic 
sequences (refseq_ genomic) and Transcriptome Shotgun Assembly (TSA). The 
reference RNA sequences, reference chromosomal sequences and TSA sequences of 
Arabidopsis thaliana L. and Brassica L. ssp. pekinensis GLN family genes were obtained 
from BLAST results; sequences were created using Vector NTI Advance 11.5. Then, 
using the Arabidopsis thaliana L. GLN family gene sequence as a basic sequence, the 
above sequence tags were added one by one for alignment until multiple alignments were 
completed. 

A 

B 
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GLN family gene primer design 

Based on the electronic cloning results of GLN family genes, corresponding qRT-PCR 
primers were designed based on sequence difference sites between the species (Table 5). 
 

Table 5. qRT-PCR primers of GLN family gene of Chinese cabbage 

Primers Primer Sequence (5'→3') Predicted annealing temperature 

FBrGLN1.1 CTGGCATCAACATTAGTGGCATC 60.0 

RBrGLN1.1 TGTGTCTCAGTCCCAATTTATCG 60.0 

FBrGLN1.2 GTATGCTGGAATTAACATCAGTGG 62.0 

RBrGLN1.2 CTTGATTATCTCGTATCCTCCTTC 62.0 

FBrGLN1.3 TCCGACCAACAAGAGGCACAA 62.0 

RBrGLN1.3 CGAAGCTGACATTTACACCAGAGA 62.0 

FBrGLN1.4 GTCTTTACGCCGGAATCAATGT 62.0 

RBrGLN1.4 GTGTTCCTTGTGACGCAATCCA 62.0 

FBrGLN2 CAGGTGATCATGTTTGGTGTGC 62.0 

FBrGLN2 TGCTTTCCGGTCAACCTTCTC 62.0 

Note: F-forward primer, R-reverse primer, Br-Chinese cabbage, GLN-glutamine synthetase 

 
 
Primer annealing temperature gradient test 

The mixed cDNA of Chinese cabbage in each treatment was used as a template, and 
six temperature gradients at 55 °C, 57 °C, 59 °C, 60 °C, 61 °C and 62 °C were set for the 
combination of (forward primer and reverse primer) in Table 2 with 60 °C as the criterion. 
The 25 µL standard semi-quantitative RT-PCR system was used to amplify the GLN 
family genes in each sample at different temperatures. The amplified products were 
subjected to 1% agarose gel electrophoresis to detect the optimum annealing temperature 
for each primer. The reaction system is as follows (Table 6): 
 

Table 6. Primer annealing temperature gradient test on PCR amplification system 

Reagents Volume /μL 

ddH2O 
cDNA 

11.0 
0.5 

Forward primers /10 µmol·L-1 0.5 

Reverse primers /10 µmol·L-1 0.5 

FastStart Essential DNA Green Master 12.5 

Total volume 25.0 

 
 

PCR reaction procedure was as follows: pre-denaturation at 94 °C for 2 min; 
denaturation at 94 °C for 1 min, annealing at T0 °C for 30 s, extension at 72 °C for 30 s, 
repetition for 40 cycles; extension at 72 °C for 10 min and at 4 °C for 2 min (T0 °C means 
predicted annealing temperature of different primers). GLN1.1-GLN1.4 electrophoresis 
bands of Chinese cabbage had gradually increased brightness with increasing 
temperature, reaching the top at 62 °C, and GLN2 bands basically had no differences in 
brightness. Therefore, the annealing temperature of Chinese cabbage GLN family was set 
at 62 °C (Figure 3) and the annealing temperature of qRT-PCR could be uniformly set to 
62 °C. 
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Figure 3. Agarose gel electrophoresis detection results of Chinese cabbage GLN family gene 
annealing temperature gradient test. Note:1: 55℃,2: 57℃,3: 59℃,4: 60℃,5: 61℃,6: 62℃, M: 

Trans 2K Plus Marker 
 
 
qRT-PCR detection of GLN family gene 

The cDNA of reverse transcription products of Chinese cabbage in 7 different 
treatments was diluted 30-fold as a template, 26SrRNA was used as an internal reference 
gene, and (forward primer and reverse primer) in Table 2 was used as a combination to 
detect expression differences of Chinese cabbage GLN family genes in different organs 
under different treatments by qRT-PCR (CFX96TM Real-Time System, New England 
Biolabs, USA). Each treatment of each gene was repeated by 3 times. The reaction system 
is as follows (Table 7): 
 

Table 7. qRT-PCR reaction system 

Reagents Volume /μL 
ddH2O 1.5 
cDNA 2.5 

Forward primers /10 µmol·L-1 0.5 
Reverse primers /10 µmol·L-1 0.5 

FastStart Essential DNA Green Master 5.0 
Total volume 10.0 

 
 

qRT-PCR reaction procedure was as follows: pre-denaturation at 95 °C for 10 min; 
denaturation at 95 °C for 10 s, annealing at T1 °C for 30 s, repetition by 45 cycles; 
addition of melting curve ranging from 65 °C to 95 °C (T1 °C was the optimum annealing 
temperature for different primers). 

Statistical analysis 

Three-way analysis of univariate ANOVA and correlation analysis were performed 
using SPSS version 21.0package (SPSS, 2009). 

Results and analysis 

Amino acid component  

As can be seen from Table 8, essential amino acids (BI), total non-essential amino 
acids (BD) and total amino acids (BT) of Chinese cabbage increase with the increasing 
application of ordinary potassium silicate (OKSi) and nano potassium silicate (NKSi). 
The total amount of essential amino acids is the highest in NKSi-300 treatment, which is 
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41.1% higher than that of control (CK), followed by OKSi-450 which is by 31.0% higher 
than that of the control. Both OKSi and NKSi treatments improve lysine (Lys) content, 
but NKSi has greater improvement than OKSi under the same application rate. Under 
150, 300 and 450 kg·hm-2 application rate, OKSi-Lys is increased by 33.4%, 45.5% and 
64.3%, respectively compared with control, NKSi-Lys is increased by 104%, 170% and 
132%, respectively compared with control, and NKSi-Lys is 53.2%, 85.3% and 41.5% 
higher than OKSi-Lys, respectively. OKSi treatment increases methionine (Met) content 
and there is greater increase with the increasing application rate of OKSi, while NKSi 
demonstrate an effect opposite to that of OKSi. Met content is decreased with the 
increasing application rate. At application rates of 150, 300 and 450 kg·hm-2, OKSi-Met 
is increased by 33.1%, 35.2% and 101% respectively compared with the control, while 
NKSi-Met is decreased by 53.8%, 57.9% and 65.5%, respectively compared with the 
control. The ratio of essential amino acid to total amino acid (BI/BT) shows an upward 
trend, reaching the highest in NKSi-300 treatment, which is 22.3% higher than CK. Non-
essential amino acid ratio (BD/BT) shows an opposite effect, with the lowest in NKSi-
300 treatment, which is 11.3% lower than CK. The ratios of total essential amino acids 
and non-essential amino acids (BI/BD) in adult are higher than that of CK under 
potassium silicate treatment, with NKSi-BI/BD higher than OKSi-BI/BD at the same 
application rate. NKSi-300 has the highest ratio, which is 37.7% higher than CK. 

The above analysis shows that application of both OKSi and NKSi can increase amino 
acid content of Chinese cabbage, with superior effect in NKSi than OKSi. 

Expression characteristics of GLN family gene 

As can be seen from Figure 4, GLN family gene in Chinese cabbage root (BrR) shows 
the following tendency under potassium silicate treatment: under ordinary potassium 
silicate (OKSi) treatment, expression of GLN1.1, GLN1.2, GLN1.3 and GLN2 is first 
down-regulated and then up-regulated, with the highest expression under OKSi-450 
treatment, which is up by 1.84, 5.47, 5.20 and 5.57 times, respectively, compared with 
control (CK). Expression of GLN1.4 is gradually up-regulated with the increasing OKSi 
application rate, but the increase range is first increased and then increased, which is up 
by 4.37, 1.25 and 99.5 times respectively compared with CK under 150, 300 and 
450 kg·hm-2 application rates. Under nano potassium silicate (NKSi) treatment, GLN1.1 
and GLN1.2 expressions are only up-regulated under 300 kg·hm-2 treatment, which are 
up by 34.4 and 40.7 times, respectively compared with CK. GLN1.3 and GLN2 
expressions are up-regulated at 300 and 450 kg·hm-2 treatments, up by 119, 1.91 and 67.2, 
0.108 times, respectively compared with CK. GLN1.4 is up-regulated under 150, 300 and 
450 kg·hm-2 treatments, up by 9.57, 1305 and 6.48 times compared with CK, respectively. 
Compared with CK, GLN1.1, GLN1.2, GLN1.3, GLN1.4 and GLN2 genes have the 
highest relative expression under the treatment of 300 kg·hm-2 NKSi, showing the order 
of expression of GLN1.3 (158)>GLN1. 1 (154)>GLN1.4 (139)>GLN2 (125)>GLN1.2 
(82.0). GLN1.1, GLN1.2, GLN1.3 and GLN2 expressions are down-regulated under 
150 kg·hm-2 application rate, but OKSi has greater down-regulation than NKSi. On the 
other hand, GLN1.4 expression is up-regulated, but NKSi brings greater up-regulation 
effect than OKSi. Under 450 kg·hm-2 application rate, all of OKSi-GLN1.1, GLN1.2, 
GLN1.3, GLN1.4 and GLN2 show up-regulated expressions, NKSi-GLN1.1 and GLN1.2 
show down-regulated expression, while GLN1.3, GLN1.4 and GLN2 show up-regulated 
expressions. The expression levels of each gene are higher in OKSi treatment than in 
NKSi treatment at 450 kg·hm-2 potassium feitilizer treatment. 
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Table 8. The amino acid component and content in the aboveground parts of Chinese cabbage treated with potassium silicate  

Treatments 
Lys* Met* Ile* Leu* Phe* Val* Thr* BI His Arg Glu Ser Gly Ala Tyr◆ Pro Asp Cys◆ BD BT BI/BT BD/BT 

BI/BD 
g•kg-1 DW % DW 

CK 3.14 1.45 5.11 8.03 5.76 4.77 3.66 31.9 1.85 2.43 23.8 4.71 5.15 6.67 1.91 1.8 9.36 0.44 58.1 90.1 35.4 64.5 0.549 

OKSi-150 4.19 1.93 5.86 9.01 6.02 6.23 4.41 37.7 2.02 2.64 25.7 5.40 5.71 7.36 2.37 6.20 10.4 0.640 68.5 106 35.6 64.6 0.550 

NKSi-150 6.42 0.670 4.57 7.80 4.95 5.64 3.63 33.7 2.28 2.6 15.1 3.23 5.65 7.25 0.960 1.27 8.72 0.280 47.4 81.1 41.6 58.4 0.711 

OKSi-300 4.57 1.96 5.60 9.18 5.50 5.99 4.13 36.9 1.98 2.41 23.1 4.77 5.39 6.55 2.17 5.71 10.2 0.590 62.8 100 36.9 62.8 0.588 

NKSi-300 8.47 0.610 6.05 10.6 7.00 7.44 4.75 45.0 3.07 3.59 17.2 4.61 7.34 8.51 1.34 1.55 11.9 0.321 59.5 104 43.3 57.2 0.756 

OKSi-450 5.16 2.92 5.99 9.98 6.65 6.48 4.59 41.8 2.44 2.75 24.5 4.84 5.95 7.76 3.01 1.81 10.6 0.660 64.3 106 39.4 60.7 0.650 

NKSi-450 7.30 0.500 5.43 8.91 5.71 6.63 5.21 39.7 2.64 3.49 20.8 4.75 6.82 8.90 0.920 1.35 12.00 0.360 62.1 102 38.9 60.9 0.640 

Note: "*" means essential amino acids for adults, “◆” means conditionally essential amino acids; Lys-lysine, Met-methionine, Ile-isoleucine, Leu-leucine, Phe-
phenylalanine, Val-valine, Thr-threonine, BI-total essential amino acids in adults; His-histidine, Arg-arginine, Glu-glutamic acid, Ser-serine, Gly-glycine, Ala-alanine, 
Tyr-tyrosine, Pro-proline, Asp-asparaginic acid, Cys-cysteine, BD-total non-essential amino acids in adults, BT-total amino acid; BI/BT-A ratio of total essential amino 
acids in adults to total amino acids, BD/BT - ratio of total non-essential amino acids in adult to total amino acids, BI / BD - the ratio of total essential amino acids in 
adults to total non-essential amino acids, the same below 
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Figure 4. Relative expression of GLN family genes in Chinese cabbage root under different 
potassium silicate treatments 

 
 

As can be seen from Figure 5, GLN family gene in Chinese cabbage stem (BrS) shows 
the following trend under potassium silicate treatment: under ordinary potassium silicate 
(OKSi) treatment, GLN1.1, GLN1.2 and GLN1.3 expressions are gradually down-
regulated with the increasing application rate, while GLN1.4 expression first decreases 
and then increases. The relative expression is the highest under OKSi-300 treatment, 
while that under OKSi-300 and OKSi-450 treatments is up by 1.16 and 0.088 times 
compared with the control (CK), respectively. GLN2 shows up-regulated expression, 
which is up by 1.79, 10.1 and 4.03 times compared with CK, respectively, under 
application rates of 150, 300 and 450 kg·hm-2. Under nano potassium silicate (NKSi) 
treatment, relative expressions of GLN1.1, GLN1.2, GLN1.3, GLN1.4 and GLN2 are up-
regulated under each treatment, showing higher increase range than that of OKSi. The 
relative expression of GLN1.1 is the highest under NKSi-450 treatment, which is 0.603 
times higher than CK. GLN1.2, GLN1.3, GLN1.4 and GLN2 have the highest relative 
expression under NKSi-300 treatment, which is up by 7.85, 3.46, 45.6 and 50.7 times, 
respectively compared with CK, showing the order of expression of GLN1.4 
(1.30)<GLN1.2(3.38)<GLN1.3(4.46)< GLN2 (4.87). The above analysis indicates that 
NKSi treatment can significantly up-regulate GLN family gene expression in Chinese 
cabbage stem, with superior up-regulation effect than OKSi. 
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Figure 5. Relative expression of GLN family genes in Chinese cabbage stem under different 
potassium silicatetreatments 

 
 

As can be seen from Figure 6, GLN family gene shows the following trend in Chinese 
cabbage leaves (BrL) under potassium silicate treatment: relative expression of GLN1.1, 
GLN1.2, GLN1.4 and GLN2 is gradually up-regulated with increasing application rate 
under ordinary potassium silicate (OKSi) treatment, reaching the highest under OKSi-450 
treatment, which is 2.19, 6.29, 1.63 and 58.7 times higher than that of the control (CK), 
and the following order of expression of GLN1.4 (1.25)<GLN1.1 (2.07)<GLN1.2 
(6.12)<GLN2 (6.48) is shown. GLN1.3 expression is first down-regulated and then 
up-regulated, with the highest relative expression in OKSi-300 treatment, followed by 
OKSi-450, which is up by 9.59 and 8.96 times, respectively, compared with CK. Under 
nano potassium silicate (NKSi) treatment, expression of GLN1.1, GLN1.2 and GLN1.3 
is first up-regulated and then down-regulated, showing the highest relative expression 
under NKSi-150 treatment, which is up by 0.984, 0.235 and 0.617 times, respectively, 
compared with CK. Only NKSi-150 brings higher expression level than OKSi-150, while 
other relative gene expression levels are higher in OKSi treatment under the same 
application rate. The relative expression of GLN1.4 is down-regulated while that of 
GLN2 is up-regulated, both of which are lower than that of OKSi treatment under the 
same application rate. The above analysis suggests that OKSi treatment can significantly 
up-regulate GLN family gene expression in Chinese cabbage leaves, showing superior 
up-regulation effect than NKSi. 
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Figure 6. Relative expression of GLN family genes in Chinese cabbage leave under different 
potassium silicate treatments 

 
 
Correlation analysis between GLN family gene expression and amino acid component 

As can be seen from Table 9, BrRGLN1.1 (r=0.779*), BrRGLN1.2 (r=0.794), 
BrRGLN1.3 (r=0.784*), BrRGLN1.4 (r=0.783*) and BrRGLN2 (r=0.786*) are 
significantly positively correlated with histidine (His), BrRGLN1.3 (r=0.759*) is 
significantly positively correlated with glycine (Gly); BrSGLN1.1 (r= -0.922**, -0.900** 
and -0.898**) is significantly negatively correlated with methionine (Met), tyrosine (Tyr) 
and cysteine (Cys), BrSGLN1.2 (r=0.866* and 0.820*), BrSGLN1.3 (r=0.758* and 
0.775*), BrSGLN1.4 (r=0.808* and 0.811) *) and BrSGLN2 (r = 0.762* and 0.781*) are 
significantly positively correlated with lysine (Lys) and His, and BrSGLN1.2 (r = -0.762* 
and -0.799*) is significantly negatively correlated with Met and Cys, BrSGLN1.2 
(r=0.780*) and BrSGLN1.4 (r=0.763*) are significantly positively correlated with Gly; 
BrLGLN1.2 (r= 0.822* and 0.757*) and BrLGLN1.4 (r=0.834* and 0.782*) are 
significantly positively correlated with Met and Tyr, BrLGLN1.4 (r=0.757*) is 
significantly positively correlated with Cys, while other amino acids show no significant 
or highly significant correlation with GLN family gene. 
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Table 9. Correlation coefficient (r) between amino acid component (AAs) and GLN family genes in Chinese cabbage under different potassium silicate 
treatments 

Amino acids 
GLN family genes 

BrRGLN1.1 BrRGLN1.2 BrRGLN1.3 BrRGLN1.4 BrRGLN2 BrSGLN1.1 BrSGLN1.2 BrSGLN1.3 BrSGLN1.4 BrSGLN2 BrLGLN1.2 BrLGLN1.4 

Lys 0.667 0.667 0.683 0.676 0.673 0.589 0.866* 0.758* 0.808* 0.762* -0.207 -0.347 

Met -0.359 -0.309 -0.384 -0.357 -0.348 -0.922** -0.762* -0.597 -0.595 -0.473 0.822* 0.834* 

Ile 0.470 0.502 0.461 0.473 0.480 -0.414 0.005 0.147 0.196 0.315 0.382 0.473 

Leu 0.708 0.743 0.701 0.714 0.720 -0.236 0.335 0.471 0.510 0.617 0.379 0.405 

Phe 0.714 0.749 0.697 0.710 0.720 -0.136 0.304 0.454 0.463 0.518 0.351 0.257 

Val 0.678 0.699 0.687 0.691 0.691 0.106 0.562 0.545 0.635 0.678 0.101 0.052 

Thr 0.327 0.348 0.336 0.331 0.337 0.205 0.245 0.177 0.241 0.255 0.091 0.096 

His 0.779* 0.794* 0.784* 0.783* 0.786* 0.480 0.820* 0.775* 0.811* 0.781* -0.017 -0.199 

Arg 0.673 0.673 0.685 0.673 0.675 0.635 0.748 0.659 0.695 0.642 -0.242 -0.340 

Glu -0.450 -0.430 -0.465 -0.457 -0.449 -0.639 -0.827* -0.716 -0.721 -0.636 0.389 0.559 

Ser 0.008 0.019 0.003 0.003 0.009 -0.397 -0.415 -0.309 -0.285 -0.196 0.151 0.371 

Gly 0.749 0.754 0.759* 0.752 0.754 0.531 0.780* 0.714 0.763* 0.731 -0.168 -0.273 

Ala 0.481 0.495 0.491 0.483 0.487 0.581 0.598 0.459 0.515 0.441 -0.085 -0.288 

Tyr -0.224 -0.177 -0.250 -0.223 -0.215 -0.900** -0.689 -0.501 -0.498 -0.374 0.757* 0.782* 

Pro -0.290 -0.305 -0.280 -0.278 -0.287 -0.665 -0.537 -0.471 -0.397 -0.268 -0.032 0.309 

Asp 0.536 0.546 0.544 0.536 0.541 0.254 0.390 0.380 0.420 0.451 -0.038 0.051 

Cys -0.388 -0.351 -0.403 -0.383 -0.378 -0.898** -0.799* -0.667 -0.634 -0.502 0.633 0.757* 

BI 0.697 0.730 0.696 0.705 0.710 -0.013 0.468 0.513 0.575 0.636 0.289 0.225 

BD -0.044 -0.024 -0.048 -0.043 -0.038 -0.493 -0.452 -0.368 -0.318 -0.213 0.279 0.474 

BT 0.282 0.312 0.279 0.287 0.293 -0.358 -0.112 -0.032 0.032 0.136 0.337 0.451 
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Discussion 

Amino acids are important nutrients for vegetables. The content of amino acid 
components directly affects its nutritional value, which is closely related to human taste 
(Ou et al., 2007). Potassium is an activator of various enzymes in plant cells. Potassium 
deficiency affects nitrogen metabolism, which in turn affects the composition of free 
amino acids and total amino acids (Eppendorfer et al., 1996). In this study, the essential 
amino acids (BI), total non-essential amino acids (BD) and total amino acids (BT) of 
Chinese cabbage increased with the increasing application rate of ordinary potassium 
silicate (OKSi) and nano potassium silicate (NKSi). It indicates that proper application of 
potassium fertilizer contributes to the synthesis of amino acids in Chinese cabbage, which 
is similar to the research results of Tang et al. (2013). The mixture of salt compound of 
aspartic acid and glutamic acid and free acidic amino acids can lower the umami threshold 
with obvious synergistic effect and freshening effect, which is therefore known as umami 
amino acid, a major umami flavoring substance (Lioe et al., 2005). In this experiment, 
with the increasing application rate of ordinary potassium silicate (OKSi) and nano 
potassium silicate (NKSi), the concentration of umami amino acids showed an upward 
trend, suggesting that moderate application of potassium fertilizer in field experiment 
could improve content of umami amino acids in Chinese cabbage, which is consistent 
with the findings of Lin et al. (2003). On the whole, application of ordinary potassium 
silicate (OKSi) and nano nanosilicate (NKSi) can increase the content of sweet amino 
acids (glycine, alanine, threonine, and serine) in Chinese cabbage to some extent. Under 
NKSi-450treatment, glycine, alanine, threonine and serine were increased by 32.4%, 
33.4%, 42.3% and 0.8%, respectively, compared with CK. The above results indicate that: 
under the experimental conditions of this study, application of potassium fertilizer can 
increase the total amount of amino acids in Chinese cabbage, greatly improve umami 
amino acids and sweet amino acids, thereby improving the nutritional value and flavor 
quality of Chinese cabbage. Nanotechnology has been applied to fertilizer modification 
and development of new fertilizers (Conesa et al., 2010; Adhikari et al., 2015). Thanks to 
the unique properties of nanomaterials, nanofertilizers have achieved good yield increase 
benefits in various crop applications. In the present study, NKSi-BI/BD was higher than 
OKSi-BI/BD under the same application rate, with the highest under NKSi-300 treatment. 
Principal component analysis method was used for dimensionality reduction and 
comprehensive evaluation of amino acids (AAs). The results showed that AAs 
comprehensive score was the highest under NKSi-300 treatment. The above analysis 
indicates that nano-potassium fertilizer has better benefits in improving amino acid 
components of Chinese cabbage and perfecting its flavor quality compared with 
traditional potassium fertilizer. It may be related to the fact that nano-fertilizer particles 
have better physical properties, which can enhance permeability of cell wall and cell 
membranes of plants, so that it is more easily absorbed by plant cells (Adhikari et al., 
2015). This is similar to the finding by Lee et al. that mung bean and wheat have 
significant absorption effects on nano-copper (Lee et al., 2010). 

Glutamine synthetase (GS) constitutes one of the key enzymes in the nitrogen 
metabolism pathway of higher plants (Feng et al., 2015). The ammonium directly 
absorbed by plants from the outside world and the ammonium obtained from nitrate 
reduction are further assimilated into amino acids via glutamine synthetase (GS)/ 
glutamate synthase (GOGAT) circulation (Lea and Miflin, 1974). Schuller et al. (1986) 
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found that: potassium application could increase nitrogen metabolism-related key enzyme 
activities in soybean and Sesbania rostrata. The synthesis of biomacromolecules such as 
enzymes is regulated by gene expression. The activity of glutamine synthetase (GS) is 
subject to influence of the expression level of GLN family genes. It is one of the focuses 
of this study to determine the effect of treatment with different concentrations of OKSi 
and NKSi on GLN family genes of Chinese cabbage under field experimental conditions. 
In this study, application of ordinary potassium silicate (OKSi) and nano potassium 
silicate (NKSi) have a certain up-regulation effect on GLN family gene expression in the 
roots, stems and leaves of Chinese cabbage. NKSi and OKSi treatments have different 
effects on expression of GLN family genes in different parts of Chinese cabbage. NKSi 
can better up-regulate GLN family gene expression in roots and stems of Chinese cabbage 
than OKSi, but the latter has better up-regulation effect on leaves than NKSi. This may 
be because potassium promotes the uptake of NO3- in plant roots, thus accelerating the 
process of plant nitrogen metabolism, and promoting the synthesis of amino acids 
(Edward, 1981). The completion of nitrogen metabolism is inseparable from catalytic 
action of related key enzymes (GS, GOGAT, etc.). That is to say, potassium may up-
regulate GLN family gene expression by a certain mechanism to increase the content of 
nitrogen metabolism-related enzymes in roots and stems, thereby achieving efficient 
conversion of nitrogen. Compared with ordinary potassium fertilizer, Chinese cabbage 
has higher absorption rate of nano potassium fertilizer. NKSi treatment may increase 
absorption of potassium ions in roots and stems of Chinese cabbage, thus showing 
superior up-regulation effect on GLN family gene than OKSi. The main organ for plant 
uptake and transport of nitrogen is root system (Fan et al., 2010). NKSi can better up-
regulate GLN family genes in roots and stems of Chinese cabbage than OKSi, which 
means that NKSi has superior effect on root and stem vegetables than on leaf vegetables. 

Conclusion 

The ratio of essential amino acids to total amino acids (BI/BT) in Chinese cabbage 
increased with the increasing application rate of OKSi and NKSi, reaching the highest 
under NKSi-300 treatment. NKSi-BI/BD was higher than OKSi-BI/BD at the same 
application rate, with the highest under NKSi-300 treatment. NKSi treatment can 
significantly up-regulate GLN family genes in roots and stems of Chinese cabbage, 
showing superior up-regulation effect than OKSi, while OKSi treatment can significantly 
up-regulate GLN family genes in Chinese cabbage leaves, showing superior up-
regulation effect than NKSi. There exists a significant or extremely significant correlation 
between GLN family gene expression in Chinese cabbage and the contents of histidine, 
glycine, methionine, tyrosine and cysteine in the stems of Chinese cabbage. Nano 
potassium silicate (NKSi) could increase the content of amino acid components in 
Chinese cabbage, showing better effect than ordinary potassium silicate (OKSi) at the 
same application rate, and NKSi-300 was the most appropriate. NKSi treatment 
significantly up-regulated the expression of GLN family genes in roots and stems of 
Chinese cabbage, showing superior up-regulation effect than OKSi. 

Nanotechnology is a new material and technology. With the development of material 
science, nano-fertilizer and other nano-products are being gradually applied to 
agricultural production. Compared to the traditional fertilization techniques, nano-
fertilizers improve plant production and nutrient use efficiency by consuming a small 
amount of resources (Kashyap et al., 2015). Furthermore, nanoparticles (NPs) can 
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increase crop yield and nutritional value by promoting plant metabolism (Ghormade et 
al., 2011) due to their unique physicochemical properties. In recent research, the effects 
of nano-potassium fertilizer on amino acid composition and gene expression of GLN 
family in Chinese cabbage were discussed in detail. However, the research of nano-
fertilizer on the physiological mechanism of crop, especially the micro-mechanism, needs 
to be strengthened. On the other hand, it has been reported that some nano-fertilizers show 
some toxicity to crops (Gui et al., 2015; Rico et al., 2017), so it is important to carry out 
toxicological research on nano-fertilizers. The emergence of nano-fertilizer plays an 
important role in promoting and innovating agricultural production mode, but there are 
still a lot of research on nano-fertilizer. 
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Abstract. This study aims to explore the content of (geniposidic acid, GPA) in the leaves, trunk bark 
and root bark of Eucommia ulmoides on Xingyi karst plateau mountains of Guizhou Province, China. 
There was no significant difference in the content of GPA in Eucommia ulmoides planted in different 
directions on the same slope. The content of GPA in leaves, trunk bark and root bark of Eucommia 
ulmoides planted on the sunny slope varied significantly, where the GPA content in root bark was the 
highest (32.7851 mg/g), There was no significant difference in GPA content in leaves and root bark of  
Eucommia ulmoides planted on the shady slope, but the GPA content in trunk bark was significantly 
different from that in leaves and root bark, where the GPA content in trunk bark was the highest 
(30.3958 mg/g), There was no significant difference in GPA content in trunk bark and root bark of  
Eucommia ulmoides planted in different slope directions, and the GPA content in leaves of Eucommia 
ulmoides planted on shady slope was significantly (36.71%) higher than that on sunny slope. The GPA 
content in different parts of Eucommia ulmoides on both sunny or shade slope was GAP content in roo t 
bark was the largest followed by that in leaves, and that in trunk bark was the lowest. These results 
expand the source sites and provide new ideas for the comprehensive utilization and further research of 
Eucommia ulmoides resources. 
Keywords: sunny slope and shady slope, different directions, root bark, trunk bark, leaves, high 
performance liquid chromatography 

Introduction 

The karst area in southwest China is the largest karst core area in the world (Wang et 
al., 2013). The exposed area of carbonate rocks in Guizhou is 12.8 × 104 km2, 

accounting for 73% of the total area of the province, which makes Guizhou the province 
with the most developed karst landform in China. Of the province’s 86 counties (cities), 
68 have more than 50% karst area. Environmental degradation is prominent in karst 
areas (Cai, 1996), and problems such as soil-forming difficulties, lack of transition layer 
of limestone formed by carbonate rocks (Yang, 1990), thin soil, discontinuous soil 
cover and low ecological capacity also need to be addressed (Li et al., 2016). There are 
many factors restricting plant growth and development in karst environment. The 
central production areas of Eucommia ulmoides Oliver include Guizhou, Sichuan, 
Hubei, Hunan, Shaanxi and Henan (Li et al., 2001). The Eucommia ulmoides does not 
have strict requirements on environment and soil, and can grow on fertile hills, plains, 
barren red soil and harsh rock cliffs (Jiao, 2016). The Eucommia ulmoides is 
characterized by cold tolerance, drought resistance, poverty resistance, which can be 
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grown in a wide range of area (Liu, 2012) with soil pH ranging from 5.0 to 8.4 (Du, 
2003). There are plantations of Eucommia ulmoides in the harsh environment of 
Guizhou karst plateau. 

As a unique deciduous tree of single species and single genus in China, The 
Eucommia ulmoides is a rare medicinal material unique to China as well asa widely 
used plant tonic. Eucommia ulmoides tea is a popular beverage in Asia and a new dual-
purpose food resource for blood pressure medicine (Bai et al., 2015; Zhu and Sun, 
2018). The Eucommia ulmoides contain abundant chemical constituents such as 
cycloene ether terpenes, bphenylpropanoids, flavonoids and phenols, which have a 
variety of medicinal values (Hussain et al., 2016; Yan et al., 2018). The Medicinal 
components of Eucommia ulmoides have anti-diabetes, anti-inflammatory, blood 
pressure lowering and diuretic effects (Peng and Li, 2013; Sugawa et al., 2016; Wang et 
al., 2016), anti-obesity effect (Hirata et al., 2011), anti-virus effect (Sun et al., 2004), 
effect of liver protection and gallbladder protection (Lou et al., 2011), and effect of 
improving hyperuricemia (Fang et al., 2019). The total flavonoids of Eucommia 
ulmoides have inhibitory effects on cell proliferation, migration and invasion of 
glioblastoma, one of the malignant primary brain tumors (Wang et al., 2019). The trunk 
bark extract of Eucommia ulmoides can reduce the serum level in liver injury (Lee et al., 
2014). The leaf extract of Eucommia ulmoides has the effect of treating non-alcoholic 
fatty liver disease (Lee et al., 2019), and can be used as a new drug for treating male 
erectile dysfunction caused by diabetes (Fu et al., 2019). The GPA, chlorogenic acid, 
ginipinidine, rosin diglucoside, rutin and quercetin are the main components of 
Eucommia ulmoides (He et al., 2014). The GPA as the representative ingredient of 
terpenoids has the functions of anticancer, lowering blood pressure (Du et al., 2011). 
The GPA can change bile composition and prevent the formation of cholesterol stones 
(Huang et al., 2002), with anti-mutation activity and antiviral effect (Ong and Tan, 
2007). Therefore, the studies on Eucommia ulmoides mainly focus on the pharmacology 
and the medicinal components of the bark and leaves of Eucommia ulmoides. In this 
study, the high-performance liquid chromatography (HPLC) was used to determine the 
content of GPA in leaves, trunk bark and root bark of Eucommia ulmoides in karst 
plateau mountains. The influence of different slope directions on the content of GPA in 
three parts as well as the content of GPA in leaves of Eucommia ulmoides planted in 
different slope directions were analyzed, with the purpose of providing a new idea for 
expanding the source site of Eucommia ulmoides. 

Materials and methods 

The Eucommia ulmoides samples were collected from Pishanlin village, Jingnan 
town, Xingyi city, Guizhou province, China (Fig. 1), which is a typical karst plateau 
mountainous area with a subtropical humid monsoon climate, where the soil type is 
lime soil, the average annual temperature is 16.1 ℃ and the average annual rainfall is 
1531.6 mm. The longitude of the sunny slope is 104°49’11” E, the latitude is 24°55’29” 
N, and the altitude is 1670 m; The longitude of the shady slope is 104°52’21” E, the 
latitude is 24°55’ 20” N, and the altitude is 1610 m. 

The Eucommia ulmoides was planted in 1996 as a pure forest, and the samples 
collection date was May 29, 2017. Three 20 m × 20 m quadrats were set on the sunny 
slope and the shady slope, respectively, with a total of 6 quadrats. According to the kraft 
grading principle, three dominant trees were selected from each quadrat, including a 
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total of 18 plants of Eucommia ulmoides, of which the leaves, trunk bark and root bark 
were collected. The Eucommia ulmoides leaves without pests and diseases were 
selected from the east, south, west and north of the tree canopy. The trunk bark samples 
of Eucommia ulmoides were collected by ring stripping. The ring was cut 130 cm from 
the ground, and the second incision was cut 30 cm upward from this point. All the 
openings were cut longitudinally between the two incisions to obtain the trunk bark. 
The root bark samples were collected from the rough root. After digging out all the 
Eucommia ulmoides roots, the root bark was peeled off after removing the soil (Fig. 2). 
There were 36 samples of Eucommia ulmoides leaves on the sunny slope and the shady 
slope, respectively; there were 9 samples of Eucommia ulmoides trunk bark on the 
sunny slope and on the shady slope, respectively; there were 9 samples of Eucommia 
ulmoides root bark on the sunny slope and on the shady slope, respectively. In total, 
there were 108 samples. The samples of leaf, trunk bark and root bark of Eucommia 
ulmoides were placed in the self-sealing bags, labeled with the corresponding sample 
name, and then dried in the lab before use. 

 

 

Figure 1. The habitat of Eucommia ulmoides 
 
 

 

Figure 2. Digging the root of Eucommia ulmoides dominant wood 
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The apparatuses used in the experiment include a single channel pipette (I53066G, 
R39656F; Eppendorf China Co., Ltd.), the circulating water type multipurpose vacuum 
pump (SHZ - D (Ⅲ) (single; Shanghai to the China Instrument and Equipment Co., 
Ltd.), Agilent1260 high performance liquid chromatograph (Agilent Technology Co., 
Ltd.), chromatographic column (Agilent ZORBAX Eclipse Plus C18; Agilent 
Technology Co., Ltd.), electronic balance (Accuracy: Ten thousandth, ATY224; 
Shanghai Shengke Instrument Co., Ltd.), ultrasonic cleaner (SG8200HPT; Shanghai 
Guante Ultrasonic Instrument Co., Ltd.), electric blast drying oven (101-3A), high-
speed universal pulverizer (FW80, Tianjin Taisite Instrument Co., Ltd.), low-speed 
multi-tube frame automatic balancing centrifuge (TDZ5-WS; Hunan Xiangyi 
Laboratory Instrument Development Co., Ltd.), ultra-pure water meter (Direct-Q8 UV 
system; Shanghai Merck Chemical Technology Co., Ltd.) 

Research methods and data analysis 

Chromatographic condition 

The chromatographic column was ZORBAX Eclipse Plus C18 column (4.6 × 250 mm, 
5 μm; Agilent); The column temperature was 30 ℃. The mobile phase was acetonitrile 
(A) -0.1% phosphoric acid solution (B) (97:3). Injection quantity 5 μL, Volume flow rate 
1.0 mL/min; Detection wavelength 235 nm (Lv et al., 2012; Jiang et al., 2013; Qing et al., 
2018). Qualitative test was conducted according to the retention time of the reference 
solution, and GPA content was calculated according to the peak area. 

 
Preparation of reference solution 

The GPA reference sample was weighed and dried to constant weight (0.2200 mg) in 
a 120 ℃ oven and placed in a 10 mL brown volumetric bottle. Then, the solution was 
dissolved with addition of methanol, diluted, and shaken well to obtain a GPA 
0.0220 mg/mL control solution, which was stored in a refrigerator at 4 ℃ for later use 
(Lv et al., 2012; Jiang et al., 2013; Qing et al., 2018). 

 
Preparation of sample solution 

The samples of dried leaves, trunk bark and root bark of Eucommia ulmoides (the 
weight of each sample was 1.0000 g) were placed in 250 mL conical flasks, and then 
50 mL of 70% methanol were added for each flask. Ultrasonic treatment was performed 
for 30 min (30 ℃, 300 W, 40 Hz) for extraction. The solution was transferred to a 
100 mL centrifuge tube, centrifuged (4000 r/min) for 60 min, filtered and diluted to 
50 mL, mixed well. After that, the solution was subjected to a 0.45 μm Millipore filter 
before collecting filter liquor and transferring it to a 2.5 mL injection bottle to obtain the 
sample solution (Lv et al., 2012; Jiang et al., 2013; Qing et al., 2018). 

 
Data processing 

After the experimental data were input into EXCEL2010 for preliminary sorting, 
SPSS24.0 statistical software was used for data analysis. The One-Way ANOVA and 
LSD method were used for pair-wise comparison between groups (Tamhane’s T2 was 
used if the variances were not equal). The difference was considered statistically 
significant when p < 0.05. 
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Results and analysis 

Effect of slope direction on GPA content in different parts of Eucommia ulmoides 

The average GPA content in leaves, trunk bark and root bark of Eucommia ulmoides 
planted on sunny slope was 18.8755 mg/g, 9.8154 mg/g and 32.7851 mg/g, 
respectively, where the average GPA content in root bark was the highest, which was 
1.73 times that in leaves and 3.34 times that in trunk bark. The average GPA content in 
leaves, trunk bark and root bark of Eucommia ulmoides planted on shady slope was 
29.8228 mg/g, 12.4351 mg/g, 30.3958 mg/g, respectively, where the average GPA 
content in root bark was the highest, which was 1.02 times that in leaves and 2.44 times 
that in trunk bark. The average GPA content in leaves and trunk bark of Eucommia 
ulmoides planted on shady slope was 36.71% and 21.07% higher than that of Eucommia 
ulmoides planted on sunny slope. However, the average GPA content in root bark of 
Eucommia ulmoides planted on sunny slope was 7.29% higher than that planted on 
shady slope (Fig. 3). 

 

 

Figure 3. The Average GPA content in different parts of Eucommia ulmoides. The GPA content 
in different parts is an average value of 9 Eucommia ulmoides plants, GPA content in leaves is 
the average value of 36 samples in 4 directions of 9 plants; The error line in the figure is made 
by the standard deviation value obtained by SPSS software analysis, the following is the same 

 
 
Of all Eucommia ulmoides plants planted on sunny slope of 3 quadrats, the east, 

south and west leaves of three Eucommia ulmoides plants planted on sunny slope of 
quadrat 2 had the largest average GPA contents, which was 32.8512 mg/g in the east, 
24.8759 mg/g in the south and 22.7506 mg/g in the west, respectively (Table 1). Of all 
Eucommia ulmoides plants planted on shady slope of 3 quadrats, the east, north and 
west leaves of three Eucommia ulmoides plants planted on sunny slope of quadrat had 
the largest average GPA contents, which was 41.3838 mg/g in the east, 38.8765 mg/g in 
the north and 32.8861 mg/g in the west, respectively (Table 1). The GPA contents in the 
leaves in different directions of Eucommia ulmoides on the shady slope were generally 
higher than those on the sunny slope, 32.15% higher in the east direction, 31.98% 
higher in the south direction, 30.97% higher in the west direction, 51.27% higher in the 
north direction, and 36.71% higher on average (Fig. 4). 
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Table 1. The GPA contents of Eucommia ulmoides leaves in different directions (unit: mg/g) 

Sample name 
East South West North 

Content Average content Content Average content Content Average content Content Average content 

Sunny slope 1-1 15.6373 

20.8990 

22.1938 

23.4366 

15.0186 

22.2403 

18.2852 

16.4362 Sunny slope 1-2 26.1185 22.8177 20.8589 12.4141 

Sunny slope 1-3 20.9413 25.2982 30.8435 18.6092 

Sunny slope 2-1 44.9994 

32.8512 

34.4299 

24.8759 

28.4599 

22.7506 

26.8174 

14.3284 Sunny slope 2-2 32.0135 24.3969 22.5436 12.4932 

Sunny slope 2-3 21.5406 15.8008 17.2484 3.6747 

Sunny slope 3-1 10.4001 

11.4774 

7.2360 

11.6257 

6.4477 

11.9259 

8.7534 

13.6592 Sunny slope 3-2 19.7992 19.5079 18.5480 23.1472 

Sunny slope 3-3 4.2329 8.1332 10.7820 9.0769 

Shady slope 1-1 37.1771 

41.3838 

27.0310 

30.9979 

30.1355 

32.8861 

24.9982 

38.8765 Shady slope 1-2 40.4021 26.7918 24.5900 44.9588 

Shady slope 1-3 46.5721 39.1708 43.9328 46.6726 

Shady slope 2-1 26.3005 

24.8509 

37.5194 

25.5007 

41.8741 

24.5347 

35.7397 

28.2587 Shady slope 2-2 11.6734 7.3637 11.2789 13.6083 

Shady slope 2-3 36.5787 31.6190 20.4510 35.4281 

Shady slope 3-1 46.4620 

29.8985 

41.4126 

31.6244 

35.5867 

25.0267 

39.1191 

24.0347 Shady slope 3-2 24.0767 34.4809 26.3403 19.8311 

Shady slope 3-3 19.1569 18.9797 13.1531 13.1538 

 
 

 

Figure 4. The average GPA contents of leaves in different directions of Eucommia ulmoides on 
sunny slope and shady slope. The GPA content of leaves in different directions of Eucommia 
ulmoides is the mean value of the content in corresponding directions of 9 plants (9 samples) 

 
 
There was no significant difference in the GPA content of leaves of Eucommia 

ulmoides in different directions (p > 0.05). The GPA content of leaves in different 
directions on the sunny slope was 21.7425 mg/g in the east, 19.9794 mg/g in the south, 
18.97234 mg/g in the west, 14.8079 mg/g in the north, respectively (Fig. 5). There was 
no significant difference in GPA content of leaves in different directions for Eucommia 
ulmoides planted on shady slope (p > 0.05). The GPA content of leaves in different 
directions on the shady slope was32.0444 mg/g in the east, 29.3743 mg/g in the south, 
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27.4825 mg/g in the west, 30.3900 mg/g in the north, respectively, which is slightly 
different from the results of Eucommia ulmoides planted on sunny slope (Fig. 5). 

 

 

Figure 5. The difference analysis of GPA content in Eucommia ulmoides leaves in different 
directions on the sunny slope and the shady slope. The GPA content of Eucommia ulmoides 

leaves in each direction is the average value of 9 samples in the corresponding direction of 9 
plants 

 
 
There was a significant difference in GPA content in leaves, trunk bark and root bark 

of Eucommia ulmoides planted on sunny slope (p < 0.05), and the GPA in root bark was 
42.43% higher than that in leaves and 70.06% higher than that in trunk bark (p < 0.05). 
The GPA content in leaves was significantly higher than that in trunk bark (p < 0.05) by 
48.00% for of Eucommia ulmoides planted on sunny slope. The GPA content in root 
bark was the largest followed by that in leaves, and that in trunk bark was the lowest 
(Fig. 6). 

 

 

Figure 6. The difference analysis of GPA content in different parts of Eucommia ulmoides on 
the sunny slope and the shady slope. The GPA content in leaves was the mean value of 36 

samples in 4 directions of 9 plants, while the GPA content in trunk bark and root bark content 
was the mean value of 9 plants 
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The GPA contents in leaves and root bark of Eucommia ulmoides on shady slope 
showed no significant different (p > 0.05). The GPA contents in leaves and root bark of 
Eucommia ulmoides on shady slope were significantly higher than GPA content in trunk 
bark by 58.30% and 59.09%, respectively (p < 0.05). The GPA content in different parts 
of Eucommia ulmoides on the shady slope in root bark was the largest followed by that 
in leaves, and that in trunk bark was the lowest (Fig. 6). 

 
Difference analysis of GPA contents in leaves of Eucommia ulmoides in different 

directions on sunny and shady slope 

There was no significant difference in GPA content of Eucommia ulmoides leaves in 
different directions on both sunny slope and the shady slope (p > 0.05). In the east, 
south and west directions, there was no significant difference in GPA content in leaves 
of Eucommia ulmoides on both the sunny slope and the shady slope (p > 0.05). In the 
north, the GPA content of Eucommia ulmoides leaves on the shady slope was 51.27% 
higher than that on the sunny slope (p < 0.05). In the different directions, the GPA 
content in Eucommia ulmoides leaves on the shady slope was higher than that on the 
sunny slope, which was 32.15% higher in the east, 31.98% higher in the south, 30.97% 
higher in the west, and 51.27% higher in the north (Fig. 5). 

 
Difference analysis of GPA content in different parts of Eucommia ulmoides on 

sunny slope and shady slope 

There was a significant difference in GPA content in leaves, trunk bark and root bark 
of Eucommia ulmoides on the sunny slope (p < 0.05). For Eucommia ulmoides on shady 
slope, there was no significant difference between the GPA content in leaves and that in 
root bark (p > 0.05), while the GPA content in trunk bark was significantly different from 
that in leaves and that in root bark (p < 0.05). The GPA content in Eucommia ulmoides 
leaves on shady slope was 36.71% higher than that on sunny slope (p < 0.05). There was 
no significant difference between GPA content in trunk bark of Eucommia ulmoides on 
sunny slope and that on shady slope (p > 0.05). There was no significant difference 
between the GPA content in root bark of Eucommia ulmoides on sunny slope and that on 
shady slope (p > 0.05). There was a significant difference in GPA content in leaves 
between Eucommia ulmoides on shady slope and that on sunny slope, the GPA content in 
leaves and trunk bark of Eucommia ulmoides on shady slope was higher than that on 
sunny slope by 36.71% and 21.07%, respectively. The GAP content in root bark of 
Eucommia ulmoides on sunny slope was 7.29% higher than that on shady slope (Fig. 6). 

Discussion 

At present, the Eucommia ulmoides-related researches are mainly focused on the 
GPA contents in leaves and bark (Xu, 2007; Wei, 2016; Yan, 2018), the GPA content in 
seeds (Liu, 2013) and the GPA content in male flowers (He, 2010). However, there 
have been no systematic study on the GPA contents in leaves, trunk bark and root bark 
of Eucommia ulmoides in different directions on the sunny slope and the shady slope. In 
the karst plateau mountainous area studied, the GPA content in different parts of 
Eucommia ulmoides on both sunny or shade slope was GAP content in root bark was 
the largest followed by that in leaves, and that in trunk bark was the lowest. This is not 
consistent with the study (Jiang et al., 2013) which reports that the GPA content in the 
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bark of Eucommia ulmoides from the same origin is higher than that in the leaves of 
Eucommia ulmoides, and also not consistent with the study (Lv et al., 2012) which 
reports that the GPA content of GPA in the bark of Eucommia ulmoides is higher than 
that in the leaves in Hunan province. Such different may be related to differences in 
sampling time and habitats of Eucommia ulmoides in different areas. In this study, the 
GPA content of Eucommia ulmoides root bark was studied for the first time, and it was 
found that the GPA content of Eucommia ulmoides root bark is higher than that of trunk 
bark and leaves, which may have higher medicinal value of root bark. Currently, the 
root bark of Eucommia ulmoides has not been included in the 2015 edition of Chinese 
pharmacopoeia as the medicinal part. Further study on the GPA content of root bark of 
Eucommia ulmoides will have important guiding significance for making full use of 
Eucommia ulmoides resources. 

Conclusion 

In the karst plateau mountains where Eucommia ulmoides samples are collected, the 
GPA content in Eucommia ulmoides leaves in different directions on shady slope was 
generally 36.71% higher than that on sunny slope. There was no significant difference 
in the GPA content in leaves in different directions for Eucommia ulmoides on the same 
slope direction. Except that the GPA of Eucommia ulmoides leaves in the north on the 
shady slope was significantly higher (by 51.27%) than that in the north of the sunny 
slope, there was no significant difference in the GPA of Eucommia ulmoides leaves in 
the other three directions. Therefore, if GPA in the Eucommia ulmoides leaves is the 
target medicinal component, it is most suitable to collect Eucommia ulmoides leaves in 
the north on shady slope. 

The GPA contents in different parts of Eucommia ulmoides on sunny are the GPA 
content in root bark (32.7851 mg/g), that in leaves (18.8755 mg/g) and that in trunk 
bark (9.8154 mg/g). In contrast, the results are GPA content in the root bark 
(30.3958 mg/g), that in the leaf (29.8228 mg/g), that in the trunk bark (12.4351 mg/g) 
for Eucommia ulmoides on shady slope. 

The GPA content in different parts of Eucommia ulmoides on both sunny or shade 
slope was GAP content in root bark was the largest followed by that in leaves, and that 
in trunk bark was the lowest. If the GPA in Eucommia ulmoides is taken as the target 
component, the root bark is the best resource. This study expands the medicinal source 
part of Eucommia ulmoides and provides a new idea for the comprehensive utilization 
of Eucommia ulmoides resources. In the later stage, it will strengthen the research on 
the content of other medicinal components in the root bark, trunk bark and leaves of 
Eucomia ulmoides on the karst plateau mountain areas, further explore the influencing 
factors of the content of medicinal components in different parts of Eucomia ulmoides 
in the harsh karst environment, and explore the relationship between the biomass and 
the content of medicinal components in each part. 
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Abstract. The field experiment was conducted to evaluate how intercropping of the lentil with barley 
Hordeum vulgare or oats (Avena sativa L.) as a supporting plant impacts the yield of grasspea (Lathyrus 
sativus) in an organic system. The height of the plants, the height to the first and last pod, the number of 
pods and seeds on the plant, the weight of seeds on the plant, the air dry weight of the stem of one plant 
and the weight of the pods, the number and weight of grain per cereal plant, weight of one thousand 
grains, plant height and number of production shoots were also determined. The field experiment was 
conducted at the Agricultural Experimental Station in Grabów belonging to the Institute of Soil Science 
and Plant Cultivation in Puławy. The experimental factors were as follows: (A) the grasspea cultivar 
(cv.): Derek and Krab; (B) cropping method: sole cropping (without a supporting crop), row 
intercropping with a supporting crop – barley (cv. Ella) and oat (cv. Bingo). The grasspea seed yield 
obtained in the treatments with a supporting crops was higher by 11.4% compared with the sole cropped 
plots. The yield of both grasspea cultivars grown in pure stand and in mixed with cereals, was similar. 
Seed yield percentage of cv. ‘Derek’ grown with supporting crops was lower than that of cv. ‘Krab’. 
Higher 1000 seed weight, number of pods, seeds and weight per plant were recorded for both cultivars 
grown in pure sowing than with supporting crops. Moreover, cv. ‘Krab’ characterized more favorable 
structure elements affecting yielding than cv. ‘Derek’. 
Keywords: pure sowing, evaluation, supporting plant, cultivar, effect, organic farming 

Introduction 

Grasspea (Lathyrus sativus) is one of the oldest species of cultivated plants. It was 
already known around 8000 years ago in ancient Egypt, India, and Roman Empire 
(Lambein and Kuo, 1997). This species probably originates from the Mediterranean Sea 
and the Middle and Far East (Lambein and Kuo, 1997). According to Smartt (1984), the 
center of grasspea origin is south-eastern and central Asia. In the Mediterranean region, 
the most common to be found are coarse-grained. According to Milczak et al. (1997) on 
the area of Poland, it appeared the earliest in the Podlasie region. Most probably, 
grasspea migrated with the settlers as a weed of lentil, and over the years, it became the 
dominant species due to a higher yield potential than the original species. 

Grasspea is characterized by a strong, deep, soil-penetrating, pile root system 
reaching 1.5 m (Dziamba, 1997; Campbel et al., 1994), which makes it stand out from 
other legume species due to its high tolerance to abiotic stress (Mc Cutchan, 2003; Vaz 
Patto et al., 2006). According to Hanbury et al. (1999) and Milczak et al. (2001), its 
high tolerance to water stress, allows grasspea to be cultivated on weaker soils. The 
higher productivity of this species in unfavorable (deficit) water conditions compared to 
other legume species is also pointed out by many authors (Abd El-Moneim, 2000; 
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Hanbury et al., 2000; Mc Cuthan, 2003; Rybiński, 2003; Rybiński and Bocianowski, 
2006; Rybiński et al., 2010). According to Vaz Patto et al. (2006), taking into account 
the role of the grasspea in crop rotation, its significant tolerance to diseases and pests, 
and high nutritional value of the seeds, it is a model species for sustainable agriculture. 
Due to its low habitat requirements, it may be a competitive species with respect to 
yellow lupine. 

The grasspea seeds were also used for grain, fodder, biomass and green fertilization 
(Mikić et al., 2010; Basaran et al., 2011). Due to its high biological potential, grasspea 
have the ability to develop well in a cultivar of environmental conditions and capacity 
to improve soil fertility (Wani et al., 2012). In general, three main characteristics of this 
grain legume consist of its massiveness, drought tolerance, and adaptability to a wide 
range of soil types, including the marginal lands (Ahmadi et al., 2012; Sidorova et al., 
2013; Kosev and Vasileva, 2019). There is a growing interest in cultivation of this 
culture, dictated by the need to restore particularly eroded soils (Polignano et al., 2009). 

Grasspea seeds contain a lot of protein and constitute a valuable source of energy 
components, nutritional fibre and many mineral elements, such as: zinc, copper, 
sodium, magnesium and calcium (Grela and Günter, 1995; Lampart-Szczapa, 1997; 
Pisulewska et al., 1997; Hanbury, 2000; Kasprzak and Pzedzicki, 2008; Karadag and 
Yavuz, 2010). In addition, grasspea seeds are also a rich source of a number proactive 
non-nutritional components of food, such as inhibitors of prostheses, tannins and 
neurotoxins, mainly β-ODAP, which may limit the use of seeds, especially in the raw 
state (Deshpande and Campbell, 1992; Grela et al., 2000; Rybiński and Pokora, 2002; 
Urga and Fufa, 2005). Moreover, these seeds are considered to have 
hypocholesterolemic (Fruhbeck et al., 1997) and anticancer properties (Pawlęga et al., 
1995). High protein content in seeds of this species makes it suitable for feed and 
nutrition purposes (Grela et al., 2011). Moreover, restrictions from animal protein in 
human nutrition, which are caused by health reasons and the popularity of vegetarian 
diet, cause an increase in the consumption of legume proteins in Poland as well. 

The aim of the study was to evaluate the effect of cultivar and sowing method on 
grasspea yielding cultivated under organic farming system. 

Material and methods 

Field experiment and cultivation management 

During the period from 2017 to 2018, a controlled field experiment was conducted at 
the Agricultural Experimental Station in Grabów [51°21′18″N 21°40′09″E] (Masovian 
Voivodeship) belonging to the Institute of Soil Science and Plant Cultivation – State 
Research Institute in Puławy (Lublin voivodeship) (Fig. 1). The experiment was 
established on a soil belonging to a good rye complex, class IVa. The soil was 
characterized by the following nutrient content: (mg∙100 kg-1 soil): P ‒ 11.1-13.0; 
K ‒ 15.1-20.4 and Mg ‒ 4.0-6.2. Soil pH, as determined in 1 N KCl, was 5.5-6.3. The 
experimental factors were as follows: (A) ‒ the grasspea cultivar: Derek and Krab; 
(B) ‒ sowing method: sole cropping (without a supporting crop), and row intercropping 
with barley (Ella cultivar) and oat (Bingo cultivar). 

The experiment was set up as a split-plot design with four replicates. The area of a 
single plot was 40 m2 and for harvest – 35 m2. Each year the total number of plots in the 
experiment was 48. 
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Figure 1. Localization of the study site (Public Domain, 
https://commons.wikimedia.org/w/index.php?curid=89531) 

 
 

The density (units·m-2) of grasspea in pure cropping was 100, in row 
intercropping - 50; oat as supporting plant – 250 and barley – 150. Sowing was 
conducted in the first decade of April. Row spacing is 20 cm. Cereals were sown 
separately in the interrows of the lentil crop. Mineral fertilization was not applied. The 
plots were harrowed twice to control weeds in the mixtures. Plants were harvested at the 
full maturity stage of mixture components at the first decade of August. 

The height of the plants, the height to the first and last pod, the number of pods and 
seeds on the plant, the weight of seeds on the plant, the air dry weight of the stem of one 
plant and the weight of the pods were determined before harvest. The number and 
weight of grain per cereal plant, weight of one thousand grains, plant height and number 
of production shoots were also determined. After harvest, the seed mixtures yield, 
grasspea seed yield, component percentage in yield and weight of one thousand seeds at 
14% humidity were determined. 

Weather conditions 

Weather conditions during the study period varied substantially between the years 
(Table 1). In 2017 the highest amount of precipitation was recorded in April, exceeded 
by 77% the long-term average, which made it difficult to perform mechanical 
maintenance. In June and the first decade of July was recorded a small amount of 
precipitation (32.6 and 9.7 mm, respectively) and was lower than the long-term average 
by 54.1 and 65.0%, respectively. It had a negative influence on the growth and 
development of the plants. In the first decade of August there were occurred very small 
amount of precipitation (0.9 mm). The average air temperature in this vegetative season 
exceeded the long-term average by 1.4°C. In 2018, the amount of precipitation in May 
(97.4 mm) and July (118.5 mm) exceeded the average from multi-years by 70.9 and 
41.1%, respectively, which favoured the yields of grasspea. During April and June the 
total precipitation was only 65% and 63% of the long-term average, respectively. The 
average air temperature in this vegetative season exceeded the long-term average by 
2.4°C. 
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Table 1. Course of weather conditions during the vegetation periods 

Specification 
Month Sum /Mean 

III-VIII III IV V VI VII VIII 

2017 

Precipitation (mm) 35.8 69.1 34.4 32.6 86.3 55.3 313.5 

Temperature °C 5.7 7.5 13.9 18.1 18.6 19.6 13.9 

2018 

Precipitation (mm) 14.1 25.3 97.4 44.6 118.5 70.6 370.5 

Temperature °C -0.1 13.3 17.0 18.4 20.4 20.2 14.9 

Mean precipitation from multiyear* 30.0 39.0 57.0 71.0 84.0 75.0 356.0 

Mean temperature from multiyear °C 1.6 7.7 13.4 16.7 18.3 17.3 12.5 

*Mean from 1871-2000 

 
 
Chemical analysis of grass pea seeds 

The following were determined in seed samples: N (mineralization in sulfuric acid 
and oxygenated water; determination by the Kjeldahl distillation method; titration 
detection), P (mineralization in sulfuric acid and oxygenated water; determination by 
the vanadium-molybdate spectrophotometric method), K (mineralization in sulfuric acid 
and oxygenated water; determination by flame photometry). Moreover, total protein 
(mineralization in sulfuric acid; determination by the Kjeldahl distillation method; 
titration detection), fat content (Soxhlet method) were also determined. 

Statistical analysis 

Assessing the significance of the impact of the considered factors on the features was 
based on the variance analysis, indicating Tukey’s confidence half-intervals at a 
significance level of 0.05. 

Results and discussion 

The yield of grasspea was significantly influenced by the cultivar, cropping method, 
species of supporting crops, and the course of weather conditions during the growing 
season. Higher total precipitation in the growing season and a more favorable 
distribution of precipitation contributed to a much better grasspea yield in 2018 than in 
2017 (Table 2). The higher yield was the result of higher number of pods and seed 
weight per plant (Table 3 and Table 4). In the both years of the study, the grasspea seed 
yield obtained in the treatments with a supporting crops was higher by 11.4% compared 
with the sole cropped plots. The highest yield was obtained by grasspea with oat used as 
supporting crop compared to cultivation grasspea with barley or sole cropping 
(statistically significant differences). However, significantly higher yields of grasspea 
seeds, both of ‘Derek’ and ‘Krab’ cultivars, were obtained in sole cropping than in 
cultivation with supporting crops. Average for 2 years, the yield of both grasspea 
cultivars grown in pure stand and in mixed with cereals, was similar, whereas in a drier 
year (2017) cv. ‘Krab’ yielded better, while in the year with more evenly distributed 
precipitation (2018), cv. ‘Derek’ yielded better. Until now, very few studies have been 
carried out on grasspea taking into account agrotechnical factors, especially cultivation 
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with supporting crops. Rachoń (1995) states that the yield of grasspea cropped with 
triticale or with oats was higher than that of grasspea in sole cropping, and the yields of 
mixtures with triticale were higher than with oats. Moreover, the yield of the grasspea 
and cereal mixture, irrespective of the cereal species, increased with an increase in the 
percentage of cereal in the weight of sown seeds (from 5% to 25%). Karadag and Yavuz 
(2010) reported that the average seeds yield of from the assessed grasspea lines was 
1288 kg·ha-1 and ranged from 1079 to 1583 kg·ha-1. Cichy and Rybiński (2007) 
recorded a very similar yield of seeds as ‘Krab’ and ‘Derek’. It was higher than the 
yield obtained in own research; ‘Krab’ by 4.8% and ‘Derek’ by 6.0%. 
 

Table 2. Total seeds yield of grasspea and supporting plant and thousand seeds weight of 
grasspea depending on cropping method 

Cropping method 
Seeds yield (t·ha -1) Thousand seeds weight (g) 

2017 2018 Mean 2017 2018 Mean 

Derek cv. – pure sowing 2.22b* 3.52c 2.87 122ab 120ab 121 

Derek cv. + barley 2.00a 3.84d 2.92 114b 112b 113 

Derek cv.+ oat 3.30c 4.03cd 3.67 103a 99a 101 

Krab cv. – pure soving 2.53b 3.32a 2.93 176cd 183cd 180 

Krab cv. + barley 2.13a 3.44b 2.79 161d 167c 164 

Krab cv. + oat 3.44c 3.63ab 3.54 156c 158bc 157 

Mean 2.60 3.63 - 139 140 - 

*Values followed by a different letter are significantly different (p<0.05), Source: own study 

 
 

Table 3. Number of pods per plant grasspea depending on cropping method 

Cropping method 2017 2018 Mean 

Derek cv. – pure sowing 5.53bc* 6.37c 5.95 

Derek cv. + barley 4.18c 5.40ab 4.79 

Derek cv.+ oat 2.65b 4.90a 3.78 

Krab cv. – pure soving 6.73d 7.10bc 6.92 

Krab cv. + barley 3.75ab 5.30ab 4.53 

Krab cv. + oat 2.15a 5.03b 3.59 

Mean 4.17 5.68 - 

*See Table 2, Source: own study 

 
 

Table 4. Seed weight and number per plant grasspea depending on cropping method 

Cropping method 
Seeds number per plant (units) Seed weight per plant (g) 

2017 2018 Mean 2017 2018 Mean 

Derek cv. – pure sowing 22.1bc* 23.1d 22.6 2.68ab 2.75bc 2.72 

Derek cv. + barley 12.6c 19.3bc 16.0 1.43b 1.92bc 1.68 

Derek cv.+ oat 7.10ab 17.0c 12.1 0.73a 1.49ab 1.11 

Krab cv. – pure soving 21.8bc 17.7c 19.8 3.83c 3.26d 3.55 

Krab cv. + barley 6.58b 13.8ab 10.2 1.55b 2.30c 1.93 

Krab cv. + oat 4.83a 13.0ab 8.9 0.74a 2.05b 1.40 

Mean 12.5 17.3 - 1.83 2.30 - 

* See Table 2, Source: own study 
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The share in the yield of seeds of cv. ‘Derek’ cropped with supporting plants was 
lower than that of cv. ‘Krab’ (Table 5). Moreover, oat was more competitive compared 
to grasspea than barley, which resulted in a lower percentage of legume seeds in the 
yield. The share in the yield of grasspea seeds grown with supporting crops, regardless 
of the cultivar, was much smaller than in the case of sowing, especially in cultivation 
with oats. 
 

Table 5. The share and seeds yield of grasspea depending on cropping method 

Cropping method 

Grasspea share 
(%) 

Seeds yield of grasspea 
(t·ha -1) 

2017 2018 Mean 2017 2018 Mean 

Derek cv. – pure sowing - - - 2.22c* 3.52bc 2.87 

Derek cv. + barley 33.8 46.2 40.0 0.68ab 1.77c 1.23 

Derek cv.+ oat 11.0 39.7 25.4 0.37a 1.52b 0.95 

Krab cv. – pure soving - - - 2.53d 3.32bc 2.93 

Krab cv. + barley 42.5 47.0 44.8 0.91bc 1.62ab 1.27 

Krab cv. + oat 15.0 39.6 27.3 0.51b 1.44a 0.98 

Mean 25.6 43.1 - 0.62 1.59 - 

* See Table 2, Source: own study 

 
 

Higher weight of one thousand seeds, number of pods, number of seeds, weight per 
plant and dry weight of stems and pods of one plant were characteristic for both 
cultivars grown in sole cropping than with cereals (statistically significant differences) 
(Tables 3, 4, 5, 6). Irrespective of the cropping method, cv. ‘Krab’ was characterized by 
higher weight of 1000 seeds, weight of seeds, and number of pods per plant than cv. 
‘Derek’ (Tables 2, 4, 5). Cichy and Rybinski (2007) recorded a similar seeds size of 
these cultivars. According to Milczak et al. (1997), ‘Krab’ is classified as a medium-
seeded cultivar (MTN 193 g) and ‘Derek’ as a small-seeded cultivar (MTN 115 g). 
According to Rybiński and Grela (2007), cv. ‘Derek’ was characterized by higher 
number of pods and seeds per plant, while lower weight of seeds per plant than cv. 
‘Krab’. However, Rybiński and Bocianowski (2006) found several times higher number 
of pods and seeds per plant than in own research. Cultivation of grasspea with spring 
cereals had little effect on the height of the first pod on the shoot, caused slightly higher 
settling of the last pod and increased shoot length, especially cultivated with oats 
(Table 7). Moreover, these features showed little difference between the two cultivars. 
Rybiński and Grela (2007) stated that cv. ‘Derek’ produced longer shoots and formed 
the first pod on the shoot higher than cv. ‘Krab’. However, in the study by Rybiński and 
Bocianowski (2006), the mean height of a grasspea was 106 cm (range: 154-40) and the 
mean height of the lowest pod set was 12.0 cm (range: 18-4 cm). 

Talukdar (2009) reported considerable differences in morphological characters such 
as plant height, number of branches, grain yield and developmental characteristics 
among grass pea lines. According to Mera et al. (2003), Kumari and Prasad (2005) 
characteristics such as morphological traits, plant height, number of seed per pod, 
100-seed weight, biological yield and harvest index are the most important in grass pea 
improvement for increasing grain yield. According to Ahmadi et al. (2015) reported that 
harvest index, 100-seed weight and plant height explained 75% of yield variation. Thus, 
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these characters can be effective in yield improvement. Mihailovic et al. (2013) reported 
that number of plants, plant height, number of stems and lateral branches, number of 
internodes, green forage yield were highly significantly correlated. 
 

Table 6. Stem dry matter of one plant and dry matter of siliques depending on cropping 
method (g) 

Cropping method 
Stem dry matter of one plant Dry matter of siliques 

2017 2018 Mean 2017 2018 Mean 

Derek cv. – pure sowing 0.64c* 0.70c 0.67 0.22b 0.17c 0.20 

Derek cv. + barley 0.31ab 0.55b 0.43 0.13a 0.13b 0.13 

Derek cv.+ oat 0.16a 0.37a 0.27 0.11a 0.03ab 0.07 

Krab cv. – pure soving 0.89bc 0.88bc 0.89 0.29c 0.21bc 0.25 

Krab cv. + barley 0.24b 0.53b 0.39 0.12a 0.14b 0,13 

Krab cv. + oat 0.16a 0.45ab 0.31 0.10a 0.14b 0,12 

Mean 0.40 0.58 - 0.16 0.14 - 

* See Table 2, Source: own study 

 
 

Table 7. Height to the 1st pod, height of the last pod and height to top of grasspea (cm) 

Cropping method 
Height to the 1st pod Height of the last pod Height to top 

2017 2018 Mean 2017 2018 Mean 2017 2018 Mean 

Derek cv. – pure 
sowing 

30.4 33.6 32.0 42.3 45.8 44.0 56.3 58.5 57.4 

Derek cv. + barley 31.0 30.6 30.8 42.8 41.8 42.3 59.4 52.3 55.8 

Derek cv.+ oat 32.0 33.9 32.9 44.3 53.4 48.8 58.9 62.3 60.6 

Krab cv. – pure soving 32.5 33.6 33.1 44.6 48.7 46.6 58.2 59.6 58.9 

Krab cv. + barley 33.2 34.4 33.8 45.3 45.9 45.6 59.3 58.9 59.1 

Krab cv. + oat 36.6 38.1 37.4 47.5 49.5 48.5 60.1 63.1 61.6 

Mean 32.6 34.0 - 44.5 47.5 - 58.7 59.1 - 

Source: own study 

 
 

Kosev and Vasileva (2019) reported that the main factor for higher productivity of 
the varieties was not the maximum display of certain characteristics, but their optimal 
combination. 

A significantly higher protein, crude fibre and phosphorus content was determined in 
cv. ‘Krab’ seeds regardless of the cropping method. Whereas cv. ‘Derek’ contained 
slightly less fat (Table 8 and Table 9). According to Rybiński and Grela (2007), Cichy 
and Rybiński (2007), cv. ‘Derek’ seeds collected more protein than cv. ‘Krab’. 
According to Karadagi and Yavuz (2010), the average protein content in seeds was 
256.9 g·kg-1 DM (from 251.2 to 274.4) and fat content was 42.1 g·kg-1 DM (from 32.2 
to 50.7). Whereas Rybiński et al. (2013) evaluating many cultivars of grasspea, noted 
small differences in protein content (statistically insignificant differences), while fat 
content did not exceed 10 g·kg-1 DM. These authors proved a positive correlation 
between protein amount and fat and linolenic acid content. Sammour et al. (2007) found 
significant variation for seed weight and seed protein content in accessions of grass pea 
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from different geographical regions. Grela and Winiarska (1997) indicate a high dietary 
value of grasspea, which in their opinion, is similar in composition and usefulness to 
soybean oil. Williams et al. (1994) reported that the average fat concentration in the 
tested seeds of the cultivars was about 6.0 g·kg-1 DM. According to Grela and 
Winiarska (1997), the phosphorus content in the grasspea seeds ranged from 0.1 to 5.5, 
while potassium from 1.0 to 10.4 g·kg-1 DM. The limited amount of precipitation (in 
2017) favourably influenced the protein concentration in the seeds, but also caused a 
higher accumulation of fibre and phosphorus. Cultivation of grasspea in row 
intercropping with cereals did not significantly affect the accumulation of nutrients in 
the seeds. 
 

Table 8. Concentrations of protein, crude fibre and crube fat in grasspea seeds depending 
cropping method (g·kg-1DM) 

Cropping method 
Protein content Fat content Crude fibre 

2017 2018 Mean 2017 2018 Mean 2017 2018 Mean 

Derek cv. – pure 
sowing 

269a* 257a 263 12.0ab 13.0bc 12.5 50.3a 39.4a 44.8 

Derek cv. + barley 270a 258a 264 11.0b 14.0c 12.5 51.2a 42.3c 46.7 

Derek cv.+ oat 269a 258a 263 11.0b 13.0bc 12.0 52.1a 41.7b 46.9 

Krab cv. – pure soving 294b 270b 282 10.0a 12.0a 11.0 68.3b 49.6ab 58.9 

Krab cv. + barley 291b 270b 281 11.0b 13.0bc 12.0 69.1b 52.3bc 60.7 

Krab cv. + oat 293b 272b 283 12.0b 12.0b 12.0 67.8b 51.9bc 59.8 

Mean 281 260 - 11.0 13.0 - 59.8 46.2 - 

* See Table 2, Source: own study 

 
 

Table 9. Concentrations of phosphorus and potassium in grasspea seeds depending on 
cropping method (g·kg-1DM) 

Cropping method 
Phosphorus content Potassium content 

2017 2018 Mean 2017 2018 Mean 

Derek cv. – pure sowing 5.8a* 4.5ab 5.1 11.2b 12.0a 11.6 

Derek cv. + barley 5.8a 4.7b 5.2 11.4b 11.9a 11.6 

Derek cv.+ oat 6.2b 4.6c 5.4 12.1c 12.2a 12.1 

Krab cv. – pure soving 6.9c 4.9bc 5.9 12.1c 12.0a 12.1 

Krab cv. + barley 6.5ab 5.1d 5.8 10.8a 12.3a 11.6 

Krab cv. + oat 6.6ab 5.2d 5.9 11.1b 11.9a 11.5 

Mean 6.3 4.8 - 11.4 12.1 - 

* See Table 2, Source: own study 

 
 

The studied grasspea cultivars had a relatively weak effect on the height of barley 
and oat plants, the number of grains per plant, and the number of production shoots of 
both cereal species (Table 10 and Table 11). Moreover, higher 1000 grain weight 
characterized the mixtures of barley grown with the grasspea of cv. ‘Krab’ and the 
mixtures of oats with the grasspea of cv. ‘Derek’. Higher grain weight was recorded in 
oat grown with grasspea of the cv. ‘Krab’. 
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Table 10. Number, weight of cereals grain per plant and thousand seeds weight of cereals 
depending on cropping method 

Cropping method 

Number of cereals grain 
per plant (units) 

Weight of cereals grain 
per plant (g) 

Thousand seeds weight 
of cereals (g) 

2017 2018 Mean 2017 2018 Mean 2017 2018 Mean 

Derek cv. + barley 52.6a* 54.7a 53.6 2.32a 2.39a 2.36 43.0c 47.5c 45.3 

Derek cv.+ oat 56.3b 56.9ab 56.6 2.40b 2.48b 2.44 29.3b 33.5a 31.4 

Krab cv. + barley 54.5a 55.8b 55.1 2.31a 2.40a 2.36 45.8c 48.5c 47.1 

Krab cv. + oat 57.4b 58.3c 57.8 2.46b 2.56b 2.51 28.8a 32.2b 30.5 

Mean 55.2 56.4 - 2.37 2.45 - 36.7 40.4 - 

* See Table 2, Source: own study 

 
 

Table 11. Height plant and number of fruiting shoots depending on cropping method 

Cropping method 

Height plant 
(cm) 

Number of fruiting shoots 
(units) 

2017 2018 Mean 2017 2018 Mean 

Derek cv. + barley 32.0 56.0 44.0 2.63 3.63 3.13 

Krab cv. + barley 34.0 56.0 45.0 2.65 3.18 2.92 

Derek cv.+ oat 44.0 83.0 64.0 1.95 1.73 1.84 

Krab cv. + oat 45.0 87.0 66.0 1.50 1.70 1.60 

Mean 39.0 70.0 - 2.18 2.56 - 

Source: own study 

 
 
Conclusions 

1) The grasspea seed yield obtained in the treatments with a supporting crops was 
higher by 11.4% compared with the sole cropped plots. The yield of both grasspea 
cultivars grown in pure stand and in mixed with cereals, was similar. 

2) Seed yield percentage of the ‘Derek’ cultivar grown with supporting crops was 
lower than that of cultivar ‘Krab’. 

3) Higher 1000 seed weight, number of pods, seeds and weight per plant were 
recorded for both cultivars grown in pure sowing than with supporting crops. 
Moreover, ‘Krab’ cultivar characterized more favorable structure elements 
affecting yielding than ‘Derek’ cultivar. 
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Abstract. Mixed application of controlled release urea (CRU) and normal urea (NU) are effective N 
fertilization plural to improve crop yield and nitrogen use efficiency (NUE). In this study, field experiments 
were conducted for two consecutive years in 2018 and 2019 on two contrasting soil types. The treatments 
included one solely NU and four mixture ratios of CRU and NU under an identical N rate of 180 kg N ha-1 
as single basal fertilizer before sowing. The results showed that the highest maize yields were obtained 
from the CRU30% treatment, increasing by 24% on sandy soil and 11% on clay soil as compared to CRU0% 
treatment. The yield improvements were mainly attributed to increased seed setting percentage and grain 
numbers per ear. Maize plants grown in CRU30% treatment accumulated more dry biomass (DM) and N 
uptake after silking, and thereby increasing grain yield and NUE. This work demonstrates that the 
appropriate mixture of CRU and NU increases maize yield and NUE while reducing N loss, by optimizing 
N fertilizer release and soil N availability to match the crop N demand, and 30%CRU and 70%NU was 
determined as the optimal mixture ratio on both sandy and clay soils in Northeast China. 
Keywords: maize, controlled release urea, grain yield, N uptake, DM accumulation, N loss 

Abbreviations. AE, agronomic efficiency; CRU, controlled release urea; CRU0%, 100% normal urea as 
basal fertilizer; CRU15% (30%,45% and 60%), 15% (30%,45% and 60%) of CRU was mixed application 
with normal urea as basal fertilizer; DM, dry biomass; K, potassium; NU, normal urea; NUE, N use 
efficiency; P, phosphorus; PFP, partial factor productivity; RE, recovery efficiency 

Introduction 

Global food demand is expected to double by 2050 due to rapid population growth 
(Tilman et al., 2011). Considering the limited expansion of cultivated land area, it is 
essential to increase crop yield per unit cultivated land area and thereby enhance the total 
productivity (Burney et al., 2010; Cui et al., 2013). In the past few decades, crop yields 
were considerably increased by applying mass inorganic fertilizers in the intensive 
cropping system in China and many other countries (Chen et al., 2014). However, 
excessive N input reduced N use efficiency (NUE) (Cassman et al., 2002), and also 
adversely affected surface water, groundwater and the atmosphere through runoff, N 
leaching and reactive gaseous N emission (Drecht et al., 2003; Galloway et al., 2008; Cui 
et al., 2013). Therefore, further optimal N management practices are required in intensive 
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crop production to synchronously achieve food security, higher NUE and lower 
environmental impacts (Guo et al., 2016). 

Maize is an important crop for food and feed, has surpassed wheat and rice as the 
largest cereal crop in China and the whole world (FAD, 2017). Northeast China is the 
most important maize cropping region, accounting for 31.5% and 32.8% of the national 
maize planting area and production, respectively (China Agriculture Press, 2018). 
Traditionally, all N fertilizers are applied by local farmers for maize as single basal 
fertilizer before sowing, thus always causing mass N loss at the early stage and reduced 
final yield and NUE (Gao et al., 2012). In the local best N management method, split N 
fertilization (i.e. 40% as basal fertilizer and 60% as topdressing at jointing stage) is 
recommended to meet maize N demand for improving yield and NUE (Gao et al., 2012; 
Yan et al., 2016). However, the topdressing is generally unacceptable by farmers due to 
the operational inconvenience and high labor cost. Moreover, the split fertilization 
method is facing more challenges with the aging of the population and continually 
increasing labor cost in China (Liu and Griffiths, 2011). 

Controlled release urea (CRU) is a new type of N fertilizer, which is designed and 
produced to control N release process for matching crop N demand during the growing 
period, has been widely used for various crops in many countries (Song et al., 2014). 
CRU is usually prepared by encapsulating water-soluble granular urea with a low-
permeability hydrophobic membrane, and the key principle is using a physical barrier to 
reduce N dissolution rate (Shavit et al., 1997). Numerous researchers have found that the 
application of CRU effectively improved maize yield and NUE (Haderlein et al., 2001; 
Kondo et al., 2005; Sun et al., 2010; Geng et al., 2016; Zheng et al., 2016), and reduced 
nitrate leaching and N loss (Shoji et al., 2001; Zvomuya et al., 2003), as compared to the 
normal urea (NU) application. However, the use of CRU for cereal crops is generally 
limited because of its expensive prices (Shaviv, 2001). Therefore, some researchers 
proposed to apply the mixture of CRU and NU with an appropriate ratio, to provide an 
optimal N supply for crop demand to reduce N loss, improve NUE and also decreased N 
fertilizer costs (Noellsch et al., 2009; Zheng et al., 2016; Guo et al., 2017). The optimal 
ratio of CRU for maize differed at various countries or regions due to the differences in 
soil and climate conditions, crop yield level and growth duration, which was determined 
as 70% at 180 kg N ha-1 or 30% at 240 kg N ha-1 in North China, and 70% at 180 kg N ha-1 
in Brazil (Guo et al., 2017; Garcia et al., 2018). 

The mixed application of CRU and NUE is a promising alternative to farmers’ practice 
of one-time fertilization and recommended split N fertilization in Northeast China, 
however, the optimal mixture ratio of CRU and NU is still not clear for local maize 
production. Therefore, in this study, consecutive two-year field experiments were 
conducted at two contrasting soil types in Northeast China, the N release rate of CRU in 
soil, the dynamics changes of maize plant dry biomass (DM) and N uptake, grain yields 
and yield components, N balance and loss in soil-plant system were investigated. The 
objectives of this study were: to investigate the possibility of mixed application of CRU 
and NU to synchronize the nutrient release with maize N uptake demand and to determine 
the optimal mixture ratio at different soil types in Northeast China. The results would 
provide new N management techniques to achieve higher maize yield and NUE with 
lower environmental impacts. 
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Materials and Methods 

Experiment site description 

Field experiments were conducted in 2018 and 2019 at two sites in Jilin Province, 
Northeast China, i.e. Fu-jia-jie (N43°22’,E124°05’) and San-ke-shu (N43°20’, E124°00’) 
(Figure 1). The two sites are only 4 km away from each other, and have the nearly 
identical meteorological condition (Feng et al., 2019). The experimental region is located 
in the warm-temperate and has a semi-humid continental monsoon climate with a hot and 
rainy summer and a cold and dry winter, and the annual precipitation ranges between 400 
and 600 mm. The detailed daily average temperature and rainfall during the maize 
growing season are shown in Figure 2. The total precipitation showed significant 
difference between two experimental years, which was 354.5 mm in 2018 and 533.4 mm 
in 2019. Obviously, the climate was drier in 2018 as compared with 2019, especially 
during sowing and seed germination in spring (May and June). 
 

Figure 1. Distribution of experimental site in the Fu-jia-jie and San-ke-shu, Jilin province, 
Northeast China 

 
 

Figure 2. Daily average temperatures (℃) and precipitation (mm) during the maize growing 
seasons in 2018 and 2019. The numbers above the bars indicate the total precipitation in the 

corresponding months 
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The soils in Fu-jia-jie and San-ke-shu are classified as Aeolian sandy soil and Black 
soil, respectively, according to the Chinese Soil Taxonomy (CRGCST, 2001). The soil 
texture in Fu-jia-jie is sandy soil with 79.6% sand, 9.6% silt, and 10.8% clay, and the 
main properties of topsoil layer (0-20 cm) are: pH 6.04, organic matter 12.4 g kg-1, total 
N 0.81 g kg-1, NO3

--N 13.92 mg kg-1, NH4
+-N 9.22 mg kg-1, available P 24.9 mg kg-1 and 

available K 93.2 mg kg-1. While the soil texture in San-ke-shu is clay soil with 32.5% 
sand, 25.2% silt, and 42.3% clay, and the main properties of topsoil layer are: pH 5.58, 
organic matter 30.1 g kg-1, total N 2.09 g kg-1, NO3

--N 26.11 mg kg-1, NH4
+-N 

14.1 mg kg-1, available P 40.1 mg kg-1 and available K 142.5 mg kg-1. 

Experimental design and field management 

Each field experiment consisted of six N treatments with three replications: N0 
(without N fertilizer), CRU0 (100% NU), CRU15% (15%N CRU mixed with 85%NU), 
CRU30% (30%N CRU mixed with 70%NU), CRU45% (45%N CRU mixed with 55% 
NU) and CRU60% (60%N CRU mixed with 40%NU). In N fertilization treatments, all 
the N fertilizers were one-time applied before sowing at 185 kg ha-1 (N). Across all the 
treatments, P and K fertilizers were also one-time applied before sowing at 87 kg ha-1 
(P2O5) and 90 kg ha-1 (K2O), respectively. Conventional fertilizers used in this study 
included NU (46%N), calcium superphosphate (16%P2O5) and potassium chloride 
(60%K2O). The CRU, manufactured by Shandong Maoshi Ecological fertilizer Inc, 
Dezhou, China, is a polymer-coated urea with a N content of 44%. 

Field experiment was a completely randomized block design with a total of 18 plots in 
each site, and the plot size was 48 m2 (6×8 m). Maize variety Liangyu 99, a widely 
cultivated variety in Northeast China, was sown in early May (May 9 and 5 in 2018 and 
2019, respectively) and harvested in early October (October 3 both in 2018 and 2019). 
Plant density was 65,000 plants ha-1 with a 60 cm space between rows across the sites and 
years. In both two years, the weeds, diseases and pests were well controlled as needed 
according to the local best management practice, and no irrigation was done during the 
entire growing seasons. 

Sampling and chemical analyses 

Plant samples were collected at the seedling stage (V5-V6), jointing stage (V12), 
silking stage (R1), grain filling stage (R3) and physiological maturity stage (R6), i.e. 27, 
46, 79, 109 and 140 days after sowing (DAS) in both years. Five adjacent maize plants 
were sampled in each plot and separated into stems (including leaf sheath, tassel and cob), 
leaves (including leaves and bracts) and grains, and then dried to the constant weights at 
70°C for determining DM. Dried plant samples were ground to powder for further 
determining N concentration by H2SO4-H2O2 digestion and the micro-Kjeldahl procedure 
(Douglas et al., 1980). At physiological maturity, grain yield was manually harvested 
from an area of 18 m2 (3.6 by 5 m) in the middle of each plot and standardized to a 
moisture content of 15.5%. 

Recovery efficiency (REN), agronomic efficiency (AEN) and partial factor productivity 
(PFPN) of N fertilizer were calculated using equations (1), (2) and (3) below (Dobermann, 
2007). 
 
 REN = (U – U0) / N × 100 (Eq.1) 
 
 AEN = (YN – Y0) / N (Eq.2) 
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 PFPN = YN / N (Eq.3) 
 
where N is the N fertilizer rate (kg ha-1), U0 and U are the plant N uptake (kg ha-1) at 
maturity in N0 and N fertilization treatments, respectively, Y0 and YN are the grain yield 
(kg ha-1) at maturity in N0 and N fertilization treatments, respectively. 

Basic soil sample was collected randomly from 0 to 20 cm soil layer in each site before 
tillage, to analyze physical and chemical properties followed the soil testing methods of 
Page et al. (1982). In addition, fresh soil samples were also collected randomly at 
0-100 cm in each plot with a 20-cm increments by using an auger, before sowing and 
after harvest in each year. These soil sample were extracted with 100 ml 0.01M CaCl2 to 
analyze soil NO3

--N and NH4
+-N contents using Continuous Flow Analysis (AA3 Auto 

Analyzer system, Seal Analytical GmbH, Norderstedt, Germany). During the maize 
growing seasons, the amounts of apparent soil N mineralization (kg ha-1) and N loss 
(kg ha-1) were calculated according to the balance methods described by Guo et al. (2017). 

Test of CRU release in the field 

The N release rate of CRU was tested in field condition with a buried bag method 
(Kaneta et al., 1994). Before fertilization, 10.0 g of CRU was accurately weighed and 
placed in small nylon net bags (15×10 cm) with 150 cm2 mesh size. In each site, a total 
of 24 CRU fertilizers bags were buried in no-fertilized areas neighboring the experimental 
plots while fertilization, and three bags were collected each time at 2, 5, 7, 21, 42, 70, 105 
and 140 days after burial. After sampled bags were opened with scissors, CRU granules 
were removed and rinsed with distilled water to remove the attached soil, and then placed 
in a vacuum oven at 60°C for 48 h to obtain the constant weight for determination of the 
N release rate from CRU (Kaneta et al., 1994; Guo et al., 2017). 

Statistical analyses 

All data across the N treatments, soil types and years were pooled for analysis of 
variance (ANOVA) with a three-factor analysis program by using the SAS statistical 
analysis package (version 9.4, SAS Institute, Cary, NC, USA). The least significant 
difference test (LSD) was performed to compare the differences among N treatments at 
the 5% significance level. 

Results 

CRU release in the field conditions 

The N release curves from CRU were significantly affected by experimental years and soil 
types (Figure 3). On average, total N release amounts of CRU during the maize growing 
seasons were 83.9% and 90.8% in 2018 and 2019, respectively. N release from CRU was 
severely limited due to the rainless climate in 2018. The CRU granules had similar total N 
release amounts on sandy and clay soils, with the averages of 86.7% and 88.0%, respectively, 
but they showed contrasting release processes between soil types. In 2018, about 20% of N was 
released at 42 and 28 days on sand and clay soils, respectively, and the durations for 80% of N 
release were 116 and 98 days, respectively. In 2019, about 20% of N was released at 20 and 15 
days on sand and clay soils, respectively, and the durations for 80% of N released were 79 and 
71 days. Obviously, N release from CRU was slowed on sandy soil as compared with clay soil, 
especially under the adverse climatic condition. 
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Figure 3. Nitrogen release curves of controlled release urea in field conditions in 2018 and 
2019. The vertical bars indicate standard error of the mean in the nitrogen release curves 

 
 
Maize yield and yield components 

Maize yield was significantly affected by soil type, year, N treatment, and all the 
two-factor interactions (Table 1). In 2018, across the different N treatments, the average 
maize yield was 11.3 t ha-1 on clay soil, which was 36.7% higher than that of 8.3 t ha-1 on 
sandy soil. In 2019, the average yield was 13.2 t ha-1 on clay soil and which was 19.0% 
higher than that of 11.1 t ha-1 on sandy soil. Obviously, maize yields were limited on 
sandy soil as compared with clay soil, especially under the rainless climate in 2018. 
Across the soil types and years, maize yields were increased with N fertilizers application 
relative to N0 treatment, and those in mixed CRU treatments were as or higher than that 
in CRU0% treatment. The CRU30% treatment showed the highest yields with an average 
of 12.6 t ha-1, but had no significant differences with other mixed CRU treatments except 
for CRU60% treatment on sandy soil in 2018. Compared with CRU0% treatment, the 
yield increase in CRU30% treatment was 27.6% in 2018 and 21.3% in 2019 on sandy soil, 
respectively, and those were 11.1% and 11.3% on clay soil, respectively. 

In terms of yield components, all the parameters were better for plants grown on clay 
soil as compared with sandy soil, and which were better in 2019 than those in 2018. 
Among the different N fertilization treatments, no significant differences were observed 
in seed setting percentage and 100-grain weight on clay soil, while grain numbers per ear 
was higher in all mixed CRU treatments as compared with CRU0% treatment. In contrary, 
the responses of yield components to N treatments were greater on sandy soil, all the 
parameters were affected by N fertilization treatments except for the seed setting 
percentage in 2019. Compared with CRU30% treatment, CRU0% treatment showed the 
lowest parameters and followed by CRU60% treatment on sandy soil, while other mixed 
ratio treatments had no significant differences. The increases of yield components in 
CRU30% treatment was 5.5% for seed setting percentage, 10.4% for grain numbers per 
ear and 9.6% for 100-grain weight in 2018, respectively, relative to CRU0% treatment; 
and these increases were 2.0%, 6.4% and 8.3% in 2019. 
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Table 1. Maize yield and yield components as affected by N treatments and soil types in 2018 
and 2019 

Soil type Year Treatment 
Grain yield 

Seed setting 
percentage 

Grain number 
per ear 

100-grain 
weight 

t ha-1 % No. ear-1 g 

Sandy soil 

2018 N0 5.5 d 82.3 c 406 d 21.7 c 
 CRU0% 7.9 bc 91.3 ab 482 bc 23.5 b 
 CRU15% 10.0 a 96.3 a 535 a 25.7 a 
 CRU30% 10.1 a 96.3 a 532 ab 25.8 a 
 CRU45% 8.9 ab 95.3 ab 487 abc 25.3 a 
 CRU60% 7.2 c 88.7 bc 476 c 23.7 b 

2019 N0 4.3 c 78.7 b 331 c 21.3 c 
 CRU0% 11.0 b 98.0 a 564 b 27.1 b 
 CRU15% 12.9 a 99.3 a 582 ab 29.3 a 
 CRU30% 13.3 a 100.0 a 600 a 29.4 a 
 CRU45% 12.8 a 99.0 a 578 ab 29.1 a 
 CRU60% 12.3 ab 99.3 a 558 b 29.6 a 

Clay soil 

2018 N0 9.8 b 95.3 b 539 b 25.4 a 
 CRU0% 10.8 ab 99.3 a 564 b 26.8 a 
 CRU15% 11.7 a 98.7 a 595 a 27.1 a 
 CRU30% 12.0 a 100.0 a 617 a 27.0 a 
 CRU45% 11.7 a 98.7 a 613 a 27.3 a 
 CRU60% 11.6 a 98.7 a 608 a 27.1 a 

2019 N0 8.0 c 97.3 b 447 c 24.7 b 
 CRU0% 13.3 b 99.0 a 607 b 29.2 a 
 CRU15% 14.5 ab 99.7 a 669 a 29.4 a 
 CRU30% 14.8 a 99.3 a 670 a 29.6 a 
 CRU45% 14.6 ab 99.3 a 656 a 29.7 a 
 CRU60% 14.2 ab 99.3 a 651 a 29.4 a 

ANOVA       

Soil type (S)   *** *** *** *** 

Year (Y)   *** ** *** *** 

N treatment (N)   *** *** *** *** 

S × Y   ** * * ** 

S × N   * *** ** ** 

Y × N   *** ns *** *** 

S × Y × N   ns * ns ns 

Means within each column, soil type and year followed by different letters are significantly different at 
P = 0.05. ns, no significant; * significant at p < 0.05; ** significant at p < 0.01; *** Significant at p < 0.001 

 
 

Hence, mixed application of CRU and NU could effectively improve maize yield as 
compared with sole NU application, and showed better performance in yield 
improvements on sandy soil, even under the adverse climatic condition in 2018. The best 
yield improvements in CRU30% treatment could be attributed to the dramatically 
increased grain numbers per ear and 100-grain weight, in combination with a slightly 
enhanced seed setting percentage. 

Plant DM accumulation 

The total DM of maize plants at maturity was obviously lower in 2018 than 2019, 
mainly associated with the limited DM accumulation at seedling stage (Figure 4). On 
average, the total DMs were 18.9 and 13.8 t ha-1 on clay and sandy soils in 2018, 
respectively, while which were 21.6 and 16.8 t ha-1 in 2019, respectively. Compared with 
sandy soil, maize plants grown on clay soil accumulated 37.4% and 28.9% more total DM 
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in the two years, respectively. During the entire maize growing season, plant DM 
accumulation was lower in N0 treatment than N fertilization treatments across the soil 
types and years, and the DM gaps enlarged obviously in 2019 due to the continuous soil 
N consumption. Compared with CRU0% treatment, higher total DMs at maturity were 
observed in all the mixed CRU treatments except for CRU60% on sandy soil in 2018. 
Plant DM accumulation had no difference between the treatments with or without CRU 
at the vegetative growth periods, thus the differences in total DMs at maturity were 
attributed to the different DM accumulation after silking. Obviously, the post-silking DM 
percentages in the mixed CRU treatments were higher than those in CRU0% treatment 
under the most soil and climate conditions, especially in CRU30% treatment (Figure 5). 
 

  

  

Figure 4. DM accumulation dynamic of maize plants as affected by N treatments and soil types 
in 2018 and 2019. The vertical bars indicate standard error of the mean 

 
 

Across the soil types and years, no differences were observed in plant DM 
accumulation among the mixed CRU treatments during the maize growing seasons, 
except for sandy soil in 2018 (Figure 4). On average, CRU30% treatment showed the 
highest total DM at maturity of 20.2 t ha-1, and followed by CRU15% (19.7 t ha-1), CRU 
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45% (19.2 t ha-1) and CRU60% (18.2 t ha-1). In 2018, the total DMs in CRU30% treatment 
were 30.7% and 17.3% higher than those in CRU0% treatment on sandy and clay soils, 
respectively, and the increases were 14.0% and 13.5% in 2019, respectively. Mixed 
application of CRU and NU showed greater improvements in plant DM accumulation on 
sandy soil as compared with clay soil, especially under rainless climate in 2018. 
 

 

Figure 5. The pre- and post-silking percentages of plant DM and N uptake for maize as affected 
by N treatments and soil types in 2018 and 2019 

 
 
Plant N uptake 

The N uptake of maize plants showed similar responses to soil types, inter-annual 
climate and N treatments, as compared with plant DM accumulation (Figure 6). On 
average, the total N uptakes at maturity were 131.1 and 183.3 kg ha-1 in 2018 and 2019 
on clay soil, respectively, which were 47.7% and 29.4% higher than those of 88.7 and 
141.7 kg ha-1 on sandy soil, respectively. The N uptakes were obviously reduced by 
adverse soil and climatic conditions. Compared with plant DM, plant N uptake suffered 
greater limitation by N deficiency in the N0 treatment, which showed significant 
differences with N fertilization treatments at silking stage (R1) on clay soil in 2018 and 
at seedling stage (V5) in the other conditions. Compared with CRU0% treatment, higher 
total N uptakes at maturity were observed in all the mixed CRU treatments except for 
CRU60% on sandy soil in 2018. The differences in N uptake became significant since the 
late vegetative stage (V12) between the treatments with or without CRU. Moreover, the 
pre- and post-silking N uptake also showed obvious differences between these treatments 
(Figure 5). The post-silking N uptake percentages were higher in CRU30% and CRU15% 
treatments, as compared with other N fertilization treatments. 

In both two years, no differences were observed in total N uptakes among the mixed 
CRU treatments on clay soil. However, these mixed CRU treatments showed different 
total N uptakes on sandy soil especially in 2018. Overall, the highest N uptake was 
obtained in CRU30% treatment, and followed by CRU15% treatment. The average N 
uptake in CRU30% treatment were 141.6 and 179.1 kg ha-1 on sandy and clay soils, 
respectively, which were 24.3% and 19.8% higher than those in CRU0% treatment. 
Therefore, mixed CRU and NU at an appropriate ratio could improve plant N uptake, 
while the sole NU application or the over-mixture of CRU resulted in counterproductive 
effects. 
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Figure 6. N uptake dynamic of maize plants as affected by N treatments and soil types in 2018 
and 2019. The vertical bars indicate standard error of the mean 

 
 
Nitrogen balance and loss 

The N balance and apparent N loss were estimated based on the difference between N 
inputs and outputs in the soil-plant system, and all the related parameters were affected 
by soil type, year and N treatments (Table 2). The initial soil Nmin contents were much 
lower on sandy soil than clay soil. In both two years, soil N mineralization were also 
considerably less on sandy soil, and the total mineralization amounts was only 40% of 
that on clay soil. In contrary, N losses were higher on sandy soil as compared with clay 
soil. On average, the total N loss were 180.8 kg ha-1 across years and N treatments on 
sandy soil, which were 8.0% higher than that of 167.4 kg ha-1 on clay soil. Between 
experimental years, soil N mineralization of sandy soil was higher in 2018 than 2019, but 
which showed opposite trends on clay soil. While N losses showed consistent trends 
between soil types, both of which were obviously higher in 2018 than 2019. 
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Table 2. Nitrogen balance (kg N ha-1) as affected by N treatments and soil types in 2018 and 
2019 

Years N balance parameter 

Sandy soil Clay soil 

N0 
CRU0

% 

CRU15

% 

CRU30

% 

CRU45

% 

CRU60

% 
N0 

CRU

0% 

CRU15

% 

CRU30

% 

CRU45

% 

CRU60

% 

2018 

A. N input             

(1) N fertilizer 0 185 185 185 185 185 0 185 185 185 185 185 

(2) Soil Nmin before 
sowing 

73 73 73 73 73 73 155 155 155 155 155 155 

(3) Apparent soil N 
mineralization 

36 36 36 36 36 36 59 59 59 59 59 59 

B. N output             

(1) Plant N uptake 56 84 10 109 9 80 96 120 145 146 141 137 

(2) Soil Nmin at harvest 53 64 69 75 77 85 118 145 145 147 141 142 

C. Apparent N loss: A-B 0 146 118 110 121 129 0 134 109 106 117 120 

2019 

A. N input             

(1) N fertilizer 0 185 185 185 185 185 0 185 185 185 185 185 

(2) Soil Nmin before 
sowing 

51 62 70 75 81 84 121 147 157 154 147 150 

(3) Apparent soil N 
mineralization 

24 24 24 24 24 24 82 82 82 82 82 82 

B. N output             

(1) Plant N uptake 41 144 165 174 165 161 102 179 208 212 205 202 

(2) Soil Nmin at harvest 34 47 63 65 72 69 101 149 162 166 165 171 

C. Apparent N loss: A-B 0 80 51 45 53 63 0 86 54 43 44 44 

2018-
2019 

A. N input             

(1) N fertilizer 0 370 370 370 370 370 0 370 370 370 370 370 

(2) Soil Nmin before 
sowing 

73 73 73 73 73 73 155 155 155 155 155 155 

(3) Apparent soil N 
mineralization 

58 58 58 58 58 58 144 144 144 144 144 144 

B. N output             

(1) Plant N uptake 97 228 272 283 261 241 198 299 353 358 346 339 

(2) Soil Nmin at harvest 34 47 63 65 72 69 101 149 162 166 165 171 

C. Apparent N loss: A-B 0 226 166 153 168 191 0 221 154 145 158 159 

 
 

After consecutive two cropping seasons, soil Nmin contents in all N fertilization 
treatments showed decreasing trends on sandy soil, and the largest reduction of 35.6% 
was observed in CRU0% treatment, which were considerably higher than those of 
1.4%-13.7% in the mixed CRU treatments. In contrary, soil Nmin contents increased by 
4.5-10.3% in the mixed CRU treatments on clay soil, while only decreased by 3.9% in 
CRU0% treatment. Regardless of soil types and years, the N losses in CRU0% treatment 
were significantly higher than those in the mixed CRU treatments, and the lowest values 
were observed in CRU30% treatment. Compared with CRU0% treatment, total N loss in 
CRU30% treatment reduced by 32.3% and 34.4% on sandy and clay soils, respectively. 

Nitrogen use efficiency 

All the soil type, year, and N treatment factors showed significant individual effects 
on the NUE parameters, except for the REN response to soil type (Table 3). Between 
experimental years, the REN, AEN and PFPN were significantly higher in 2019 than 2018. 
Between soil types, sandy soil showed higher AEN but lower PFPN as compared with clay 
soil. Among the N fertilization treatments, the highest REN, AEN and PFPN were observed 
in CRU30% treatment, and all of which were significantly higher than those in CRU0% 
treatment. Across the two years, the average REN, AEN and PFPN in CRU30% treatment 
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were 50.3%, 36.7 kg kg-1 and 63.1 kg kg-1 on sandy soil, which were 42.4%, 49.9% and 
24.0% higher than those in CRU0% treatment; the average REN, AEN and PFPN in CRU 
30% treatment were 45.3%, 24.3 kg kg-1 and 72.6 kg kg-1 on clay soil, which were 54.6%, 
42.9% and 11.2% higher than those in CRU0% treatment. The NUE parameters in other 
mixed CRU treatments showed no differences with CRU30% treatment, except for 
CRU60% treatment on sandy soil. In addition, the significant soil type × year interaction 
indicated that the responses of REN and PFPN to soil types were affected by inter-annual 
climatic conditions, their gaps between years were larger on sandy soil as compared with 
clay soil. 
 

Table 3. Recovery efficiency (REN), agronomic efficiency (AEN) and partial factor 
productivity (PFPN) of N fertilizer for maize as affected by N treatments and soil types in 2018 
and 2019 

Soil type Year Treatment REN (%) AEN (kg kg-1) PFPN (kg kg-1) 

Sandy soil 

2018 

CRU0% 14.7 bc 12.8 ab 42.6 bc 

CRU15% 27.5 ab 24.0 a 53.8 a 

CRU30% 28.5 a 24.6 a 54.3 a 

CRU45% 21.3 abc 18.3 ab 48.1 ab 

CRU60% 12.9 c 9.3 b 39.1 c 

2019 

CRU0% 56.0 b 36.1 b 59.3 b 

CRU15% 67.0 ab 46.6 a 69.8 a 

CRU30% 72.1 a 48.8 a 71.9 a 

CRU45% 67.3 ab 46.2 a 69.4 a 

CRU60% 64.7 ab 43.6 ab 66.7 ab 

Clay soil 

2018 

CRU0% 12.9 a 5.3 a 58.6 a 

CRU15% 26.3 a 10.1 a 63.3 a 

CRU30% 26.9 a 11.8 a 65.0 a 

CRU45% 24.2 a 10.0 a 63.3 a 

CRU60% 22.1 a 9.3 a 62.5 a 

2019 

CRU0% 45.6 b 28.7 a 72.0 b 

CRU15% 61.6 a 34.9 a 78.2 ab 

CRU30% 63.7 a 36.8 a 80.1 a 

CRU45% 60.1 a 35.4 a 78.7 ab 

CRU60% 58.2 ab 33.4 a 76.6 ab 

ANOVA      

Soil type (S)   ns *** *** 

Year (Y)   *** *** *** 

N treatment (N)   *** ** *** 

S × Y   * ns * 

S × N   ns ns ns 

Y × N   ns ns ns 

S × Y × N   ns ns ns 

Means within each column, soil type and year followed by different letters are significantly different at 
P = 0.05. ns, no significant; * significant at p < 0.05; *** Significant at p < 0.001 

 
 
Discussion 

Numerous studies have indicated that the mixed application of CRU and NU can 
increased maize yield and NUE, and reduced N loss, such as in North China Plain, Brazil, 
and the United States (Noellsch et al., 2009; Zheng et al., 2016; Guo et al., 2017; Garcia 
et al., 2018). Similar result was also found in the present study in Northeast China. 
Compared with the sole NU application, the mixed application of CRU and NU increased 
generally maize yield and NUE and reduced N loss across the contrasting soil types. 
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Moreover, the present study determined the optimal mixture ratio of CRU as 30% for 
maize in Northeast China, which can synchronously achieve higher yield, NUE and 
environmental benefits. The optimal mixture ration of CRU for maize were 70% in both 
North China and Brazil at the N rate of 180 kg N ha-1 (Guo et al., 2017; Garcia et al., 
2018), which were much higher than that determined in this study, the big difference is 
mainly associated with the soil types and fertility, climatic conditions, crop yield level 
and cultivation practices among the various regions. The soil basic fertility and crop yield 
levels determined the amount of nitrogen fertilizer applied, and climatic conditions and 
cultivation practices determined the release rate of controlled release urea in the field. 
The application rate of nitrogen fertilizer and the release rate of controlled release urea in 
the field determined the optimal mixture ration of controlled release urea and normal urea. 

Modern high-yield maize varieties have a larger N demand, and the sufficient plant N 
uptake in the middle-late growth periods are more important for seed development and 
yield formation (Liu et al., 2014; Guo et al., 2017). The previous studies showed that the 
percentages of DM and N demand were 47%-60% and 12%-32% for modern high-yield 
maize, respectively, and the higher post-silking DM and N uptake are essential to obtain 
high yield and NUE (Meng et al., 2016). Compared with recommended split N 
fertilization, the high basal N fertilization adopted by farmers could not well match the 
maize N demand during the growing season, thus causing substantial N loss at the 
seedling stage and subsequently insufficient N supply for reproductive growth and grain 
yield at the late stage. Moreover, high N supply at the seedling stage reduce generally 
root growth and distribution in the deeper soil and thereby limit plant nutrient uptake 
(Wang et al., 2019). In this study, the total N loss reached 224 kg ha-1 by applying sole 
NU as basal fertilizer before sowing, which accounting for 60.5% of the total N rate. It is 
necessary to reduce soil available N level at the early stage while ensure sufficient N 
supply at the late stage. This aim could be achieved by applying CRU and NU with an 
appropriate mixture ratio, in which the mixed CRU delayed N release at the early stage 
and provides sufficient N supply for crop growth at the late stage (Zheng et al., 2016; Guo 
et al., 2017). In this study, the post-silking percentages of DM and N uptake were 49%-
59% and 33%-41% in CRU30% treatment, which were comparable and even higher than 
those reported by Meng et al. (2016), and thereby improved grain yield and NUE. The 
mechanism for better performance in the CRU30% treatment might be related to the 
optimized root growth and reduced N loss at the seedling stage by reducing available N 
in soil, and the increased N uptake and plant photosynthetic production because of the 
sufficient N supply at the reproductive growth, and subsequent improved yield 
components at maturity. 

Soil and climatic conditions are important factors to affect field crop growth as well 
as the effectiveness of fertilizer application. In this study, the drought limited seed 
emergence and maize seedling growth in 2018, therefore showed lower grain yields as 
compared with those in 2019. Moreover, maize plant growth was also limited on sandy 
soil due to the lower fertility and poor retention capacity for water and nutrients, and thus 
obtained significantly lower grain yields relative to the plants grown on clay soil (Feng et 
al., 2019). In addition to crops, the N release from fertilizers is also affected by the soil 
environmental factors. The hydrolysis rate of urea is relatively fast and could be quickly 
dissolved in soil and converted into available N, which is easily lost if it cannot be 
effectively maintained in soil or absorbed by crop root. In this study, the sole NU 
application provided excessive available N that exceed retention capacity of sandy soil, 
and thus mass N was lost might via NH3 volatilization, especially under the rainless 
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climate condition in 2018. In this case, maize plant growth would consume the 
mineralized N from organic matter at the late stage, and further reduced soil N contents 
at harvest. For CRU products, the N release into soil was delayed or controlled by using 
envelope technology and thus could effectively reduce N loss (Shavit et al., 1997). 
However, the N release rate is considerably affected by environmental factors, especially 
soil moisture and temperature. Christianson (1988) has found that drought and low 
temperatures limited N release from CRU, may cause plant N deficiency at the early stage. 
In our study, the N release of CRU was obviously delayed due to reduced rainfall and soil 
moisture content, while the N loss was also reduced and thus could still ensure the soil N 
supply at the later stage of maize growth, therefore showed better crop performance in 
terms of grain yield, NUE and environmental impacts as compared with the sole NU 
application. Moreover, compared with clay soil, the relatively improving effectiveness of 
mixed application of CRU and NU was better on sandy soil. However, it should be noted 
that, in addition to sole NU treatment, the soil Nmin contents in the mixed CRU 
treatments also showed decreases at harvest on sandy soil due to plant consumption. 
Hence, the N fertilizer rate might need to be properly increased on sandy soil when 
adopting mixed CRU and NU application method, and the optimal N rate require further 
investigation in the further researches. 

Conclusions 

The results of this study showed that the mixed application of CRU and NU 
significantly increased the maize yield, aboveground DM accumulation and N uptake. 
Among them, the highest maize yields were obtained in CRU30% treatment, which 
increased by 24% on sandy soil and 11% on clay soil as compared with CRU0% treatment. 
Maize plants grown in CRU30% treatment accumulated more DM and N uptake after 
silking, which accounted for 49%-59% and 33%-41% of the total DM and N uptake at 
maturity, respectively, and thereby increased grain yield and NUE. Compared with CRU 
0% treatment, total N loss in CRU30% treatment reduced by 32.3% and 34.4% on sandy 
and clay soils, respectively. In sum, the mixed application of 30%CRU and 70%NU was 
suitable to increase maize yield, NUE and reduce N loss, which would provide a 
theoretical basis for the mixed application of CRU and NU and sustainable development 
of agriculture with rational fertilizing in Northeast China. Researchers should pay more 
attention to their environmental effects while paying attention to the agronomic and 
economic effects of the mixed application of controlled release urea and normal urea. 
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Abstract. Causes of Potamogeton crispus population decline in the late spring and early summer are not 
fully understood. Given that strong UV-B radiation can penetrate the water column and damage aquatic 
organisms, it may be a key factor in the P. crispus decline. In this study, adult P. crispus plants were 
exposed to different intensities of UV-B radiation for 6 hours every day, the control group was only 
exposed to UV-A and photosynthetically active radiation. All groups were exposed to UV-A and 
photosynthetically active radiation at the same intensity. We monitored the morphological changes, and 
physiological and biochemical indexes. The results showed that plant height, internode length, and leaf 
area decreased with corresponding increases in radiation intensity. Additionally, photosynthetic pigment 
content could be improved with low-intensity UV-B radiation (<10.8 kJ/m2), inhibited with continuous 
radiation, and decreased by high-intensity of UV-B radiation (>10.8 kJ/m2). Catalase activity improved 
by short-term radiation, but inhibited by long-term radiation. Superoxide dismutase activity increased 
gradually with longer irradiation time. The malonaldehyde content increased at the beginning but then 
decreased with continuing radiation. These results suggest that UV-B radiation may contribute to the 
mass mortality of P. crispus in late spring and early summer. 
Keywords: plant height, chlorophyll content, superoxide dismutase activity, malondialdehyde, mass 
mortality 

Introduction 

The significant depletion of the ozone layer over Antarctica, the mid-latitudes and 
high-latitudes, has raised concerns about the impact of solar ultraviolet-B (UV-B) 
radiation on marine and freshwater ecosystems. UV-B radiation, which is harmful to 
plants and human beings (Ulm and Jenkins, 2015), is attenuated rapidly in the water 
column (Cory et al., 2015). The penetration depth of 10% of surface UV-B radiation is 
usually less than a few meters, but it can reach several meters in some clear lakes 
(Williamson, 1995), or even tens of meters in the clearest seaes (Williamson, 1995; 
Buma et al., 2001). The incident depth of 10% of incident UV-B radiation is 7.7 m in 
Tahoe Lake (America), 10.8 m in Bessvatn (Norway), 12.8 m in Laguna Negra (Chile), 
and 9 m in the Bcllingshausen Sea, even 19.8 m in the Sargasso Sea (Williamson, 1995). 
Many studies have indicated that increasing UV-B exposure is detrimental to organisms, 
which causing mutations or even death to aquatic organisms (Buma et al., 2001; Pereira 
et al., 2014; Al-Aidaroos et al., 2015; Häder et al., 2015; Kim et al., 2015; Liu and 
Wang, 2017; Aksakal and Ciltas, 2018) and leading to a decrease in biomass 
(Choudhary and Agrawal, 2015). Recent studies have shown that phytoplankton 
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communities are extremely sensitive to UV radiation (Liu and Wang, 2017), and 
phytoplankton of the freshwater is more vulnerable to damage from UV radiation than 
of the marine (Williamson, 1995; Kim et al., 2015). Some studies have shown that 
UV-B radiation can affect photosynthesis, nitrogen fixation, protein biosynthesis and 
survive of cyanobacteria, but some protective strategies of Cyanobacteria have been 
developed to counteract the damaging effects of UV-B radiation (Häder et al., 2015; 
Mloszewska et al., 2018). UV radiation is harmful to many freshwater zooplankton, 
acting as a potential driving force for zooplankton community structure in some lakes. 
The disadvantage effects of ultraviolet radiation on zooplankton include limitations in 
nutrient uptake, inhibition of photosynthesis, DNA damage, and finally cell death. 
Earlier studies have suggested that zooplankton move into deep water by vertical 
migration avoid predation, however, recent researches suggested they maybe escape 
from surface intense UV radiation (Al-Aidaroos et al., 2015; Dumont, 2019). UV-B 
radiation can produce a series of biological effects on macroalgae at the molecular, 
cellular, individual and community levels, UV-B radiation can inhibit the growth of 
several macroalgae, especially for the damage of red algae, brown algae and green algae, 
by restraining its photosynthesis (Xu et al., 2018). UV-B radiation may affect the 
physiological and ecological functions of seagrass, and ultimately affect the coastal 
environment by changing the spatial distribution, species and community functional 
structure of seagrass (Bischof et al., 2006; Sunny, 2017). Rae et al. (2001) investigated 
the sensitivity of freshwater macrophytes to UV radiation in New Zealand soon lake, 
and found that different species of plants have different sensitive degree to UVR and 
also the different recovery capacity for the damage. Most researches have been focused 
on the phytoplankton, zooplankton, macroalgae, and seagrass, however, few studies 
were conducted on the submerged plants, especially freshwater submerged macrophytes. 

Potamogeton crispus (Potamogetonaceae) is a submerged herbaceous perennial plant 
that grows in freshwater lakes, ponds, paddy fields, and rivers worldwide, and produces 
large quantities of biomass (Wang et al., 2017). The plants usually remain underwater in 
the early growth stages. Thus, the impact of light on their growth is limited. In the later 
growth period, when the plant penetrates the water surface after rapid growth in late 
spring and early summer, intense light begins to inhibit its growth, resulting in the 
decline of P. crispus (Su et al., 2001). But an observation indicated that P. crispus grew 
throughout the year in an artificial lake on an open experimental site where a glass 
rooftop had been installed. And the plant height of the P. crispus was 2-3 times higher 
than that in the field, but the branches are significantly lower than in the wild. The 
illumination difference between the inside and outside of the experimental site was 
small after filtration by the glass, but ultraviolet radiation—especially UV-B—
decreased significantly. In general, PAR penetrates a glass greenhouse at an 80% to 
85% rate, and UV-A radiation at a 60% to 70% rate; by contrast, UV-B radiation only 
does so at a 2% to 5% rate. Could this be why P. crispus continuously grows in an open 
experimental site with glass? Jian et al. (2003) found that mass mortality of P. crispus is 
strongly associated with intense light in late spring and early summer. Thus, we have 
reason to believe that UV-B radiation may contribute to the mass mortality of P. crispus 
in late spring and early summer. 

The aim of this study is to understand the effect of UV-B radiation on growth of 
P. crispus, it is helpful to understand the reasons for mass mortality of P. crispus in late 
spring and early summer. 
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Materials and Methods 

Experimental design 

The experiment was conducted in an open experimental site where a glass rooftop 
had been installed (32.11°N, 118.91°E). P. crispus plants were collected from the 
Hongze Lake Nature Reserve on April 15, 2012, in China (Figure 1). These adult plants 
were transferred into flower pots, of which the upper diameter, base diameter, and the 
height were 18.0, 12.5, and 15.0 cm, respectively. 15-20 plants were included in each 
pot. The average plant height was 63±1.8 cm. The roots were fixed with a small amount 
of clay and gravel in every disk to reduce the effect of sediment. These pots were placed 
in 200-L plastic buckets, of which the upper diameter, base diameter, and height were 
64×52×72 cm, respectively. 
 

  

Figure 1. Experimental site (left) and some partial experimental equipment (right) 
 
 

UV-B lamps made of stainless steel were suspended 120 cm above the plants. The 
UV-B lamps were manufactured by Nanjing Huaqiang Special Light Source Factory 
(40 W, peak 313 nm). The treatment intensity was achieved by adjusting the lamp’s 
heights. The UV-B lamps were hung in an east-west direction in order to reduce the 
influence of the lamps’ shade and to ensure that each treatment group obtained 
equivalent amounts of photosynthetically active radiation (Figure 1). The water 
temperature was maintained by 23±2℃, the day length was between 13.63 h and 
14.18 h, and the sunshine duration was 7.0-11.8 h of sunshine. 

The overlying water was tap water with an added nutrient solution. The depth was 
70 cm in all treatments. 

UV-B intensity setting 

UV-B Radiation intensity recorded from April to August in 2004 and 2008 in the 
Nanjing field were used as the reference values for the experimental intensity (Table 1). 
In this study, P. crispus plants were exposed to UV-B radiation at different intensity 
(50 µW/cm2, 100 µW/cm2, 150 µW/cm2, and 200 µW/cm2) for 6 hours (9:00 to 15:00 in 
local time each day), so that the cumulative daily intensity of UV-B radiation was 
10.8 kJ/m2, 21.6 kJ/m2, 32.4 kJ/m2, and 43.2 kJ/m2, respectively. The treatment groups 
were marked as T50, T100, T150, and T200. The control group had a polyester film 
(125 µm thickness, Shanghai Texiang electrical material Co., Ltd) to filter small 
amounts of UV-B radiation in the open experimental site with a glass rooftop, so the 
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control group was only exposed to UV-A and PAR from the solar radiation; the control 
group was marked as T0. All treatment groups received the same intensity of UV-A and 
PAR from the solar radiation. The experiment began on May 10, 2012, and the duration 
of the experimental period was 31 days. UV-B dosimetry was set through the 
SpectroSense2 (British SKYE company) to connect the SKU 430UV-B sensor (280 - 
315 nm). Each group included three replicates. Because the UV-B intensity released 
from the thick tube was more intense than that released from the thin tube at the same 
power, T50 and T100 were subjected to the thin UV-B lamps (diameter 14 mm), 
whereas T150 and T200 were subjected to the thick UV-B lamps (diameter 26 mm). 
PAR radiation was set in the same condition for all groups, and measured at the 
beginning and on the 7th day of the experiment (Table 2). 
 

Table 1. UV-B radiation intensity (μW·cm-2) from April to August in 2004 and 2008 in the 
Nanjing, China 

Year April May June July August 

2004 170.24 172.91 239.80 156.17 147.66 
2008 131.20 178.82 109.51 177.50 139.50 

 
 

Table 2. Light intensity(W•m-2) received at the surface of the experimental water 

Time T0 T50 T100 T150 T200 Random error 

10 May, 2012 181.6 167.7 167.4 164.3 178.6 7.7 
17 May, 2012 47.0 47.6 45.1 44.4 45.7 1.3 

 
 

The ability of UV-B to penetrate the water should be considered. Taking T150 as an 
example, the UV-B intensity at the surface water was 62.4% of the air intensity, but the 
intensity was reduced to 54.0%, 30.5%, 10.1%, 3.5%, 1.4%, and 0.7% at depths of 10, 
20, 30, 40, 50, and 60 cm, respectively. Irradiation time was controlled by a digital 
timer. UV-B radiation can attenuate exponentially in the water, and the attenuation 
model is in accordance with the following formula: Ed=E0e-K•d, where E0 is the incident 
UV-B intensity, K is the attenuation coefficient, and d is the depth of the water 
(Bernhard et al., 2018; Overmans and Agustí, 2020), K is 0.0868 in this experiment. 
According to calculation, T150 and T200 could penetrate to the underwater depth of 
90 cm, while T100 and T50 could penetrate to the underwater depth of 80cm. However, 
the experimental water was only 70cm deep, so UV-B radiation could penetrate to the 
bottom all four treatments. 

Determination of monitoring indexes 

Plant height: The lengths of 15-20 plants in the three parallel treatment groups were 
measured from the border to the top of the main plant stem using a stainless steel ruler, 
and the average length was calculated. 

Internode length: The 10-15th internode length from the top was also measured in the 
three parallel treatment groups, 15-20 internode lengths were measured and the average 
value was calculated each time. 

Leaf area: The first three to five fully expanded leaves from the top to the bottom of 
the plants were selected to measure the leaf area. The length of the main leaf’s veins 
was measured using a ruler, and the leaf width was measured at the leaf’s widest point. 
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20-30 leaves were measured in each treatment and the average value was calculated at 
every sampling time. The leaf area of P. crispus was calculated by the following 
equation (1) (Wang et al., 2016): 
 

 leaf area = 0.87  leaf length leaf width-0.2l   (Eq.1) 

 
The plant height, internode length and leaf area were measured at 9 o'clock at the 

beginning of the experiment, and at days 16, 24, and 31, respectively. 
Chlorophyll concentrations were measured by extracting fresh leaf tissue with 80% 

acetone and centrifuging the sample at 3000 g for 5 mins. The absorbance of the extract 
was determined at 663, 645, and 440 nm. Chlorophyll concentrations were calculated 
using the published formulae (Strain and Svec, 1966). 

Catalase activity (CAT) was determined by measuring the decrease in absorbance of 
the reaction mixture at 240 nm (Havir and McHale, 1987). The activity was assayed for 
1 min in a reaction solution composed of 2.9 mL potassium phosphate buffer 50 mmol 
(2.85 mL, pH 7.0), H2O2 12.5 mmol (50 μL), and 100 μL of crude extract. 

Superoxide dismutase (SOD) activity was determined by measuring the ability to 
inhibit the photochemical reduction of nitro blue tetrazolium chloride (NBT) according 
to the method of Beauchamp and Fridovich (1971). One enzyme unit of SOD activity 
was defined as the amount of enzyme that inhibits 50% NBT reduction measured at 
560 nm. The blue formazan produced by NBT photoreduction was measured as an 
increase in absorbance at 560 nm. 

Lipid peroxidation of leaves was determined using a thiobarbituric acid (TBA) test 
by measuring the malondialdehyde (MDA) level (Heath and Packer, 1968). The 
extinction coefficient was determined at 600 nm, 532 nm, and 450 nm (De Vos et al., 
1989). 

The physiological and biochemical parameters were determined at the beginning of 
the experiment, and at days 16, 23, and 31, respectively, 150-180 leaves were sampled 
in each treatment at every sampling time. 

Statistical analysis 

Data from three replicates of all treatments were subjected to analysis of variance 
using SPSS 16.0. All data were presented as the mean ± SE. Comparisons between 
treatments were performed using two-way ANOVA, and Tukey’s post-test was 
performed to determine the significant differences between different treatment groups 
on the same sampling day, different sampling date for the same treatment group. The 
significance of treatment effects was determined at the 0.05 probability level, the level 
of probability was set at 95% confidence interval (p<0.05). 

Results 

Growth status 

The leaves near the water surface in the groups from T100 to T200 were bleached 
from 7 d to 31 d, whereas the leaves growing underwater remained healthy. The harmful 
effects in all treatment groups increased with increasing radiation intensity. Some plants 
from the T150 and T200 groups died, but the roots of some of these plants were still 
linked to the stem at 16 d. At 22 d, the leaves in all treatment began to shrink, T0, T50, 
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and T100 also showed a declining trend at 22 d, two new branches appeared in T0, and 
T150 and T200 had no intact plants, with more broken branches and stem fractures in 
the roots, and they were beginning to float on the water (Table 3). At 31 d, there were 
18 well-developed specimens in T0 in the three parallel groups, including 6 new 
branches, and some branches were broken from the original plants, whereas T50, T100 
only had 9, 7 intact plants and more broken branches, the broken branches of T150 and 
T200 have been decomposed. During the whole experiment, the plant height, intermode 
length, and leaf area in T50-T200 decreased continuously with corresponding increases 
in UV-B radiation intensity. 
 

Table 3. Number of intact specimens in the three parallel groups 

Treatment 0d 16d 22d 31d 

T0 50 50 38 18 
T50 52 45 16 9 

T100 50 37 17 7 
T150 58 22 0 / 
T200 58 13 0 / 

 
 
Morphological indexes 

The plant heights of T100, T150, and T200 reduced after 16 days of UV-B radiation, 
but the heights of T0 and T50 plants increased slightly by 2.1% and 0.9%, respectively, 
from the beginning of the experiment (Table 4), whereas the heights of T100, T150, and 
T200 remained relatively consistent, decreased by 1.6%, 8.3%, and 2.0% from the 
beginning, respectively (p>0.5). The heights of T50, T100, T150, and T200 decreased 
from the beginning by 12.5%, 11.0%, 22.6%, and 24.1%, respectively at 24 d. T0 
increased continuously after from 24 d to 31 d. Although all treatment groups had a 
significant difference at 24 d compared with the values at the beginning of the 
experiment (p<0.05), the heights of T50-T200 decreased more significantly as the 
radiation intensity increased. After 24 days of UV-B radiation, the heights of T50, T100, 
T150, and T200 were lower than that of T0 by 21.4%, 22.9%, 28.2%, and 34.1%, 
respectively. The plants in T150 and T200 died at 31 d. Although T0-T100 still grew, 
the growth rates decreased from those at the beginning of the experiment. This decrease 
became more significant from 24 d to 31 d (p<0.05). 

The internode lengths of T50, T100, T150, and T200 differed significantly (p<0.05) 
after days 16 of UV-B radiation compared with the beginning (Table 4), and were lower 
than that of T0 by 59.5%, 71.7%, 77.4%, and 71.6%, respectively. At 24 d, the 
internode lengths of all groups decreased, but the differences were not significant 
between the treatments (p>0.05). The average internode length of T50 was 3.8% greater 
than T0, T100 was lower than T0 by 8.0%, but the internode lengths of T150 and T200 
were significantly lower than T0 (38.7% and 36.3%, respectively) at 24 d. The 
internode lengths of T0, T50, and T100 at 31 d differed significantly from those at the 
beginning of the experiment (p<0.05), but the differences among those treatments were 
much less. 

The leaf area of T0 at 16 d had increased by 13.8% (Table 4), and thereafter 
decreased continuously. The leaf areas for T50-T200 decreased significantly (p<0.05) 
from the beginning to the day 24, and were 48.7%, 51.9%, 57.3%, and 58.1% lower 
than those at the beginning, respectively. The leaf areas of T0, T50, and T100 decreased 
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significantly (p<0.05) at 31 d compared with those at the beginning, accounting for 
63.7%, 70.4%, and 70.5% decreases. 
 

Table 4. Morphological change of P. crispus affected by UV-B radiation 

Morphological 

indexes 
Treatment 0d 16d 24d 31d 

Plant height/cm 

T0 64.1±2.3Aa 65.4±1.2Aa 70.6±1.7Ba 55.3±4.2Ca 
T50 63.4±3.4Aa 64.0±1.4Aa 55.5±3.4Bb 54.3±3.7Ba 

T100 61.2±3.2Aa 60.2±1.9Ab 54.4±1.6Bb 53.3±2.0Ba 
T150 65.4±3.2Aa 60.0±1.9Bb 50.7±3.1Cb  
T200 61.3±2.2Aa 60.0±1.9Ab 46.5±1.5Bc  

Internode length/cm 

T0 3.1±0.4Aa 3.5±0.6Ba 1.1±0.1Ca 0.6±0.1Da 
T50 3.1±0.6Aa 1.4±0.3Bb 1.1±0.1Ba 0.6±0.0Ca 

T100 3.4±0.1Aa 1.0±0.2Bb 1.0±0.2Ba 0.6±0.1Ca 
T150 3.5±0.6Aa 0.8±0.2Bc 0.7±0.1Bb  
T200 3.3±0.4Aa 1.0±0.2Bb 0.7±0.1Cb  

Leaf area/cm2 

T0 1.5±0.2Aa 1.7±0.2Aa 0.8±0.1Ba 0.6±0.0Ca 
T50 1.5±0.1Aa 1.1±0.1Bb 0.8±0.1Ca 0.5±0.1Db 

T100 1.6±0.1Aa 1.0±0.2Bb 0.8±0.2Ba 0.5±0.0Cb 
T150 1.6±0.1Aa 0.8±0.1Bc 0.8±0.1Ba  
T200 1.6±0.1Aa 0.6±0.1Bc 0.7±0.1Ba  

Lowercase letters indicate statistical differences between different treatment groups on the same 
sampling day, capital letters indicate statistical differences between different sampling date for the same 
treatment group, the equal letters indicate no differences and different letters indicate significant 
differences. The same situation was applied to the following monitoring indicators and parameters in 
the tables below. 

 
 
Chlorophyll content 

From 16 d to 31 d, chlorophyll a (Chla) and chlorophyll b (Chlb) concentrations in 
all treatments were significantly different (p<0.05) from the values at the beginning of 
the experiment (Table 5), Chla and Chlb concentrations of the T0 and T50 treatments 
increased, however, the concentrations of T50-T200 decreased with increasing radiation 
intensity. At 23 d, the values were significantly different from those at the beginning, 
whereas T0 increased continually, T50 decreased slightly, Chla and Chlb concentrations 
of T100-T200 increased from the values at 16d, but they still decreased with increasing 
radiation intensity. Chla and Chlb concentrations of T0-T100 decreased with increasing 
radiation intensity at 31 d. 
 

Table 5. Chlorophyll content of P. crispus affected by UV-B radiation 

Chlorophyll content Treatment 0d 16d 23d 31d 

Chlorophyll a 
content(mg·L-1) 

T0 2.18±0.17Aa 2.32±0.14Aa 4.20±0.15Ba 4.70±0.17Ca 
T50 2.24±0.13Aa 3.75±0.11Bb 3.23±0.08Cb 4.26±0.12Db 

T100 2.18±0.15Aa 1.34±0.13Bc 2.51±0.10Cc 3.05±0.12Dc 
T150 2.00±0.16Aa 1.16±0.06Bc 2.33±0.09Cc  
T200 2.08±0.13Aa 1.14±0.09Bc 2.00±0.12Ad  

Chlorophyll b 
content(mg·L-1) 

T0 0.77±0.09Aa 0.95±0.07Aa 1.63±0.07Ba 1.71±0.04Ba 
T50 0.81±0.06Aa 1.53±0.06Bb 1.37±0.07Cb 1.75±0.08Da 

T100 0.82±0.09Aa 0.51±0.07Bc 1.05±0.07Cc 1.23±0.07Db 
T150 0.79±0.08Aa 0.54±0.07Bc 0.99±0.08Cc  
T200 0.76±0.06Aa 0.46±0.08Bc 0.84±0.07Cd  
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CAT activity 

CAT activities of T0 and T50 were higher at the beginning of the experiment 
(Table 6). At 16 d, T50-T200 groups increased with increasing radiation intensity, and 
had a significant difference compared with the beginning (p<0.05); the CAT activity of 
T200 was 143.2% greater than that of T0, CAT activities of T50 and T100 had no 
significant difference than the beginning (p>0.05). While the activities of T150 and 
T200 were 31.3% and 383.3% higher than the beginning and higher than T0 at 23 d. At 
31 d, the CAT activities of T0-T100 still had no significant difference compare with the 
beginning (p>0.05), and increased with the increasing intensity. 
 

Table 6. CAT activity, SOD activity and malonaldehyde content of P. crispus by UV-B 
radiation 

Physiological and 

biochemical 

parameters 

Treatment 0d 16d 23d 31d 

CAT activity/(U·g-1 
FW·min-1) 

T0 4.4±0.4Aa 3.2±0.5Ba 4.1±0.4Aa 3.8±0.4Aa 
T50 4.5±0.4Aa 4.9±0.4Ab 4.9±0.3Ab 4.6±0.4Ab 

T100 4.6±0.4Aa 4.9±0.2Ab 4.9±0.3Ab 4.9±0.5Ab 
T150 4.6±0.2Aa 6.1±0.5Bc 6.0±0.5Bc  
T200 4.1±0.2Aa 7.8±0.5Bd 19.7±1.7Cd  

SOD activity/(U·g-1 
FW) 

T0 25.4±1.4Aa 18.8±1.8Ba 53.6±2.2Ca 109.1±8.5Da 
T50 24.3±1.6Aa 21.9±2.0Aa 56.3±2.5Ba 86.0±1.2Cb 

T100 24.6±1.3Aa 32.4±2.0Bb 59.6±1.7Cb 65.0±1.3Dc 
T150 26.3±1.2Aa 76.9±4.4Bc 82.5±3.4Bc  
T200 23.5±1.2Aa 78.7±1.5Bc 71.4±2.3Cc  

MDA content/(n 
mol·g-1 FW) 

T0 30.9±2.1Aa 26.9±2.0Aa 24.4±1.4Ba 25.1±2.1Ba 
T50 29.6±2.9Aa 29.9±1.9Aa 28.9±1.1Ab 20.2±1.5Bb 

T100 30.9±1.1Aa 35.1±1.1Bb 23.1±1.0Ca 18.3±0.5Db 
T150 30.9±2.2Aa 50.7±3.3Bc 21.8±1.2Ca  
T200 30.9±2.1Aa 43.1±2.1Bd 20.5±0.8Cc  

 
 
SOD activity 

SOD activity of each group produced a significant difference from the beginning 
(p<0.01) (Table 6) after 16 days of radiation, the activity gradually increased in T50 to 
T150, and all treatments were higher than that of T0. The activities of T0, T50 were 
slightly lower than what was measured at the experiment’s onset. Each treatment’s SOD 
activity significantly increased at 23 d (p<0.01) compared with the beginning, and T150 
maintained the highest value among all treatments, and the activity of T150 and T200 
had increased by 213.3%, 204.0% compared to the beginning, the activities in T0 to 
T150 continually increased. At 31 d, T0 to T100 had increased significantly compared 
with their respective values at 23 d (p<0.05), but they maintained a downward trend 
during the experimental period. The SOD activity of T0 reached the highest value of all 
groups, increasing by 329.5% compared to its initial value. 

MDA content 

At 16 d, the MDA concentrations of T0 and T50 remained basically unchanged, but 
the MDA concentrations in T150 and T200 increased significantly (63.9% and 39.3%, 
respectively) with the beginning (p>0.05) (Table 6). At 23 d, the concentrations in all 
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treatment groups decreased, but there were no significant differences compared with the 
beginning (p>0.05); The concentrations of T100, T150, and T200 decreased 
significantly from the experiment’s onset (p<0.05), accounting for 25.2%, 29.5%, and 
33.8% decreases, respectively, and the concentrations of T100, T150, and T200 were 
also lower than those of T0 and T50. At 31 d, the MDA concentrations in T0 to T100 
were lower than those at the beginning, and decreased with the increasing intensity. 

Discussion 

Although ultraviolet radiation can be attenuated by the water column, 10% of 
incident UV-B radiation is still present at substantial depths: from several to dozens of 
meters. In the middle and lower reaches of the Yangtze river area in China, the 
maximum depth of UV-B penetration is approximately 2.25 m, the harmful ultraviolet 
radiation can reach the lake bed in some lakes, threatening aquatic organisms (Zhang et 
al., 2005). The UV-B radiation may not only affect the creatures in the water, but also 
damage the benthos (Puthumana et al., 2017). 

UV-B radiation can attenuate exponentially in the water, and the attenuation model is 
in accordance with the following formula: Ed=E0e-K•d, where E0 is the incident UV-B 
intensity, K is the attenuation coefficient, and d is the depth of the water (Bernhard et al., 
2018; Overmans and Agustí, 2020). Based on the above theory, the higher the incident 
UV-B radiation, the greater the UV-B radiation that can penetrate into the water in this 
experiment. UV-B radiation will permeate deep into the water column and increase the 
damage to P. crispus. P. crispus plants were collected from the Hongze Lake Nature 
Reserve before the start of the experiment, the plants submerged in deeper water, the 
ultraviolet radiation in the sunlight was not strong in winter and spring. When the 
experiment began, the plants grew rapidly to the surface and were exposed to UV-B 
radiation. The top leaves of the plants are usually injured more severely because of 
continuous radiation from the top and then died, so the plant height decreased. Because 
plant biomass is mainly concentrated on the top of the plant, the injuries at the top of the 
plants due to the increasing radiation intensity will rapidly affect the physiological 
functions of the plant, and limit plant growth. This may be the reason why all plants of 
T150 and T200 declined and then decayed after 24 days of continuous UV-B radiation. 

Chlorophyll concentration is closely related to photosynthesis in plants and can 
reflect light-energy utilization by chloroplasts (Huang et al., 2013). Enhanced UV-B 
radiation can decrease the chlorophyll concentrations of plants (Ma et al., 2016; Zhang 
et al., 2017). However, the sensitivity of chlorophyll to UV-B radiation can be quite 
different among different species, and the decline in chlorophyll concentration may be 
due to inhibition of chlorophyll biosynthesis (Gao et al., 2019), enhancement of 
chlorophyll photodegradation (Petrović et al., 2017), or a combination of both. However, 
low intensity UV-B radiation can make pigment molecules of LHCII (light-harvesting 
pigment protein complex II) absorb more energy and transfer more energy to the PSII 
core to stimulate photosynthesis (Teramura et al., 1991). It has been reported that T50 
treatment for a short period increases chlorophyll concentration, but high-intensity 
radiation results in a strong bleaching effect on leaf pigment cells (Wang et al., 2010). 
Some pigment proteins can absorb UV-B energy, and they produce specific 
photochemical reactions that decrease chlorophyll concentration (Castenholz and 
Garcia-Pichel, 2014). The top leaves of T100 to T200 plants were damaged when they 
approached the water surface, and chlorophyll concentration decreased significantly 
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under intense UV-B radiation. In particular, when the radiation intensity surpassed 21.6 
kJ/m2, acute injury occurred, and the top leaves were strongly bleached (Wang et al., 
2010). Chlorophyll concentration decreased gradually with increasing radiation 
intensity. At 23 d, the biomass of the top of the plants declined when the radiation 
intensity was greater than 21.6 kJ/m2, which resulted in decreased plant height because 
new-growth leaves were used in the measurements, so the chlorophyll concentration of 
T150 and T200 showed an increasing trend compared with 16 d. At 23 d, because T50 
received low-intensity radiation, the chlorophyll concentration was only slightly lower 
than that of the control group; by contrast, the chlorophyll concentration in the other 
groups decreased substantially with increasing radiation intensity. The leaves were 
farther from the radiation source and received less radiation at 31 d. Therefore, injury to 
the plants was reduced, and the concentration of the chlorophyll increased compared 
with the aforementioned cases. 

UV-B radiation can induce generation of reactive oxygen species (ROS) (Yokawa et 
al., 2016), and increased ROS causes lipid peroxidation and protein oxidation (Pospíšil 
and Yamamoto, 2017). These ROS are highly reactive because they can interact with a 
number of cellular molecules and metabolites, leading to a number of destructive 
processes that cause cellular damage (Choudhury et al., 2017). Plants contain 
antioxidant metabolites, enzymes and nonenzymes to a variable extent, which have the 
ability to detoxify ROS (Abid et al., 2018). CAT and SOD can play key roles in 
eliminating superoxide (O2

−) and hydrogen peroxide (H2O2) (Chen et al., 2016). CAT 
are important protective enzymes that remove H2O2 and decompose H2O2 into O2 and 
H2O, protecting plants from the toxicity associated with H2O2. SOD is an enzyme 
capable of superoxide anion radical scavenging, and it can convert superoxide radicals 
to molecular oxygen and hydrogen peroxide (Perry et al., 2010). CAT and SOD 
activities in P. crispus increase under adverse conditions, such as heavy metal stress 
(Hu et al., 2007; Xu et al., 2010) and high nutrients (Zhang et al., 2009). If the stress 
exceeds a certain threshold, the enzyme activity decreases. UV-B radiation can produce 
the same effect on the antioxidant enzyme system of P. crispus. In this experiment, 
reactive oxygen concentrations increased with increasing radiation intensity in the initial 
radiation stage, and the antioxidant enzyme system was enhanced for scavenging 
reactive oxygen species. SOD activity also increased with increasing radiation intensity 
because it could decompose the superoxide anion into hydrogen peroxide and oxygen. 
However, the decomposition products could aggravate the H2O2 concentration in the 
leaves. In this study, CAT activities increased more than SOD activity, and they reached 
the highest levels at the early stage of radiation treatment; by contrast, SOD activity 
continued to grow with radiation. In general, the activities of all kinds of antioxidant 
enzymes rose with increasing radiation intensity, and this might have been inhibited by 
UV-B radiation. Furthermore, damage to enzymatic activities in the plants was 
irreversible under intense radiation conditions, which ultimately caused the plants to die. 
After 16 days of radiation, the plants apparently entered an emergency reaction period, 
and the activities of CAT reached their highest levels for the entire monitoring period. 
The plants' resistance was more obvious with increasing radiation intensity. SOD 
activity gradually increased with increasing radiation time and intensity. Because the 
T200 group received the highest radiation intensity, the damage was the most obvious 
in these plants. The SOD activity showed a decreasing trend, likely because the 
radiation intensity exceeded its tolerance threshold. Physiological function was reduced 
by increasing irradiation time, and reactive oxygen species increased. Therefore, SOD 
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activities at 23 d were decreased. The plants died at 31 d due to excessive radiation; the 
activities of CAT and SOD in the other groups were gradually reduced. Thus, the active 
oxygen produced in plants increased with UV-B radiation, whereas the scavenging 
activity of the plants decreased, resulting in a gradual increase in CAT activity. 
Additionally, because the top leaves of the plants were gradually dying, the plant 
heights decreased, so the received radiation intensity of the plants declined. The leaves 
used for analysis were new-growth leaves, which may also explain why the antioxidase 
activity was lower than in the initial stages of radiation. 

Under a ray of light or under the action of free radicals, one hydrogen molecule 
breaks from the lipid molecules (LH) and forms a lipid free radical (L·). The L can then 
react with oxygen to form peroxy radicals (LOO), which can attack other lipid 
molecules, seize the hydrogen atom, and produce new free radicals and lipid 
hydroperoxide (LOOH) (Ayala et al., 2014). This reaction repeats and results in 
continuous consumption of lipid molecules and the generation of a number of lipid 
peroxides (Ayala et al., 2014). In studies of terrestrial plants, UV-B radiation increased 
the levels of lipid peroxidation products (MDA) significantly (Singh et al., 2014; 
Gęgotek et al., 2017; Chen et al., 2019), and it changed the membrane fatty acid 
composition, decreased the unsaturation index, and eventually injured the plants. In the 
present study, P. crispus plants produced a large amount of peroxides under intense 
radiation during the initial stage. As a result, leaf MDA concentration reached its 
maximum at 16 d. Concurrently, mass production was reduced, possibly because of 
continuous consumption of lipid peroxides. Membrane permeability was also increased 
with long-term radiation, causing gradual bleaching or death of the plants’ top leaves 
and leading to decreased plant height. When middle leaves replaced the top leaves and 
became the new top leaves, the actual radiation intensity received was reduced, and the 
MDA concentrations in the leaves were lowered. Because the new top leaves received 
less radiation due to the decreased plant height, the release of peroxides in the top leaves 
was also tempered; this explains why the MDA concentrations of the T50-T200 groups 
decreased at 23 d and why the T0-T150 groups showed a decreasing trend at 31 d. This 
variation may suggest that oxidation products were gradually reduced because the lipid 
molecules were continuously oxidated. 

Conclusion 

UV-B radiation can accelerate plants’ decline when the exposure intensity exceeds 
32.4 kJ/m2, the plants that received this level of radiation declined and died within 
31 days, whereas a few plants still grew when the exposure intensity less than 
21.6 kJ/m2. UV-B radiation reduced the plant heights, and also shortened internode 
length and shrunk leaf area. Chla and Chlb contents all decreased under UV-B radiation 
when the UV-B radiation intensity surpassed 10.8 kJ/m2, and the inhibition effects were 
further elevated as the radiation intensity increased. CAT activities were improved 
under radiation for a short time and gradually increased with increasing radiation 
intensity. However, CAT activities were inhibited with continuing exposure to radiation. 
SOD activity increased gradually with prolonged irradiation time and increased 
radiation intensity. MDA content was improved at the beginning of the UV-B radiation, 
and then gradually increased with increasing radiation intensity, but decreased with 
prolonged exposure. These results indicate that UV-B radiation may be an important 
factor leading to mass mortality of P. crispus in late spring and early summer. 



Wang et al.: Morphological, physiological and biochemical responses of curly pondweed (Potamogeton crispus L.) to UV-B 
radiation stress 

- 5394 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5383-5397. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_53835397 
© 2020, ALÖKI Kft., Budapest, Hungary 

Accordingly, we deduce that the sharp enhancement of ultraviolet radiation on the land 
surface in the late spring and early summer leads to mass mortality of the wild 
P. crispus population. However, further research is necessary to study whether UV-B 
radiation acts with other environmental factors to affect physiological activity and 
contribute to the decline of P. crispus. 
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Abstract. This research was conducted during 2017 and 2018 seasons on some soft seedling strains and 
local date palm cultivars grown under the condition of Baltim, Kafr ElSheikh Governorate (North Delta), 
Egypt. Twelve soft seedling strains (Limony, Elhamra, Elhelowa, Nwat Elbahr, koppy, Zenat Ahmer, 
Zenat Asmar, Ostora, Nwat zaghloul, Nemery, Om Makatif, and Meghal) and three local cultivars: 
Hayany, Samany and Araby (control) were evaluated using fruit characteristics. Results revealed that, 
Elhamra had the highest values of yield, bunch weight, fruit diameter, fruit and flesh weight, and flesh 
thickness during both seasons, while, Nemery strain seedlings recorded the highest seed diameter, seed 
weight, SSC, total and reducing sugars. On the other hand, Araby cultivar recorded the lowest values in 
fruit length, flesh weight, (Soluble solids Content (SSC)) and Hayany cv., in total and reducing sugars. 
This study could be recommended for marketing new soft strains seedling date palms (Elhamra and 
Nemery) the most desirable commercial attributes of local or international standards under North Delta 
district, Egypt conditions. 
Keywords: parameters, firmness, bunch weight, SSC, total sugars, reducing sugars, fruit quality 

Introduction 

Egypt is a subtropical country which lies between 22° and 31° North latitudes and 
between 25° and 35° East longitudes. Winter is a mix of mild and wet 
(November - April) and summer is hot and dry (May - October) are suitable for the 
production of many field and Horticultural crops (Directorate of Intelligence, 2011). 
Egypt is the world first date (Phoenix dactylifera L.) producer with annual production 
of more than 1.7million tones and contributing 18.3% in total world production (FAO, 
2018). Dates can be classified into three types based on fruit moisture content; soft, 
semi-dry and dry cultivars (Selim et al., 1970). Cultivars Hayany, Samany and Araby 
are the main local soft date cultivars that grown in North Delta, Egypt. Biodiversity 
conservation of date palm is important in sustaining the various number of date cultivars 
in Egypt (Abdalla, 1986; Rizk et al., 2004). There are actually some date cultivars that 
are underutilized, which expected to be distinct or completely lost, and thereby affect 
date palm biodiversity in Egypt if it is not regularly maintains (Bazza, 2007). To 
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simplify over view framework on the identification, description and documentation the 
agro-biodiversity of soft date cultivars in Egypt, systematical relationships of twenty 
one Egyptian soft date cultivars were described based on one hundred and three 
morphological attributes (Abd-El Hamed et al., 2017). Most of the cultivars 
identification studies are enumerative, based on local names, which vary from one place 
to another (Abd-Alla, 2010; Abdul-Hamid et al., 2018). These cultivars are location 
specific, and could be known by different names in different places. Moreover, only one 
name could be assigned to different cultivars in different places. This could cause 
ambiguity in classifying cultivars based on local names. There is no scientific 
characterization of cultivars to use more legitimate names that can be used to 
distinguish cultivars (Abd El-Baky, 2012). Most of the female cultivars are identified 
using fruit characteristics such as size, shape or color (Bekheet, 2013). Fruit length 
generally ranged from 2.80 cm in Aglany date to 5.92 cm in Zaghloul date (Mansour, 
2005). Average fruit length in Bent-Aisha cultivar is about 3.69 cm, while it reaches 
5.92 cm in Zaghloul cultivar (Sakr et al., 2010). Abdalla et al. (1996) stated that grading 
of date cultivars is mainly considered on fruit physical characteristics and general 
appearance, as well as moisture and sugar content. Conventionally, date fruit have been 
used for treating diseases, such as sore throat and fever (Chao and Krueger, 2017). Fruit 
also inhibit and suppress several diseases. 

The aim of this work is to characterize and evaluate some new soft seedling strains 
and compared to local cultivars of date palm using fruit characteristics under North 
Delta, Egypt conditions. 

Materials and methods 

This study was conducted during 2017 and 2018 seasons at a private orchard in 
Baltim district (located at North Delta region Kafr-El-Sheikh Governorate (31o 15' 35'' 
N, 31o 9' 36'' E), Egypt. Baltim's climate is typical to the northern coastal line which is 
the most moderate in Egypt. It features a hot desert climate, but prevailing winds from 
the Mediterranean Sea greatly moderate the temperatures, making its summers 
moderately hot and humid while its winters mild and moderately wet (Fig. 1). 

 

 

Figure 1. Baltim district, Kafr El-Sheikh, Egypt 
(Source: https://www.google.com/maps/place/Baltim) 

https://www.sciencedirect.com/science/article/pii/S1658077X1830290X#b0075
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Fifteen soft seedling strains (Limony, Elhamra, Elhelowa, Nwat Elbahr, koppy, 
Zenat Ahmer, Zenat Asmar, Ostora, Nwat zaghloul, Nemery, Om Makatif, and Meghal) 
were selected from a big number of excellent seedling palms beside threes trees of local 
cultivars (Hayany, Samany and Araby) as a standard control. The selected palms were 
about 15-17 years old, grown in sandy loam soil and they characterized by high yield 
and fruit quality (Fig. 2). 
 

 

Figure 2. Experimental Orchard date palm trees in Baltim, Kafr El Sheikh Governorate, Egypt 
 
 

As usual the selected palms were subjected to normal cultural practices (irrigation, 
fertilization, plant protections, etc.). All seedling strains and Hayany, Samany and 
Araby cultivars (control) were pollinated in April using pollen grains from male palm 
(Meghal) grown in the same location in both seasons to avoid xenia and metaxenia 
effects. Each of the selected tree was represented by 3 bunches as 3 replicates. Fruit 
samples of sixty fruit each were collected, during fruit season at Khalal (maturity) stage. 
Fruit weight, length, diameter, and fruit length/diameter ratio (L/D) were recorded. 
Same fruit were used to measure pulp and seed weight (g), and then fruit/pulp 
percentage were calculated. Fruit firmness (kg/cm2) was measured at two equatorial 
points on the fruit using pressure tester (Penetrometer ST 308, Italy) with tips = 6.4 mm 
at 25°C. SSC were determined according to A.O.A.C (2000) methods.. Total and 
reducing sugars were determined according to the methodology of Lane and Eynon 
described by the A.O.A.C (2000). 

Statistical analysis 

Experiment was designed in a randomized complete block system, and data were 
analyzed using analysis of variance (ANOVA) (Snedecor and Cochran, 1980). Mean 
comparison was carried out using  Duncan multiple range test (DMART). 
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Results and discussion 

Yield (kg/palm) parameters, bunch weight (kg/bunch) and fruit length (cm) 

Results showed that Elhamra seedling strain had the maximum yield and bunch 
weight recorded 200.00, 192.00, 31.00 and 29.00 kg/bunch, respectively during both 
seasons (Table 1 and Fig. 3). Elhelowa seedling strain recorded the following highest 
yield in both season and recorded 180.00 and 181.00 kg/pam. While Zenat Ahmer 
seedling strain flowed the highest bunch weight in both seasons and recorded 24.00 and 
26.00 kg/bunch. On the other hand, koppy seedling strain recorded (77.00 and 
76.00 kg/palm; 11.00 and 11.00 kg/bunch) the lowest values in the same characters 
(yield and bunch weight). The longest fruit length (6.10 and 6.03 cm) was recorded by 
Ostora seedling strain during 2017 and 2018 seasons. 
 

Table 1. Yield parameters, bunch weight and fruit length of some new seedling strains and 
Samany, Araby and Hyany cultivars during 2017 and 2018 seasons 

Strains/cultivars 
Yield (kg/palm) Bunch weight (kg/palm) Fruit length (cm) 

2017 2018 2017 2018 2017 2018 

1 Zenat Asma 188.67b 167.67c 31.0a 28.33ab 4.20f 4.35d 

2 Zenat Ahmer 187.70b 162.33d 24.00b 26.67b 4.40ef 4.17de 

3 Om Makatif 133.67d 129.00g 17.00cde 15.67f 5.40c 5.03b 

4 koppy 77.00g 76.67k 11.00g 11.00g 5.03d 4.60c 

5 Meghal 161.0c 155.67e 23.33b 24.00c 4.40ef 4.68c 

6 Nwat Elbar 122.0e 180.67b 19.00c 19.00d 4.33ef 4.03ef 

7 Nwat zaghlou 122.0e 121.00h 16.00def 16.00ef 5.80b 4.68c 

8 Elhelowa 180.33b 181.00b 29.00a 29.00a 5.35c 4.10de 

9 Limony 120.00e 125.33gh 16.00def 16.00ef 4.35ef 4.15de 

10 Ostora 96.00f 96.00i 14.03f 14.67f 6.10a 6.03a 

11 Nemery 90.33f 91.00j 18.33cd 19.33d 4.22f 4.30de 

12 Elhamra 200.00a 192.33a 31.03a 29.00a 5.03d 4.96b 

13 Samany cv. 138.33d 140.67f 15.33ef 15.00f 5.03d 4.62c 

14 Araby cv. 97.00f 90.00j 25.00b 24.50c 4.17f 3.83f 

15 Hayany cv. 141.67d 158.33de 19.00c 18.00de 3.55g 5.03b 

Means with the different letters within the same colume are significantly different at P ≤ 0.05 according 
Duncan multiple range test (DMART). 

 
 

 

Figure 3. The fruit of selected soft seedling strains date palm & Samany, Araby and Hyany 
cultivars  
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Nwat zaghlou and Om Makatif seedling strains flowed the longest fruit length during 
2017 and 2018 and recorded 5.80 and 5.03 cm, respectively. While Araby cultivar 
recorded the shortest fruit length (4.17 and 3.83 cm) during both seasons. Fruit quality 
is basically determined based on fruit shape, size and texture, while nutritional quality 
requires chemical analysis of sensory attributes (Al-Jasass et al., 2015). Results are in 
consistent with those of Rizk and Nahed (2006) found that Sewy cv., gave the highest 
yield followed by the strain Ghazal, while the strains Karama and Tagtaggt showed the 
lowest significant values in both seasons. Also agreement with El-Merghany et al. 
(2013) they found that Barhy cv., gave the highest yield/palm in the second season. 
El-Makhtoune and AbdelKader (1990), mentioned that the average bunch weight 
ranged from 4.22 to 34.40 kg according the date palm cultivar. Baliga et al. (2011) 
stated that fruit shape and organoleptic properties could indicate the differences among 
varieties. Habib et al. (1984), Hussein et al. (1984, 2001) and Al-Ghamdi (1996) noticed 
significant differences in fruit length among cultivars. 

Fruit diameter (cm), fruit weight and flesh weight (g) 

The weight of Fruit pulp and seed (g) are shown in Table 2 and Fig. 3. Maximum 
values of fruit diameter and weight, as well as pulp weight were noticed in Elhamra 
seedling strain by 3.60 and 4.10 cm – 38.84 and 37.27 g – 33.70 and 35.31 g during 
2017 and 2018 seasons. 
 

Table 2. Fruit diameter (cm), fruit weight ( g), flesh weight (g) of some new seedling strains 
and Samany, Araby and Hyany cultivars during 2017 and 2018 seasons 

Strains/cultivars 
Fruit diameter (cm) Fruit weight (g) Flesh weight (g) 

2017 2018 2017 2018 2017 2018 

1 Zenat Asma 2.99c 3.03cd 21.50d 20.70f 18.18e 27.68c 

2 Zenat Ahmer 3.03bc 2.77ef 21.53d 20.87f 19.43d 18.83e 

3 Om Makatif 2.17e 2.37g 18.59e 16.46h 12.75h 12.31j 

4 koppy 2.99c 2.87e 24.42c 27.43b 22.65b 34.69b 

5 Meghal 3.53a 2.49g 34.00b 31.84b 14.71g 14.08h 

6 Nwat Elbar 2.47d 2.33g 24.52c 21.20f 17.27f 17.60f 

7 Nwat zaghlou 2.60d 2.99d 20.6d 17.75g 33.97a 18.47e 

8 Elhelowa 2.47d 2.37g 16.48f 14.26i 10.8i 8.97k 

9 Limony 3.17bc 3.17c 21.35d 22.38e 19.58d 19.53d 

10 Ostora 3.17bc 2.49g 24.87c 26.60d 22.54b 16.67g 

11 Nemery 3.10bc 3.37b 23.57c 20.55f 21.47c 18.81e 

12 Elhamra 3.60a 4.10a 38.84a 37.27a 33.70a 35.31a 

13 Samany cv. 3.00c 3.03cd 14.89g 17.75g 18.47e 18.49e 

14 Araby cv. 2.46d 2.43g 16.47f 16.21h 14.20g 12.31j 

15 Hayany cv. 2.43d 2.68f 14.69g 15.76h 13.22h 13.50i 

Means with the different letters within the same colume are significantly different at P ≤ 0.05 according 
Duncan multiple range test (DMART). 

 
 

The flowed values for fruit diameter were in Nemery seedling strain by 3.17 and 
3.37 cm, for fruit weight were 34.00 and 31.84 g, for flesh weight were 22.65 and 
34.69 g during both seasons. The smallest values were 2.17 g for fruit diameter in Om 
Makatif, 14.69 g in for fruit weight in Hayany cultivar, also 21.22 g for flesh weight in 
Hayany cultivar during first season. 

https://www.sciencedirect.com/science/article/pii/S1658077X1830290X#b0030
https://www.sciencedirect.com/science/article/pii/S1658077X1830290X#b0060


Omar et al.: Physico-chemical evalution of some  new soft seedling strains and local cultivars (Phoenix dactylifera L.) fruits under 
North Delta, Egypt 

- 5404 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5399-5409. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_53995409 
© 2020, ALÖKI Kft., Budapest, Hungary 

Results are in consistence with previous reports of Attala et al. (2001) in different 
date palm cultivars. Mansour (2005) recorded that fruit weight of Samany cultivar 
(23.80 g) and Bent-Aisha cultivar (11.06 g) were almost similar to our results. 

Seed length (cm), seed diameter (cm), seed weight (g) and flesh thickness (cm) 

The physical characters composition tests were carried out to seed length, seed 
diameter, seed weight and flesh thickness of various date palm seedling strains during 
2017 and 2018 seasons (Table 3 and Fig. 3). Samany seedling strain recorded the 
smallest seed length by 2.10 cm in comparison to other seedling strains, Hayany had the 
highest values by 3.80 cm, followed Nwat zaghlou seedling strain (2.63 cm) in second 
season. Fruit diameter was significantly different among date palm seedling strains and 
cultivars. Nemery seedling strain showed the highest diameter of 1.15 cm, followed by 
Zenat Ahmer (1.04 cm) Samany (1.00 cm), Limony (1.00 cm). Result indicated that 
Nemery seedling strain showed the highest seed weight (2.97 g) followed by Samany 
(2.39 g), while, Nwat Elbar seedling strain had the lowest (0.45 g) values in comparison 
with other seedling strains and cultivars. Fruit thickness was also significantly different 
from one strain to another. Elhamra seedling strain had the highest thickness (1.50 g) 
compared to other seedling strains and cultivars, while Om Makatif seedling strain 
recoreded the lowest thickness (0.57 cm) in fruits during both seasons. These results are 
in confirming the previous reports of Saeed and Yousof (2014). Average fruit length, 
width, and length/width ratio were similar to those reported by Shattir et al. (2002) and 
Sulieman et al. (2007, 2012), while flesh thickness, was little higher than values 
reported by Sulieman et al. (2012) and Saeed and Yousof (2014). Rizk et al. (2004), 
reported that the maximum seed weight was noticed in Siwy cultivar, while the lowest 
values were found in Freahy cultivar. 
 

Table 3. Seed length (cm), seed diameter (cm), seed weight and flesh thickness (cm) of some 
new seedling strains and Samany, Araby and Hyany cultivars during 2017 and 2018 seasons 

Strains/cultivars 
Seed length (cm) Seed diameter (cm) Seed weight (g) Flesh thickness (cm) 

2017 2018 2017 2018 2017 2018 2017 2018 

1 Zenat Asma 2.83bcd 2.63defgh 0.97abcd 1.00abc 2.37ab 2.28ab 0.90bc 0.80bcde 

2 Zenat Ahmer 3.20abc 2.50fgh 1.04ab 1.03ab 2.01ab 1.79ab 1.03bc 0.70de 

3 Om Makatif 3.17abc 2.57efgh 0.83bcd 1.00abc 1.59b 1.91ab 0.57d 0.63e 

4 koppy 3.20abc 2.33gh 0.80bcd 0.83bcd 2.09ab 1.90ab 1.00bc 1.03bc 

5 Meghal 3.10abc 2.93cdef 1.07ab 0.86bcd 2.24ab 2.57a 1.00bc 0.77cde 

6 Nwat Elbar 2.80cd 3.03cde 0.70d 0.53e 0.59c 0.45c 0.77cd 0.97bcd 

7 
Nwat 

zaghlou 
3.20abc 2.63ab 0.83bcd 0.87bcd 2.19ab 2.19ab 0.97bc 0.87bcde 

8 Elhelowa 2.40ef 2.80cdefg 0.73cd 0.73d 1.63b 1.28b 0.83cd 0.73cde 

9 Limony 3.27ab 3.60ab 0.97abcd 1.00abc 1.77b 1.96ab 1.03bc 1.07b 

10 Ostora 2.57de 2.27h 0.97abcd 0.80cd 2.13ab 2.47a 1.13ab 0.73cde 

11 Nemery 2.23ef 3.10cd 1.15a 1.10a 2.97a 2.49a 0.83cd 0.77cde 

12 Elhamra 3.03abc 2.80cdefg 0.70d 0.93abcd 2.01ab 2.27ab 1.30a 1.50a 

13 Samany cv. 2.10f 2.20h 1.00abc 1.00abc 2.11ab 2.39a 1.17ab 1.03bc 

14 Araby cv. 2.33ef 3.27bc 0.90abcd 0.83bcd 2.39ab 1.51ab 0.80cd 0.73cde 

15 Hayany cv. 3.33a 3.80a 0.90abcd 0.83bcd 1.77b 1.79ab 0.57d 0.73cde 

Means with the different letters within the same colume are significantly different at P ≤ 0.05 according 
Duncan multiple range test (DMART). 
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Firmness (kg/cm2), SSC (%), total and reducing sugars (%) 

Fruit, firmness (kg/cm2), SSC, total and reducing content (%) were shown in Table 4 and 
Fig. 3. Maximum fruit firmness was noticed in Samany seedling strain by 950.00, while for 
SSC, total and reducing percentages were in Nemery seedling strain by 39.97, 46.33 and 
35.00% for SSC percentages, respectively. Hayany cultivar recorded the followed value 
(893.33 kg/cm2) in fruit firmness, Nwat Elbar seedling strain in SSC percentage 30.53% and 
Nwat zaghlou seedling strain in total and reducing sugars in 39.6 and 29.33%, respectively. 
The smallest values were 100.00 kg/cm2 for fruit firmness in Om Makatif seedling strain, for 
SSC was 18.83% in Araby cultivar, 27.00 and 16.60% for total and reducing sugars in 
Hayany cultivar, respectively. Fruit chemical characteristics have been reported by Attala et 
al. (2001), Al-Eid (2006), Al-Farsi et al. (2007), Alkhateeb (2008), El-Sohaimy and Hafez 
(2010) and El-Merghany and Zaen El-Daen (2013). The results are in agreement with many 
researchers such as Gadalla et al. (2013), Idris et al. (2014), Mortazavi et al. (2015), Nasir et 
al. (2015), El-Salhy et al. (2016), Qadri et al. (2016), Abd-El Hamed et al. (2018) reported 
that Barhy at khalal stage gave the lowest total sugars percentage (51 and 50%) in both 
season. Youssef et al. (1998) found that total sugars concentration in fruits of eight date palm 
cultivars (from different areas in south Egypt) were ranged between 73.65 and 81.77% for dry 
cultivars. Saeed et al. (2015) stated that fruit chemical analysis of five cultivars showed that 
the majority of date cultivars was soft and characterized by the dominance of reducing sugars. 
El-Merghany, and Zaen El-Daen (2013) studied some date cultivars grown under Toshky 
region conditions. Seven date palm cultivars were evaluated and classified to two groups: dry 
date palm cultivars (Sakkoty, Bartamoda, Gondela, Malkaby and Balady [Maghal]) and soft 
date palm cultivars (Barhee and Sokkary). Sokkary (soft date palm cultivar) gave the highest 
reducing sugars (%) in the two seasons. Evaluation study revaluated that Sakkoty and 
Bartamoda were the best dry date palm cultivars. Wherever, Sokkary cultivar was the best 
soft date palm cultivars growing under Toshky conditions. 
 

Table 4. Firmness (kg/cm2), SSC (%), total and reducing sugars (%) of some new seedling 
strains and Samany, Araby and Hyany cultivars during 2017 and 2018 seasons 

Strains/cultivars 
Firmness (kg/cm2) SSC (%) Total sugars (%) Reducing sugars (%) 

2017 2018 2017 2018 2017 2018 2017 2018 

1 Zenat Asma 253.33h 843.33c 28.90bc 28.07b 38.00b 36.67bcd 28.67b 26.67bcde 

2 
Zenat 
Ahmer 

620.00e 626.67f 27.93c 29.37b 37.33bc 36.67bcd 27.00bc 28.00bcd 

3 Om Makatif 100.00j 486.67g 29.73bc 29.47b 36.00bcde 36.33bcd 26.33bc 26.67bcd 

4 koppy 423.33g 875.00b 27.73c 28.17b 34.33cdef 34.67cde 23.67bcd 25.00bcde 

5 Meghal 186.67i 710.00e 28.93bc 26.69b 29.00g 30.33fg 19.33de 21.33efg 

6 Nwat Elbar 650.00d 636.67f 30.53bc 29.47b 32.67f 33.33def 21.67bc 23.67cdefg 

7 
Nwat 

zaghlou 
770.00b 713.33e 30.53bc 29.30b 38.67b 39.67b 27.67b 29.33b 

8 Elhelowa 493.33f 710.00e 27.33c 27.00b 36.00bcde 35.67cd 25.33bc 26.67bcd 

9 Limony 813.33a 820.00c 28.50c 28.17b 33.00ef 31.33efg 23.67bcd 21.00fg 

10 Ostora 653.33d 650.00f 29.93bc 29.50b 36.30bcd 38.00bc 27.00bc 28.67bc 

11 Nemery 656.86d 631.67f 39.00a 39.97a 46.00a 46.33a 35.67a 35.00a 

12 Elhamra 440.00g 750.00d 33.40b 29.70b 34.00def 34.33cde 27.00bc 24.00cdefg 

13 Samany cv. 814.33a 950.00a 25.27c 22.43bc 32.00f 33.00def 21.83cd 23.00defg 

14 Araby cv. 736.67c 750.67d 19.47d 18.83c 29.00g 30.00fg 21.50cd 20.00g 

15 Hayany cv. 760.00bc 893.33b 20.00d 21.00bc 27.00g 29.00g 16.60e 19.47g 

Means with the different letters within the same colume are significantly different at P ≤ 0.05 according 
Duncan multiple range test (DMART). 
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Generally, Aseeded date palm samples characterized in this study displayed a 
considerable diversity for most of the selected fruit characters evaluated as compared to 
the control (Samany, Hayani and Eraby cvs.). Furthermore, in the present study, fruit 
characteristics showed significant variation among the different new seeded and 
cultivars samples were therefore considered as useful for the identifying particular 
morph-types. Morphological fruit descriptors are easy to assess and widely applied by 
farmers, traders, processors and consumers (Kalia et al., 2011). The results showed that, 
Elhamra strain had the highest values in yield, bunch weight, fruit diameter, fruit and 
flesh weight, and flesh thickness during both seasons. While, Nemery strain seedling 
recorded the highest seed diameter, seed weight, SSC, total and reducing sugars. Also, 
results were agreement with Morell et al. (1995), who reported that qalitative 
characteristics of fruit quality such as fruit shape, fruit apex and fruit stalk depth, are 
less prone to influences from environmental factors but are considered to be subjective 
to a certain extent. Baliga et al. (2011) reported that fruit shape and organoleptic 
characteristics can be used to differentiate between varieties. Habib et al. (1984), 
Hussein et al. (1984, 2001) and Al-Ghamdi (1996) noticed a significant difference in 
fruit dimaions and other quality parameters among date cultivars. 

Conclusion 

The fruit characteristics showed significant variation among the different new seeded 
and cultivars samples were therefore considered as useful for the identifying particular 
morph-types. Elhamra and Nemery strains seedling were the better compared to other 
indigenous cultivars studied, in terms of most physical and chemical characteristics. 
Elhamra seedling strain had the highest values, flowed Nemery seedling strain. 
Morphological fruit descriptors are wanted and easy to assess and widely applied by 
farmers, traders, processors and consumers (Rodríguez-Burruezo et al., 2003; Kalia et 
al., 2011). Even nursery operators can easily identify fruits of desired landraces suitable 
variety. It is concluded that Elhamra and Nemery for marketing new soft strains 
seedling date palms as the most desirable commercial attributes of local or international 
standards. 
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Abstract. Liming is a common practice for improving plant growth and yield on acidic soils. However, 
knowledge is still limited on the effect of liming on tobacco growth and leaf quality planted on acidic 
soil. In this study, effects of lime (Ca(OH)2) (0, 0.75, 1.5 and 3 t ha–1) on soil nutrient status (Ca2+ and 
Mg2+ in particular), growth, nutrient accumulation and quality of flue-cured tobacco was investigated in 
an acidic soil located in Anhui province, China. The results showed that liming significantly increased 
soil pH both 30 days after transplanting and after the harvest of the tobacco. In comparison with CK (no 
lime application), liming at a rate of 1.5 t ha–1 increased leaf number and leaf dry weight by 15% and 
11%, and enhanced the appearance and smoking quality of cured leaves by 7% and 9%, respectively. 
Moreover, liming significantly increased calcium concentration, while decreased nitrogen and magnesium 
concentration in the cured leaves. The increase in cured leaf quality was attributed to the improvement of 
chemical composition, particularly the increase in reducing sugar content. Together, our results suggest 
that Ca(OH)2 application at a rate of 1.5 t ha–1 may alleviate soil acidification and improve yield and 
quality of flue-cured tobacco in Anhui province, China. 
Keywords: flue-cured tobacco, soil acidity, calcium, cured leaves quality, soil improvement 

Introduction 

Soil acidity is a serious limitation to plant growth and crop production in many 
regions of the world, since about 40-50% of the world's arable soils are acidic 
(Kochian et al., 2015). Extreme acidity in subsoil (pH <5.0) limits plant growth and 
development, which is particularly harmful to root growth and function, and therefore 
inhibits root water and nutrient acquisition (Lynch and Wojciechowski, 2015; Wang et 
al., 2017). In less acidic soils (pH >5.0), the inhibition of plant growth and yield is 
more likely due to nutrient deficiencies and toxicities (Karaivazoglou et al., 2007; Hue, 
2011). However, these inhibitions for plants may act independently or commonly work 
together (Karaivazoglou et al., 2007; Kochian et al., 2015). There are various causes 
for soil acidification, and excess nitrogen (N) fertilizer application has become a major 
cause in agricultural soils (Guo et al., 2010; Qu et al., 2013; Shaaban et al., 2015). 
Most of the tobacco (Nicotiana tabacum L.) fields have been affected by acidification 
due to the intensive cropping and excessive N fertilizer inputs in Anhui province, 
China (Zhang et al., 2014; Jiang et al., 2015a). Therefore, it is imperative to ameliorate 
acid soils and improve the yield and quality of tobacco leaves in these areas. However, 
optimal measure for ameliorating acid soils in tobacco growing area is still lacking in 
Anhui province at present. 
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Considerable measures have been made to ameliorate acid soils, improve crop yield 
and quality, such as lime application (Jiang et al., 2015a; Shaaban et al., 2015; 
Kunhikrishnan et al., 2016), straw retention (Liao et al., 2018), biochar application 
(Tarin et al., 2019), green manure and biological organic fertilizer application (Deng et 
al., 2019). Traditionally, surface application of lime materials (including lime, calcite 
and dolomite) is one of the most common measures to overcome the problems 
associated with soil acidity (Shaaban et al., 2014; Kunhikrishnan et al., 2016). Previous 
studies have shown that lime application increases soil pH, improves plant growth and 
leaf yield of tobacco (Karaivazoglou et al., 2007; Jiang et al., 2015a; Deng et al., 
2019). Karaivazoglou et al. (2007) reported that hydrated lime (Ca(OH)2) application 
at a rate of 3 t ha–1 may alleviate soil acidification and increase the yield of flue-cured 
tobacco in an acid soil (pH 5.3), while lead to a decrease in potassium (K) 
concentration in cured leaves. Moreover, recently, Deng et al. (2019) found that lime 
application at a rate of 2.25 t ha–1 significantly increased the soil pH from 5.05 to 5.38 
but did not significantly enhanced the yield of flue-cured tobacco. Although the 
application of lime can increase the soil pH and alleviate soil acidification, different 
studies have found diverse conclusions on the effect of lime on the yield and quality of 
tobacco leaves. The differences in the effect of liming on tobacco are likely to be due 
to the different type and rate of lime materials, fertilizer application, tobacco varieties 
and cultivation environment (Karaivazoglou et al., 2007; Jiang et al., 2015a; Deng et 
al., 2019). Therefore, the suitable type and rate of lime application on tobacco acid 
soils is limited and needs to be further explored. 

Tobacco is an important industrial crop in China, and plays an important economic 
role for both the national tax income (Zou et al., 2018). Especially, flue-cured tobacco 
is a main source of many farmers’ income, due to the good quality of tobacco leaves in 
Anhui province (Dong et al., 2015). Soil acidity has always been the main factor 
limiting tobacco leaves yield and quality, particularly in Anhui province due to the 
inherent low soil pH and excessive application of N fertilizer (Jiang et al., 2015a). 
Previous studies have shown that the soil pH for producing high quality tobacco is 
range from 5.5 to 6.5 (Shao et al., 2012; Jiang et al., 2015a). At present, liming is a 
common practice for ameliorating acid soils and improve crop yield, and is widely 
applied to the tobacco acid soils in southern China (Jiang et al., 2015a; Zou et al., 
2018). However, research on the effect of liming on plant growth and leaves quality of 
flue-cured tobacco in the acidic soil is still limited. Therefore, in this study, a pot 
experiment was carried out to determine the effect of liming on soil nutrient status 
(Ca2+ and Mg2+ in particular), plant growth, nutrient (including micronutrients) 
accumulation and quality characteristics of tobacco leaves in an acidic soil in Anhui 
province, China. 

Materials and methods 

Experiment site and growth conditions 

The pot experiment was carried out under greenhouse conditions in Chizhou, a major 
tobacco-producing area of Anhui province, China. The soil was collected from the 
tobacco field (0–20 cm), with a pH of 5.35, 18.2 g kg–1 organic matter, 152.8 mg kg–1 
alkali-hydrolyzed N, 17.6 mg kg–1 available phosphorus (P) and 168.3 mg kg–1 available 
K. During the experiment, the tobacco plants were kept in a greenhouse with a 
(29±3)°C/(19±3)°C day/night temperatures, and a 70±10% relative humidity. 
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Experimental design and Management 

Treatments consisted of four levels of lime (Ca(OH)2), namely 0 (CK), 0.75 (Ca1), 
1.5 (Ca2) and 3.0 t ha−1 Ca(OH)2 (Ca3) in the experiment. In tobacco growing area of 
Chizhou, the tobacco plants were cultured in 1.2 m spaced rows with 0.5 m distance. 
Therefore, it should add 0, 6.67, 13.33, 26.67 g Ca(OH)2 per pot cultivating one tobacco 
plant for the CK, Ca1, Ca2 and Ca3, respectively. The pot was 35 cm in diameter and 
28 cm in height, containing 20 kg of air-dried and 2 mm-sieved soil. The Ca(OH)2 (AR) 
powder and all the fertilizers needed for the flue-cured tobacco were applied as basal 
and fertilizer and mixed thoroughly with soil in the pot two days before the seedlings 
transplanting. Fertilizers were use as Jiang et al. (2015b). 

Flue-cured tobacco (Nicotiana tabacum L., cv. Yunyan 87) seedlings were 
transplanted to individual pots when they were about 12 cm in height. The pots were 
placed neatly according to the plant spacing of 120 cm and the row spacing of 50 cm. 
Each treatment was replicated three times and each replicate included six plants (i.e. 18 
plants per treatment). During the period of 60–65 days after transplanting, when 
approximately 50% of the plants in each plot were at full bloom, they were topped 
(Karaivazoglou et al., 2007). Tobacco leaves were harvested five times by hand starting 
70–80 days after transplanting. Three or five leaves were removed by hand at 7- or 8-
day intervals when the leaves were mature and turn yellow from bottom to top, and 
cured immediately in a flue-curing barn. Photos of the experimental culture were shown 
in Figure 1. 
 

  

Figure 1. Photos of the experimental culture before the seedlings transplanting (a) and 90 days 
after transplanting (b) 

 
 
Sample collection and determination 

Plant height, leaf number and stem diameter were measured after topping of the 
tobacco plant. The plants were divided into leaves, stems and roots, and dry weights 
were measured after being dried to constant weight at 65 °C. 

The cured leaves (from nodes 8 to 12) were used to determine appearance quality, 
smoking quality and the concentrations of elements. Both the appearance quality and 
the smoking quality of the leaves were graded using a scale from 1 to 10 (quality index) 
(Karaivazoglou et al., 2007). The appearance quality included maturity, structure, 
status, oil, color and chroma of the cured leaf. The smoking quality included aroma 
quality and quantity, fineness, roundness, hygroscopicity and uniformity of the cured 
leaf. For elements analysis, the leaves samples were dried to constant weight at 65 °C, 
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and milled into powder. The N concentration was analyzed according to the method of 
Karaivazoglou et al. (2007). The K, calcium (Ca) and magnesium (Mg) concentration 
were determined according to the method of Shao et al. (2012) and Tang et al. (2013). 

Before the experiment, soils were collected to determine the basic fertility. At 30 
days after transplanting, soils of each treatment were sampled for determining the soil 
pH. After harvest, soil samples were collected from each treatment for pH, 
exchangeable Ca and exchangeable Mg analysis. Soil pH, organic matter, alkali-
hydrolyzed N, available P, available K, exchangeable Ca and exchangeable Mg were 
determined according to the method of Shao et al. (2012) and Tang et al. (2013). 

Statistical analysis 

Statistical analyses were performed using one-way ANOVA with SPSS 19.0 (SPSS 
Inc., Chicago, IL, USA). The treatments were compared by the method of least 
significance difference at P < 0.05. 

Results 

Effect of liming on plant height, leaf number, and dry weight of tobacco plant 

As showed in Table 1, Ca application had a significant effect on plant height, leaf 
number, and dry weight of the tobacco plant. The plant height and leaf number of Ca2 
were significantly increased by 9% and 15% compared with the CK, respectively, but 
no significant difference was found between the Ca2 and Ca3 treatments. However, the 
stem diameter of tobacco plant was not significantly affected by Ca application at the 
rate of 0.75 to 3.0 t ha–1 Ca(OH)2. The leaf and total dry weight of the tobacco plant was 
highest in Ca2 treatment, which was 11% and 17% higher than that of the CK, 
respectively. Similarly, Ca2 treatment achieved the highest root and leaf dry weight 
among all treatments. The root/shoot ratio of Ca2 treatment was significantly higher 
than that of the CK, Ca1 and Ca3 treatments. 
 

Table 1. Effects of Ca(OH)2 application on plant height, leaf number, stem diameter and dry 
weight of tobacco plant 

Treatments 

Plant 

height 

(cm) 

Number of 

leaves per plant 

Stem 

diameter 

(cm) 

Dry weight (g plant–1) 
Root/shoot 

Root Leaves Total 

CK 88.0 b 20.3 b 83.0 a 22.1 b 72.0 b 117.4 b 0.23 b 

Ca1 90.3 b 21.0 b 84.7 a 22.8 b 73.9 b 121.0 b 0.23 b 

Ca2 95.7 a 23.3 a 88.7 a 29.3 a 79.6 a 136.9 a 0.27 a 

Ca3 92.0 ab 21.7 ab 86.7 a 25.0 b 75.6 ab 126.7 ab 0.25 b 

Means within a column that have different letters are significantly different from each other at P < 0.05. 
The CK, Ca1, Ca2 and Ca3 are respectively 0, 0.75, 1.5 and 3.0 t ha–1 Ca(OH)2 

 
 
Effect of liming on concentrations of elements in tobacco leaf 

As showed in Table 2, lime application significantly decreased the N concentration 
in tobacco leaves. However, liming did not significantly affect the K concentration in 
tobacco leaves. The Ca concentration in leaves of Ca1, Ca2 and Ca3 was significantly 
increased by 43%, 59% and 109% than that of the control without Ca, respectively. The 
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Ca concentration in leaves was significantly increased with an increased Ca application 
rate. However, the Mg concentration in leaves declined with an increase of the Ca 
application rate, and the Ca2 and Ca3 treatments resulted in 23% and 30% decrease of 
Mg concentration in leaves compared with the CK, respectively. Similarly, Ca 
application also decreased the P concentration in leaves. Under the Ca3 treatment, the P 
concentration in leaves was reduced by 15% than that of the CK. 
 

Table 2. Effect of Ca(OH)2 application on concentrations (g kg–1 DW) of N, P, K, Ca and Mg 
in leaves of tobacco plant 

Treatments N P K Ca Mg 

CK 30.9 a 5.29 a 19.8 a 30.2 c 4.18 a 

Ca1 27.0 b 4.75 ab 21.4 a 43.3 b 4.05 a 

Ca2 27.3 b 4.91 ab 21.2 a 47.9 b 3.23 b 

Ca3 28.1 b 4.48 b 20.3 a 63.2 a 2.92 b 

Means within a column that have different letters are significantly different from each other at P < 0.05. 
The CK, Ca1, Ca2 and Ca3 are respectively 0, 0.75, 1.5 and 3.0 t ha–1 Ca(OH)2 

 
 

The effect of Ca application on concentrations of microelements in tobacco leaf was 
showed in Table 3. The application of Ca resulted in a reduction of iron (Fe), 
manganese (Mn), copper (Cu) and zinc (Zn) in tobacco leaf. Compared with the CK, the 
Ca3 treatment significantly decreased Fe, Mn, Cu and Zn in tobacco leaf by 52%, 71%, 
45% and 51%, respectively; and the Ca2 treatment significantly decreased Fe, Mn and 
Zn in tobacco leaf by 34%, 37% and 29%, respectively. In contrast, Ca application 
significantly increased the chloride (Cl) concentration in tobacco leaf compared with the 
CK, and the Cl concentration in leaves was increased with the increase of Ca 
application rate. 
 

Table 3. Effect of Ca(OH)2 application on concentration of micronutrients in leaves of 
tobacco plant 

Treatments 
Fe 

(mg kg–1) 
Mn 

(mg kg–1) 
Cu 

(mg kg–1) 
Zn 

(mg kg–1) 
Cl 

(g kg–1) 

CK 530.7 a 749.1 a 12.10 a 109.6 a 3.32 c 

Ca1 447.0 ab 659.7 a 10.84 a 98.2 ab 4.25 b 

Ca2 350.5 bc 473.3 b 9.70 ab 77.9 bc 4.67 ab 

Ca3 258.5 c 215.1 c 6.60 b 53.7 c 4.91 a 

Means within a column that have different letters are significantly different from each other at P < 0.05. 
The CK, Ca1, Ca2 and Ca3 are respectively 0, 0.75, 1.5 and 3.0 t ha–1 Ca(OH)2 

 
 
Effect of liming on appearance and smoking quality of cured leaf 

The application of Ca had a significant effect on the appearance and smoking quality 
of cured leaves (Fig. 2). Both the appearance and smoking quality of cured leaves were 
highest in Ca2, and increased by 7% and 9% compared with the control, respectively. 
However, there was no significant difference was observed between treatments Ca1 and 
Ca2 in the appearance and smoking quality of cured leaves. Moreover, Ca3 treatment 
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did not significantly affect the smoking quality of cured leaves or even showed a 
declining trend in appearance quality compared with the control. 

  

Figure 2. Effect of Ca(OH)2 application on appearance and smoking quality of tobacco leaves. 
The CK, Ca1, Ca2 and Ca3 are respectively 0, 0.75, 1.5 and 3.0 t ha–1 Ca(OH)2. The error bars 

indicate standard error. Columns with different letters indicate significant difference among 
different treatments (P < 0.05) 

 
 
Effect of liming on soil pH and calcium and magnesium content 

As showed in Figure 3, Ca application significantly increased the soil pH 30 days 
after transplanting and after harvest. Compared with the CK, the soil pH was 
significantly increased by 0.30, 0.61 and 0.81 units in Ca1, Ca2 and Ca3 treatments 30 
days after transplanting, respectively; and by 0.24, 0.36 and 0.73 units, respectively. 
After harvest, the highest soil pH was found in Ca3 treatment (6.02), which was 
significantly higher than the other treatments; however, there was no significant 
difference in soil pH between the CK and Ca1 treatments. 
 

  

Figure 3. Effect of Ca(OH)2 application on soil pH. The CK, Ca1, Ca2 and Ca3 are 
respectively 0, 0.75, 1.5 and 3.0 t ha–1 Ca(OH)2. The error bars indicate standard error. 
Columns with different letters indicate significant difference among different treatments 

(P < 0.05) 
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Furthermore, the effect of liming on soil exchangeable Ca2+ and Mg2+ was 
investigated. The exchangeable Ca content of soil was increased with an increased Ca 
application rate (Fig. 4 and Fig. 5). Compared with the CK treatment, Ca2 and Ca3 
significantly increased the exchangeable Ca content of soil by 16%, 100% and 147%, 
respectively. In contrast, the exchangeable Mg content of soil was decreased with the 
increase of Ca application rate. The Ca2 and Ca3 treatments resulted in 24% and 29% 
decrease in exchangeable Mg content of soil compared with the CK, respectively. 
However, there was no significant difference in both the exchangeable Ca and Mg 
content of soil between the CK and Ca1 treatment. 
 

  

Figure 4. Effect of Ca(OH)2 application on exchangeable Ca and Mg content of soil. The CK, 
Ca1, Ca2 and Ca3 are respectively 0, 0.75, 1.5 and 3.0 t ha–1 Ca(OH)2. The error bars indicate 

standard error. Columns with different letters indicate significant difference among different 
treatments (P < 0.05) 

 
 

  

Figure 5. Relationship between Ca(OH)2 application rate and soil exchangeable cations (Ca 
and Mg) content. Data were the means of three replicates 
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Discussion 

Liming is a common practice to alleviate soil acidification and improve crop yield in 
acidic soils (Crusciol et al., 2016; Holland et al., 2018; Liao et al., 2018). In this study, 
lime (Ca(OH)2) application significantly enhanced leaves plant dry weight of flue-cured 
tobacco on an acidic soil, which is consistent with previous studies in Virginia tobacco 
(Karaivazoglou et al., 2007), rice (Jiang et al., 2018), and sugarcane (Pang et al., 2019). 
The improvement plant growth and dry weight in flue-cured tobacco were associated 
with the increase in plant height and higher leaf number per plant (Table 1), in 
agreement with the findings of Karaivazoglou et al. (2007) in flue-cured tobacco. Crop 
yield was increased by liming in acidic soils was mainly due to increase soil pH and 
improving the availability of soil nutrients (López-Lefebre et al., 2001; Zeng et al., 
2017; Liu et al., 2018). In this study, soil pH was significantly increased by 0.36 units in 
the treatment received 1.5 t ha–1 in comparison to without liming (pH 5.29) (Fig. 3), and 
the plant total dry weight was increased by 17% (Table 1). Although numerous studies 
have shown that liming significantly increased crop yield on acidic soils, continuous or 
excessive application of lime also lead to a significant decrease in crop yield (Zhang 
and Zheng, 1987; Zeng et al., 2017). The present results showed that the application of 
lime at a relatively high rate (3.0 t ha–1) did not significantly affect the plant total dry 
weight, plant height and leaf number per plant (Table 1), in contrast to previous studies 
(Karaivazoglou et al., 2007). The optimal rate of lime to improve acidic soil and 
enhance crop yield was quite various in different studies may be due to rainfall and soil 
water content as these factors affect the rate and extent of lime dissolution and 
subsequent plant response (Liu et al., 2004; Hu et al., 2016; Zhang et al., 2019). We 
recognize that more field trials are needed to provide more evidences that liming can 
improve the growth and yield of flue-cured tobacco. The present study provides clear 
evidence that the optimal rate of liming was 1.5 t ha–1 for flue-cured tobacco growth and 
development in an acidic soil with a pH below 5.5. 

Furthermore, appropriate rate (1.5 t ha–1) of lime application on acidic soil 
significantly improved the appearance and smoking quality of tobacco leaves (Fig. 2). 
The results are in agreement with Karaivazoglou et al. (2007), reported that liming 
significantly increased the quality index of cured leaves of Virginia tobacco. Also, 
many studies have shown that lime application increased the quality of tobacco cured 
leaves (Tang and Xiong, 2003; Zhu et al., 2016a,b; Deng et al., 2019). In relevant 
research, Zhu et al. (2016b) reported that tobacco plant growth and leaf quality were 
significantly improved at the lime application rate of 1.5 t ha–1 for alleviating acidity of 
yellow soil (pH 5.0). Moreover, the physical and chemical properties and the smoking 
quality of tobacco leaves were increased by lime application rate of 2.25 t ha–1 for the 
sustainable remediation of acid soil (Deng et al., 2019). One possible explanation for 
the improvement in smoking quality of tobacco leaves would be that liming of acid soils 
improved chemical composition availabilities of the cured leaves, particularly enhanced 
reducing sugar content in cured leaves (Zhu et al., 2016a; Deng et al., 2019). We also 
found that the reducing sugar content of cured leaves was increased at the lime 
application rate of 0.75 and 1.5 t ha–1 (data not shown). However, there are still unclear 
how the lime application affected the sugar accumulation in tobacco leaves. Therefore, 
more attention should be paid on the relationship of Ca concentration and sugar content 
in tobacco cured leaves. 

As expected, leaf Ca concentration increased significantly with increasing Ca(OH)2 
application rates in the soil. These results are in agreement with those reported by 
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Karaivazoglou et al. (2007), who reported that leaf Ca concentration was significantly 
increased by 10%, as Ca(OH)2 application increased from 0 to 3 t ha–1. López-Lefebre 
et al. (2001) also found that the Ca concentration in the leaves accumulated 
progressively with increasing CaCl2 application in the culture medium. The increase in 
leaf Ca was mainly due to the increase in soil exchangeable Ca in the Ca(OH)2 
application treatments, because the Ca uptake in tobacco leaf was significant positive 
correlation with the content of soil available Ca (Zou and Xiong, 2010; Liu et al., 2017). 
However, excessive Ca concentration may result in a decline in the sensory quality of 
tobacco cured leaves (Duan et al., 2010; Dai et al., 2017). We found that the smoking 
quality of cured leaf of the Ca3 was significantly lower than that of the Ca1 and Ca2 
(Fig. 2), which may probably due to the Ca3 greatly increased the Ca concentration of 
tobacco leaves (Table 2). Many studies have shown that Ca concentration of high 
quality tobacco leaves should be less than 35 g kg–1 (Hu et al., 1997; Duan et al., 2010). 
Therefore, a suitable concentration of Ca in tobacco leaves must be considered for 
determining the optimal lime dosage for improving acidic soil. 

In contrast, increasing the Ca(OH)2 application rates diminished the leaf Mg 
concentration, the lowest concentration of Mg being found in Ca3 treatment, with a 
30% decrease in comparison with the CK (Table 2). In agreement with our findings, 
López-Lefebre et al. (2001) reported that increasing CaCl application in the culture 
medium caused a gradual decline in Mg concentration in the roots and leaves. Duan et 
al. (2010) indicated that Mg concentration in leaf was increased by decreasing the soil 
Ca2+/Mg2+, i.e. an increase in soil exchangeable Ca will lead to the decrease of Mg 
concentration in tobacco leaves. In this study, the soil Ca2+/Mg2+ was significantly 
increased from on average 3.2 to 11.3 (Fig. 4), and the Mg concentration in leaf was 
decreased from 4.18 to 2.92 g kg–1 (Table 2) by applying 3.0 t ha–1 Ca(OH)2 in acid soil. 
However, Karaivazoglou et al. (2007) found that Mg concentration of cured leaves was 
not significantly affected by Ca(OH)2 application in acid soil. It was reported that the 
Mg concentration of superior tobacco leaves usually ranged from 4 to 15 g kg–1, and 
low Mg concentration would reduce the quality of cured leaves (Xu et al., 2007; Duan 
et al., 2010). Therefore, the application of lime should increase the soil pH in acidic soil 
without reducing the Mg concentration to ensure the quality of tobacco leaves. 

In addition, many studies have shown that K concentration is one of the most 
important indexes to evaluate the quality of tobacco leaves, and the K concentration of 
good quality tobacco leaves should be up to 25 g kg–1 (Wei et al., 2011; Li et al., 2015; 
Yan et al., 2018). Karaivazoglou et al. (2007) reported that leaf K concentration was 
significantly decreased by 10% and 12% under the application of 1.5 and 3.0 t ha–1 
Ca(OH)2 in flue-cured tobacco. In contrast, both Li et al. (2005) and Wei et al. (2011) 
found that calcium application improved the K uptake and increased the K 
concentration in flue-cured tobacco leaves. In this study, the leaf K concentration was 
numerically higher in the lime application treatments than in the control, but was not 
statistically significant (Table 2). The K concentration in tobacco leaves increased by 
lime application was probably due to Ca can have a direct, positive effect on K uptake, 
promoting the accumulation of K by the tobacco plant (Qiang et al., 2001; Wei et al., 
2011). However, the positive effect of lime on K accumulation in tobacco leaves was 
not clearly reflected in the present study. Thus, further experiments, especially long-
term field trials are needed to confirm whether and how the effect of liming on K 
accumulation in tobacco leaves. 
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Conclusion 

The experiment explored the effect of liming on soil nutrient status, plant growth, 
nutrients accumulation and quality characteristics of flue-cured tobacco in an acid soil. 
The results confirmed that positive response of liming on ameliorating acidic soils, 
improving plant growth and yield. We found that liming enhances the growth and yield 
of flue-cured tobacco in an acid soil, and the appearance and smoking quality of cured 
leaves was improved with lime application at a rate of 1.5 t Ca(OH)2 ha–1. Furthermore, 
the soil pH was significantly increased from 5.29 to 5.65 in the treatment received 1.5 t 
Ca(OH)2 ha–1. Although long-term field experiments are needed to investigate the 
influence of liming on K concentraion and quality in tobacco cured leaves, our results 
suggest that application of Ca(OH)2 at a rate of 1.5 t ha–1 may alleviate soil acidity, 
improve yield and quality of flue-cured tobacco, especially in soil with a pH below 5.5. 
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Abstract. Rice is one of the most important cereal crops and is susceptible to salinity stress. To enhance 
biotic and abiotic stress tolerance in crops, the application of silicon (Si) during seedling culture and seed 
priming are two effective approaches. However, whether seed priming with silicon can enhance salinity 
stress tolerance in rice seedlings, and what the optimal concentration of Si treatment is largely unclear. In 
this study, rice seeds were pretreated with sodium silicate, and the hydroponically grown rice seedlings 
were exposed to sodium chloride. Our results show that seed soaking with Si can significantly improve the 
growth of rice seedlings under salinity-stress, as evidenced by enhanced fresh weight, dry weight, leaf 
relative water content, photosynthetic pigment level, soluble protein content, as well as the activities of 
POD and SOD enzymes. Moreover, Si-pretreated seeds showed accelerated seed germination, increased 
seedling height and reduced root length. Furthermore, qRT-PCR analysis showed that seed soaking with Si 
induced the transcription of genes encoding Na+/H+ exchangers and H+-pyrophosphatase. Our results imply 
that seed priming with Si enhances seedling tolerance to salinity stress without negative effect on growth 
and it can be used as an effective strategy. 
Keywords: Na2SiO3, priming, salinity stress, OsNHX1, OsVPI 

Introduction 

Rice (Oryza sativa L.) is one of the most important food crops in the world (Higham 
and Lu, 1998). It feeds more than one half of the global population (Mather et al., 2007). 
However, in many regions of rice production, the yield is markedly reduced due to salinity 
(Tuteja, 2007; Sakadevan and Nguyen, 2010). The cultivation of salt-tolerant varieties 
and efforts to reduce soil salinity are two common approaches to minimize the effects of 
salinity stress on crops (Ganie et al., 2019). However, salt-tolerant rice varieties are not 
readily available or their yield is low, and reducing soil salinity is costly. 

Seed priming has been shown to be a simple, low cost and effective approach to 
enhance seed germination, early seedling growth and yield under stress conditions 

mailto:szx@fafu.edu.cn
mailto:rszeng@fafu.edu.cn
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(Hameed et al., 2013). Priming seeds with certain bioactive chemicals such as hormones 
and antioxidants has been reported to enhance crop performance under harsh conditions 
(Guntzer et al., 2012; Hameed et al., 2013; Etesami, 2018). For example, seed priming 
with salicylic acid (SA) improved seedling emergence, root, shoot and length, seedling 
fresh and dry weight both at optimal and low temperatures (Farooq et al., 2008). 

Silicon (Si) is the second most abundant element found in the soil, next to oxygen 
(Sahebi et al., 2015). As a fertilizer, biostimulant or plant protectant, Si plays a pivotal 
role in plant growth and productivity, especially in stress regimes (Savvas and Ntatsi, 
2015). Over the last two decades, numerous studies have demonstrated that the 
application of Si can enhance plant resistance to biotic stresses caused by microbial 
pathogens and insect herbivores, as well as abiotic stresses, such as drought, 
waterlogging, freezing, high temperature, and UV, as well as salinity, nutrient 
deficiencies, and metal toxicity (Guntzer et al., 2012; Ma and Takahashi, 2002; 
Balakhnina and Borkowska, 2013; Rizwan et al., 2015). Si application can also enhance 
maize seed germination, seedling growth (Guan et al., 2009) and tolerance to alkaline 
stress (Abdel Latef and Tran, 2016). Hameed and Sheikh (Hameed et al., 2013) reported 
that priming wheat seeds with sodium silicate improved seed germination and seedling 
growth under water-deficit stress. 

Rice is known as a Si accumulator, and therefore is a good model crop to investigate 
the impacts of Si on plant performance and tolerance to environmental stresses (Ma et al., 
2006). In the present study, we determined the impacts of seed soaking with different 
concentration gradients of Si on growth and salinity stress tolerance of rice plants. After 
discovering the optimal concentration of Si treatment, we examined the possible effects 
of Si pre-treatment on growth traits, including seedling biomass, root length and shoot 
height, as well as physiological traits such as levels of chlorophyll (Chl) a and b, 
carotenoids, malondialdehyde (MDA), proline and the activities of antioxidant enzymes 
of rice seedlings grown in nutrient solution with different concentrations of sodium 
chloride. 

Materials and Methods 

Seeds induction and germination 

The experiment was performed in the Experimental Farm of Fujian Agriculture and 
Forestry University, Fuzhou, China (119º54′ E, 26º05′ N) in May 2018 using a salinity 
stress-sensitive rice (Oryza sativa L. cv. Shishoubaimao). Rice seeds were sterilized with 
1% sodium hypochlorite solution for 10 min and rinsed with sterile distilled water. The 
sterilized seeds were divided into six groups: the first group (Control) was treated with 
distilled water, and the other five groups were treated with 2.5, 5.0, 10.0, 15, 20 mM 
sodium metasilicate (Na2SiO3.9H2O) solutions for 48 h, separately. After treating with 
sodium silicate, the seeds were germinated on wet cotton cloth for 5 d. The germination 
potential of the primed and non-primed rice seeds was examined using the seed test of 
the Association of Official Seed Analysts (AOSA). To test seed germination and seedling 
vigor under salinity stress, 20 seeds of each treatment with four replicates were 
germinated in petri dishes (12 cm in diameter) at 25°C. A seed was considered to have 
germinated when a 2-3 mm long coleoptile and radicle was formed. Seed germination 
was counted twice a day at different time intervals (24, 48 h) starting from the first day 
and terminated when maximum germination was attained. 
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Rice cultivation and salt stress treatment 

After 5 d of germination, the seedlings were placed in plastic pot with normal nutrient 
solution for another 7 d. Then the seedlings were transplanted in nutrient solution with 
sodium chloride, NaCl (120 mM) for 7 d. The degree of leaf damage was determined by 
the percentage of yellow area of leaf: If the whole leaf is green, we count it as 0; if the 
percentage of yellow area of the whole leaf ≤ 25%, we count it as 0.25; if the percentage 
of yellow area of the whole leaf between 25% and 50%, we count it as 0.5, if the 
percentage of yellow area of the whole leaf between 50% and 75%, we count it as 0.75, 
if the percentage of yellow area of the whole leaf ≥ 75%, we count it as 1. This criteria 
are based on Renganayaki et al. (2002). 

Effect on seedling growth 

For growth response, rice seedlings were allowed to continue to grow after collecting 
the data for germination. Fifteen days old seedlings were then harvested for comparison 
of growth under nutrient solution after seed priming treatments. Root and shoot lengths 
were then quantified. The fresh weight of rice seedlings was estimated after washing with 
deionized water, and blotting on paper towels. Their dry biomass was weighed after oven 
drying at 80°C to constant weight. The dried tissues were stored in clean sealed glasses 
at room temperature for later analysis. 

Effect on water content under salinity stress and photosynthetic pigments 

Leaf relative water content (LRWC) was determined using the method described in 
Garíca-Mata and Lamattina, using the equation: 
 

 LRWC(%) = Fresh weight − Dry weightTurgid weight − Dry weight ∗ 100 (Eq.1) 

 
The contents of chlorophyll a, b and carotenoid in fresh leaves were assessed 

spectrophotometrically as described previously (Lichtenthaler and Wellburn, 1983). The 
fully expanded young leaves (0.05 g) of 15-day-old plants were treated with 120 mM 
NaCl for 24 and 48 h. The leaves were used for pigment extraction in 80% acetone. The 
extract of pigments was measured versus a blank of pure 80% acetone at 663, 644, and 
452.5 nm for Chl a, Chl b, and carotenoid contents, respectively. 

Determination of soluble protein, proline and MDA content 

Total soluble protein content in leaves of rice after 7 days under salinity stress was 
measured as described previously (Gao, 2006). Total soluble protein content in leaves of 
rice after 7 days under salinity stress was measured according to the method described by 
Bates et al (1973). Malondialdehyde (MDA) is the main product of membrane lipid 
peroxidation when plants are under stress, and its content represents the degree of cell 
membrane damage. Malondialdehyde content was determined according to the 
thiobarbituric acid (TBA) reaction as described by Draper et al. (1993). Fresh leaf sample 
(0.5 g) was homogenized with 5% trichloroacetic acid and centrifuged at 4,000 g for 
10 min. Two milliliters of extract were mixed with 2 mL of 0.6% TBA, and the mixture 
was placed in a boiling water bath for 10 min. Subsequently, the absorbances were read 
at 532, 600, and 450 nm, separately. The MDA content was calculated using the formula: 
 



Xu et al.: Seed soaking with sodium silicate primes salt tolerance in rice (Oryza sativa L.) seedlings without any negative effect on 
growth 
- 5428 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5425-5436. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_54255436 
© 2020, ALÖKI Kft., Budapest, Hungary 

 6.45 ∗ (𝐴532 − 𝐴600) − 0.56 ∗ 𝐴450 (Eq.2) 
 

Assays for antioxidant enzyme activities 

Samples were extracted from the fresh leaves as described previously (Mukherjee and 
Choudhuri, 1983). The fresh leaves (0.5 g) were frozen in liquid nitrogen and ground in 
10 mL of 100 mM phosphate buffer (KH2PO4/K2HPO4) pH 7.0, containing 0.1 mM 
Na2EDTA and 0.1 g of polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 
15,000 g at 4°C for 10 min. Subsequently, the supernatant was stored at 4°C until use for 
assays of superoxide dismutase (SOD) and peroxidase (POD). SOD activities were 
assayed as described previously (Giannopolitis and Ries, 1977). POD and SOD are 
important antioxidant components of plant tolerance to salinity stress (Sudhakar et al., 
2001). 

RNA extraction and cDNA synthesis 

Fresh leaf samples (100 mg) of rice plant were collected after 0, 1, 3 and 5 days of 
treatment with 120 mM NaCl, and immediately transferred to liquid nitrogen and stored 
at -80°C. Total RNAs were isolated from flash-frozen tissues using the Eastep Super Total 
RNA Extraction Kit (Promega, Madison, WI, United States) and quantified by measuring 
the absorbance at 280 and 260 nm. Then the equal RNAs from three replicates were 
reverse-transcribed with a GoScript Reverse Transcription System (Promega), which 
were used for qRT-PCR analysis. 

Quantitative real-time PCR (qRT-PCR) analysis 

To validate the gene expression, quantitative real-time PCR (qRT-PCR) was 
performed on an Applied Biosystems StepOne Plus Real-Time PCR System in a 10 µL 
reaction volume consisting of 5 µL of 2× SYBR GoTaq qPCR Master Mix (Promega), 
0.4 µL of each gene-specific primers (10 µM), 1 µL cDNA equivalent to 50 ng total RNA 
and sterilized water to reach the final volume. PCR conditions were set as: 1 cycle of 
95°C for 10 min; 40 cycles of 95°C for 15 s, 55°C for 30 s and 72°C for 30 s. The reference 
gene actin (TIGR ID Os03g50885) was used as the internal control. A dissociation curve 
analysis program was performed to check the homogeneity of the PCR product. Relative 
standard curves of actin and target genes were generated by using 10- fold serial dilutions 
cDNA to calculate the amplification efficiencies of primers. The relative mRNA levels 
were normalized against actin using the 2−△△ Ct method (Livak and Schmittgen, 2001). 
Three independent biological repeats were performed, each sample had two technical 
replicates, and a calibrator sample was used to make comparisons between different 
plates. All the primers were listed on Table 1. All designed primers were synthesized at 
BioSune Biotechnology Co., Ltd. (Shanghai, China). 

Statistical analysis 

Data were statistically analyzed by the analysis of variance (ANOVA) with SPSS 
software, using Dunnett’s multiple range test at the 0.05 level of significance (p < 0.05). 
Data represented in the Tables and Figures are means ± standard error of at least three 
independent replicates. 
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Table 1. Primers used for qPCR analysis in this study 

Gene Forward primer (5‘ to 3‘) Reverse primer (5‘ to 3‘) 
OsActin TGGACAGGTTATCACCATTGGT CCGCAGCTTCCATTCCTATG 
OsASIE1 TGGTCTGATTTGGTAGCC TCCAAGAACTGGCAGACGA 
OsNHX1 CCTGGAGACAGCAAGTTGT CTCTGCTCGGTTGGTGATC 
OsVP1 AAGATGACCCAAGAAACCCA GGTACAGCATAGGAGTGAAT 

 
 
Results 

Seed soaking with Si enhances tolerance of rice against salinity stress 

To examine the effect of Si pretreatment on rice salinity stress, the rice seeds were 
soaked with distilled water (control group) or sodium silicate and then the rice seedlings 
were exposed to salinity stress. NaCl (120 mM) treatment led to severe damage for plant 
growth (Fig. 1A). However, compared with the control and 2.5 mM group, rice seed 
soaking with Si at ≥ 5 mM (5, 10, 15 and 20 mM) concentrations significantly decreased 
the degree of leaf damage by NaCl (Fig. 1A and 1B). The Si-soaked seedlings showed 
more green leaves and vital stems (Fig. 1A). 
 

Figure 1. Effect of seed soaking with sodium silicate on salinity tolerance of rice seedlings. 
Phenotypes (A) and degree of leaf damage (B) of rice seedlings treated with 120 mM NaCl for 

3 d after seed soaking with different concentrations of sodium silicate for 48 h. Data are 
expressed as means ± SE (n = 6). Different letters above the bars indicate significant 
differences among treatments (P < 0.05 according to Dunnett’s multiple range test) 

 
 
Seed soaking with Si improved seed germination and seedling growth 

After seed soaking with Si solutions at ≥ 5 mM the seed germination rates were 
significantly higher 24 h after incubation relative to control (Fig. 2A). Seeds soaked in a 
solution with 20 mM Si showed the highest germination rate. However, there was no 
significant difference between control and five treatments at 48 h after incubation 
(Fig. 2A), implying that seed soaking with Si only accelerated the seed germination, but 
did not improve the final germination rate. 

Seven days after transplantation seed soaking with Si solutions at ≥ 10 mM had shorter 
root lengths (Fig. 2B), but had longer shoot lengths, although only the 15 mM Si treatment 
showed significant effect compared to the control (Fig. 2C). Based on the results from 
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Fig. 1 and Fig. 2, 10 and 15 mM concentrations of sodium silicate were chosen as the 
optimal concentrations for the following experiments. 
 

Figure 2. Effect of seed soaking with sodium silicate on seed germination (A) and root length 
(B) and shoot length (C) of rice seedlings treated with NaCl. After seed soaking with different 
concentrations of sodium silicate for 48 h, the seeds were germinated for 2 d and rice plants 
were grown for 7 days in nutrient solution containing 120 mM NaCl. Data are expressed as 
means ± SE (n = 6). Different letters above the bars indicate significant differences among 

treatments (P < 0.05 according to Dunnett’s multiple range test) 
 
 
Seed soaking with Si increases rice biomass, leaf relative water content and 

photosynthetic pigments 

After seed pretreatment with Si for 48 h, fresh weight, dry weight and leaf relative 
water content (LRWC) of rice seedlings were measured 1, 3, 5 and 7 days after NaCl 
treatment. Compared with control group, seed pretreatment with Si enhanced the fresh 
weight on day 3 and day 7 (Fig. 3A) and dry weight on day 3-7 (Fig. 3B). On day 7, seed 
pretreatment with 15 mM Si increased leaf relative water content (LRWC) (Fig. 3C). 

In order to understand physiological mechanism of enhanced salt tolerance of rice 
seedlings by seed soaking with sodium silicate, we measured the contents of 
chlorophyll a, b and carotenoid in fresh leaves of rice seedlings. We found that prior 
treatment of seeds with 10 or 15 mM Si significantly increased contents of Chl a and b at 
24 h after salinity stress (Fig. 3D and 3E). Contents of Chl a were also increased by seed 
treatment with 15 mM Si for 48 h (Fig. 3D). Prior treatment of seeds with 10 or 15 mM 
Si significantly increased contents of carotenoid 48 h after exposure to salinity stress 
(Fig. 3F). 

Seed soaking with Si increased soluble protein and decreased proline and MDA 

The soluble protein content in rice leaves was determined 7 days after exposure to salt 
stress. Si treatments at 10 mM and 15 mM led to 60% and 80% increase in soluble protein 
compared with Si-untreated control (Fig. 4A). The content of proline in rice plants was 
significantly reduced by 15 mM Si pretreatment 5 days after exposure to salt stress 
(Fig. 4B). Our results showed that in the rice leaves content of MDA significantly 
accumulated 3 days after exposure to salt stress. However, seed soaking with 10 mM and 
15 mM Si led to 38% and 37% reduction in MDA contents 3 d after salinity stress, and 
43% and 55% reduction 5 d after salinity stress, respectively (Fig. 4C). 
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Figure 3. Effect of seed soaking with sodium silicate on fresh weight (A), dry weight (B), LRWC 
(C), chlorophyll a (D), chlorophyll b (E) and carotenoid content (F) of rice seedlings treated 
with NaCl. Rice seedlings were cultivated in nutrient solution containing 120 mM NaCl. Data 

are expressed as means ± SE (n = 3-5). Different letters above the bars indicate significant 
differences among treatments (P < 0.05 according to Dunnett’s multiple range test) 

 
 

Figure 4. Effect of seed soaking with sodium silicate on soluble protein (A), proline content (B) 
and MDA content (C) in the leaves of rice seedlings treated with NaCl. Rice seedlings were 
cultivated in nutrient solution containing 120 mM NaCl. Data are expressed as means ± SE 
(n = 3-5). Different letters above the bars indicate significant differences among treatments 

(P < 0.05 according to Dunnett’s multiple range test) 
 
 
Seed soaking with Si enhanced antioxidant enzymes 

Our results showed that seed soaking with 15 mM Si significantly enhanced activities 
of POD and SOD. Seed soaking with 15 mM Si increased POD by about 50% (Fig. 5A) 
and SOD by 20% relative to the control (Fig. 5B). 
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Figure 5. Effect of seed soaking with sodium silicate on the activities of peroxidase (POD) (A) 
and superoxide dismutase (SOD) (B) in the rice leaves under salt stress for 7 days. Data are 
means ± SE (n = 5). Different letters above the bars indicate significant differences among 

treatments (P < 0.05 according to Dunnett’s multiple range test) 
 
 
Seed soaking with Si induced transcription of salt tolerance-related genes 

We want to know whether seed soaking with Si enhance salinity stress tolerance by 
inducing the transcription of genes encoding OsASIE1, OsNHX1 and OsVP1. Real-time 
PCR analysis showed that compared with control, the OsASIE1 gene expression was up-
regulated in rice plants pretreated with 10 mM Si 1 days after exposure to salt stress and 
15 mM Si 1, 3 and 5 days after salt stress (Fig. 6A). The expression of OsNHX1 was 
significantly enhanced in rice plants pretreated with 15 mM Si 3 days after exposure to 
salt stress (Fig. 6B). The expression of OsVP1 was up-regulated in rice plants pretreated 
with 15 mM Si 3 and 5 days after exposure to salt stress (Fig. 6C). 
 

Figure 6. Effect of seed soaking with sodium silicate on the expression of OsASIE1 (A), (B) 
OsNHX1 (B), OsVP1 (C) in the rice leaves under salt stress for 0, 1, 3, 5 days. Data are 

expressed as means ± SE (n = 5). Different letters above bars indicate significant differences 
among treatments (P < 0.05 according to Dunnett’s multiple range test) 

 
 
Discussion 

Soil salinity is a major abiotic stress that can lead to a substantial decrease in crop 
yields (Rengasamy, 2010). Rice plants are particularly vulnerable to salt stress and 
therefore there has been great interest in improving rice resistance to salinity. Si plays an 
important role in conferring plant resistance to a wide range of biotic and abiotic stresses 
(Reynolds et al., 2016), including salinity, as has been shown for crops such as wheat, 
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maize, barley, cucumber, etc (Liang et al., 1996; Zhu et al., 2004; Tuna et al., 2008). We 
show here that soaking seeds in Si solutions for a short term (48 h) can enhance tolerance 
to salinity stress and lead to several positive consequences for rice plant performance. 
The degree of stress-induced leaf damage was also significantly reduced in rice plants 
grown from Si-primed seeds as compared to plants from untreated seeds. The reduction 
in photosynthetic pigments of rice leaves after NaCl treatment found in this study 
(Fig. 3D, E, F) supports the findings of Kariola et al. (2005). The decrease in chlorophyll 
content under salinity stress may be due to increased oxidative stress that causes injury to 
chloroplast structure and an increase in the activity of chlorophyllase, which is 
responsible for the chlorophyll degradation (Tarja et al., 2005; Abdel Latef and He, 2014). 
Si treatment increased the chlorophyll and carotenoid contents in rice plants exposed to 
salinity stress, which could result in the increase in seedling fresh and dry weight, as well 
as the increase in green pigments per unit area. It must have also safeguarded the 
chlorophyll from ROS by reinforcing the carotenoid levels. 

In general, increased resistance occurs with simultaneous growth inhibition. We found 
the opposite; Si treatment enhanced the speed of seed germination, but did not 
significantly affect final germination success. It also increased seedling height compared 
with untreated group (Fig. 2C) (Hameed et al., 2013; Etesami, 2018). These results imply 
that priming of salt tolerance by seed soaking with sodium silicate does not affect rice 
performance. 

Salt tolerance of plants may be reflected in a number of parameters, including the 
contents of chlorophyll a and b, carotenoids, malondialdehyde and proline, as well as the 
activities of antioxidant enzymes. In maize plants, it has been shown that the content of 
soluble proteins increase under high alkaline pressure (Abdel Latef, 2010; Abd-Alla et 
al., 2014; Mohsenian and Roosta, 2015). Here, the increase in soluble protein content of 
rice plants under salinity stress was accompanied by a marked reduction in growth. This 
suggests that under salinity stress, rice plants divert much of the synthesized proteins from 
growth to resistance responses. The highest soluble protein level was observed in the rice 
seedlings that developed from seeds soaked in 15 mM Si. It is known that proline can 
serve as an important osmotic adjustment substance in plant cells (Silveira et al., 2003) 
and proline content can be used as a physiological index of a plant’s resistance to stress 
tolerance (Toyooka et al., 2009). The accumulation of proline was reduced in the 
Si-pretreated seedlings, which suggests that seed priming with Si could protect cells by 
keeping the accumulation of proline to an optimum level (Fig. 4B). 

Under salinity stress, the increase of reactive oxygen species leads to lipid peroxidation 
in cell membranes. Malondialdehyde is the main product of membrane lipid peroxidation, 
and the levels at which it is produced therefore represents the degree of cell membrane 
damage (Silveira et al., 2003). We found that malondialdehyde levels increased in rice 
leaves under salinity stress, but this increase was significantly mitigated by Si treatment 
of the seeds (Fig. 4C). Furthermore, seed priming with Si also resulted in a significant 
increase in SOD and POD activities in rice seedlings exposed to salinity stress relative to 
plant treated with NaCl alone. These results indicate that Si enhances antioxidant activity 
that protects plants against salinity induced oxidative damage (Fig. 5). 

Certain plant membrane transporters particularly Na+ and K+ transporters are involved 
in plant resistance to salt stress. OsSOS1 (Na+/H+ antiporters) (Kumar and Sinha, 2013; 
Amin et al., 2016), OsCAX1 (H+/Ca+ antiporter) (Kumar and Sinha, 2013), OsAKT1 (K+ 
inward-rectifying channel) (Yang et al., 2014), OsKCO1 (K+ outward-rectifying channel) 
(Kumar and Sinha, 2013), OsCLC1 (Cl– channel) (Diédhiou and Golldack, 2006), 
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OsNRT1;2 (nitrate transporter) (Yang et al., 2014), and OsTPC1 (Ca2+ permeable 
channel) (Kurusu et al., 2012) have all been shown to play a role in rice resistance to salt 
stress. In our study we found that seed soaking with Si induced transcription of genes 
encoding Na+/H+ exchangers (OsNHX1) and H+ -pyrophosphatase (OsVP1) (Fig. 6). 
OsASIE1 may participate in abiotic stress response by regulating the expression of 
downstream genes with DRE and GCC box binding. Overexpression of OsASIE1 
improves rice tolerance to salt stress (Wu et al., 2011). In this study, OsNHX1 showed a 
quick response to salinity stress in 10 Mm treatment but not change in the following days 
due to the reason that NHX genes increase salt tolerance by reducing Na+ contents in the 
leaves. This is in accordance with Liu et al. (2010) who found that the overexpression of 
OsNHX1 and OsVP1 in tonoplasts improved rice tolerance to salt and drought. 

Conclusion 

In conclusion, seed priming with Si significantly improved rice tolerance to salinity 
without any negative effect on growth. This treatment may therefore serve as a highly 
effective strategy to improve rice tolerance to salinity stress. The detailed molecular 
mechanism should be further investigated. 
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Abstract. The aim of the study was to measure the response of tomato (Lycopersicon esculentum Mill.) 
grown in open field to mulch and different irrigation levels. This study was carried out in Bilecik, Turkey 
in the growing season of 2017 and 2018. The research was designed as a split plot design with 3 
replications. The treatments consist of two mulch [black nylon mulch (M) and no mulch (NM)] and four 
irrigation levels of pan evaporation (Epan) replenishment [1.00×Epan (I100), 0.75 × Epan (I75), 0.50×Epan 
(I50), 0.25×Epan (I25)]. As a result of the research, irrigation water level and mulch application was found 
to have significant effects on some quality criteria. The study shows that pH, fruit puncture resistance, 
fruit diameter, fruit length and total soluble solids/titration acidity ratio increased with increasing amount 
of irrigation water. As irrigation water level in mulch application increased, fruit diameter, weight, pH 
and fruit puncture resistance values increased. Mulch application yielded better results than application 
without mulch irrespective of irrigation levels. 
Keywords: colour, fruit puncture, semi-arid climate, titration acidity, total soluble solids 

Introduction 

The rapid increase in population is expected to bring food shortages along with water 
shortages. The problem is the imbalance between the global increase in food demand 
and the reduction in available water resources. Therefore, existing water resources 
should be well protected and used rationally. 

When we look at the sectoral use of the existing water resources in the world, 
agricultural use ranks first with 70%, industry with 19% and domestic use with 11% 
approximately (FAO, 2013; Anonymous, 2014). These rates show that the rational use 
of water resources in agricultural sector, which is the largest user of water becomes 
more important. However, increasing water demand for domestic use and industry, 
irregularity in the precipitation regime due to global climate change, pollution of usable 
water resources and/or the desiccation of some of these sources will make it necessary 
to limit the amount of water to be allocated to agriculture in the near future. While the 
amount of irrigated land all over the world was 170 million ha in the 1970s, this ratio 
reached 304 million ha in 2008 and by 2025 it is estimated to reach 330 million ha 
(FAO, 2011). However, it is predicted that the population of the world will be 8 billion 
by 2025. In order to meet the needs of the population by 2025, the amount of irrigated 
land should be higher than 20% of the total amount of agricultural land and the crop 
yield obtained from irrigated land should be 40% higher than that currently obtained 
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(Lascano and Sojka, 2007). This makes it necessary to use the soil and water potential 
allocated for agricultural purposes with the highest possible efficiency and to obtain the 
highest yield from a unit of water used. Therefore, the approach in irrigated agriculture 
has been focusing on obtaining more products with less water. Deficit irrigation and 
partial root drying (PRD) techniques are water-saving methods that reduce the amount 
of water supplied to plants compared to full irrigation (Ahmadi et al., 2010). 

The aim of deficit irrigation is to increase the efficiency of plant water use by 
reducing the amount or frequency of irrigation water. The plant which is made deficit 
irrigation is exposed to water stress at any period of development or during the growing 
season and it is expected to save water without causing a significant decrease in yield. 
Deficit irrigation can also be used to create new irrigation areas where water resources 
are sufficient. The plant type to be chosen is also important in deficit irrigation. Plant’s 
response to deficit irrigation and the water-saving should be at the forefront. Tomato is 
a plant which requires much water is the most grown vegetable in the world and in 
Turkey. In this respect, it is a suitable plant in terms of the reactions to be achieved by 
shortened irrigation. 

Tomato (Solanum lycopersicum L.) is a single-year vegetable species of the eggplant 
family (Solanoceae), native to South and Central America, widely used in human 
nutrition. Approximately 1.1 billion tons of fresh vegetables are produced in the world 
annually and about 177 million tons of this are tomatoes. This makes tomato to be 
ranked as the most grown vegetable among other vegetables and it covers the largest 
area with 4.8 million ha. With 176.000 ha area, Turkey has the 4 th biggest area of 
tomato production after China, India and Egypt. In addition to this, with 12.2 million 
tons of production, Turkey is the 4 th biggest producer of tomato after China, India and 
America (FAO, 2018). 

Many irrigation studies have shown that tomato is sensitive to water stress (Locascio 
and Smasjstrla, 1996; Patanè and Cosentino, 2010). Water and nutrient stress leads to 
reduction in marketable yields and quality. In order to obtain high yields, seasonal water 
requirement of tomatoes range from 400 to 800 mm with a daily evapotranspiration rate 
of 4 to 6 mm (Salokhe et al., 2005; Hanson and May, 2006; Mukherjee et al., 2010). 

Irrigation water level and scheduling of irrigation application significantly affect 
tomato yield and fruit quality (Wang et al., 2012). Previous studies show that deficit 
irrigation can increase water use efficiency (WUE) and improve tomato quality in the 
tomato plant (Zegbe-Dominguez et al., 2003; Favati et al., 2009; Kuşçu et al., 2014). On 
the other hand, deficit irrigation practices can result the fruits to be small in size, lower 
marketable yields and higher susceptibility to various diseases (Favati et al., 2009). 

The use of mulch has many benefits in agriculture as it reduces weed output which 
causes yield losses and diseases. Moreover, it provides better root growth by increasing 
soil temperature. It reduces surface evaporation and maintains soil moisture, thus saves 
water. Furthermore, the use of mulch has a significant impact on earliness, productivity 
and fruit quality (Abak et al., 1990; Koçar, 2001; Ünlü et al., 2006; Ekinci and Dursun, 
2009; Kurtar, 2010; Korkmaz and Balkaya, 2016). However, the number of studies on 
the effect of both different irrigation regimes and mulch applications on the quality 
characteristics of table tomatoes is quite limited. In addition, the response of plants to 
cultural practices in different varieties, climatic and soil characteristics may also 
change. Therefore, this study was conducted to determine the effects of different 
irrigation levels and mulch application on the quality of table tomatoes in Bilecik, a 
semi-arid climate zone. 
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Materials and methods 

The research was carried out in the open field, in the growing season of 2017 and 
2018, in the Research and Application Area of Bilecik Şeyh Edebali University, Faculty 
of Agriculture and Natural Sciences. The experiment area is located at 40° 6’ N, 30°.0’ 
E; altitude 500 m above the sea level. Both the climate of Marmara Region and Central 
Anatolia Region are influential in Bilecik province. According to the long-term 
meteorological data, the average annual rainfall in the region is 450 mm and the average 
temperature is 12.5 °C. According to annual rainfall, the study area is defined as semi-
arid. Climate data for the years of study are given in Tables 1 and 2. 

 
Table 1. Climate data for 2017 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 

Average temperature (°C) 0.4 5.7 9.3 11.7 16 21 23.8 23.1 21.4 13.2 9 6.6 13.5 

Average Highest Temperature (°C) 3.7 9.8 15 18.6 22.5 27.1 31.2 29.9 29.5 19 13.7 9.9 19.2 

Average Lowest Temperature (°C) -2.2 1.5 5.2 6.4 11.4 15.3 17.8 18.4 15.4 8.9 5.7 4.3 9 

Average of Total Monthly Rainfall 
(mm) 

51.0 9.3 26 64.4 56.7 69.9 7.0 16 3.0 44.4 21.1 66.2 435 

 
 
Table 2. Climate data for 2018 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 

Average temperature (°C) 4 7.3 12.9 16 18.2 21.2 23.8 24.1 19.5 14.7 9.6 3.5 14.6 

Average Highest Temperature (°C) 7.2 11.7 16.5 23.3 24.2 28.1 30 31.2 26.1 19.9 13.7 5.8 19.8 

Average Lowest Temperature (°C) 1.4 4.5 7 9.8 14 15.7 18.4 18.7 14.7 11.3 6.8 5.8 10.7 

Average of Total Monthly Rainfall 
(mm) 

40.9 37.6 66.1 18.6 80.8 39.5 14.2 17.8 89.4 46.4 37 107.3 595.6 

 
 
The study area has a clay loam soil structure (38.66% sand, 32.81% clay and 28.53% 

loam). The physical analysis results of the soil of the trial area are given in Table 3. 
Total rainfall during the plant growing season was 94.7 mm in 2017 and 116.3 mm in 
2018. 

 
Table 3. The physical analysis results of soil samples 

Depth 
(cm) 

Grain size 
Texture  

Volume weight 
(g/cm3) 

Field capacity 
(PW %) Sand Silts Clay 

0-30 38.66 32.81 28.53 CL 1.26 27.87 

30-60 42.05 32.11 25.84 L 1.21 24.57 

60-90 39.71 34.34 25.95 L 1.27 26.67 

 
 
The working area was first plowed and the land surface was leveled and suitable 

conditions for planting were prepared. Weed control was done by hand and hoeing three 
times until the first harvest. Nitrogen, phosphorus and potash fertilizers were used in 
fertilization. Fertilization was given to plants by drip irrigation system after planting. 
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In the study, Zahide F1 tomato variety was used. It is suitable for spring and summer 
planting. Its fruits are flat and round. It is an early variety and the average harvest time 
is 70-90 days. 

Treatments were arranged in the field according to a split-plot experimental design 
with three replications in both seasons. The mulch treatments were randomized in the 
main plots and irrigation levels in the sub-plots. The treatments consist of two mulch 
[black nylon mulch (M) and no mulch (NM)] and four irrigation levels of pan 
evaporation (Epan) replenishment [1.00×Epan (I100), 0.75 × Epan (I75), 0.50 × Epan 
(I50), 0.25 × Epan (I25)]. The irrigations were carried out at 5-day intervals according to 
the drip irrigation method. Each experimental plot was 6 m long and 3.2 m wide 
(19.2 m2), with 4 rows. Plots are placed leaving two meters buffer zones between. The 
row spacing was 0.8 m and plan-plant spacing was 0.4 m. 

The irrigations were carried out according to five-days evaporation amount 
cumulated in Class A pan. The amount of irrigation water was determined by 
multiplying the measured evaporation value with the kp coefficient, wetting percentage, 
kc coefficient, and area (Eq. 1; Kanber, 1984). 

 
 I = A × Ep × kp × P × kc (Eq.1) 
 

In Equation 1, I is irrigation water applied to the parcel (litres), A is parcel area (m2), Ep 
is accumulated evaporation amount from open water surface (mm), kp is coefficient for 
experiment treatments, P is wetting percentage, and kc is coefficient at different growth 
periods. 

The kc coefficient was taken 0.60 in the initial period, between 0.60-1.15 in the 
development period, 1.15 in the medium period, and 1.15-0.80 in the last period (Allen 
et al., 1998). Table 4 shows that coefficients for experimental treatments. 

 
Table 4. Coefficients for irrigation treatments 

Irrigation treatment kp coefficient 

I100 1.00 

I75 0.75 

I50 0.50 

I25 0.25 

 
 
Throughout the growing season, the measurement of the crop-water requirement is 

made based on 0-90 cm depth increment of the soil as in Equation 2 (Garrity et al., 
1982). 

 
 ET = I + P ± ΔS – D (Eq.2) 
 

In Equation 2, ET is plant water consumption (mm), I is irrigation water (mm), P is 
precipitation amount (mm), D is deep drainage losses (mm), and ΔS is refers to the 
moisture change (mm) in the soil profile. 

For the harvest, the edge rows of each parcel were discarded and the two rows in the 
middle were determined as the harvest area. Harvestes continued until mid-October. 

Quality characteristics of fruit were determined by examining 20 fruit samples 
randomly selected from each parcel. In order to determine the quality characteristics, the 
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diameter, length, pH ratio, perforation resistance and total soluble solids (TSS) and 
titration acidity (TA) of the fruit were examined. 

The average fruit width was determined by measuring the widest diameter of the fruit 
with a digital calliper. The average fruit length was determined by measuring the 
distance between the stem pit and floral nose with a digital calliper. In order to 
determine the pH ratio, fruit juices were obtained through a blender after the tomatoes 
were harvested and measurements were carried out by pH meter (Cemeroğlu, 2010). 
Fruit perforation resistance was measured by flat-tipped hand penetrometer at 3 
different locations in the equator region of the fruit and the results were expressed as kg 
cm-2. Tomato juice was titrated with 0.1 N NaOH until the pH of the tomato juice 
reached up to 8.1. The amount of acid consumed was calculated in terms of citric acid 
(mg/100 g citric acid) and titration acidity was found. The fruit juice obtained by 
blending the tomatoes was filtered in order to determine total soluble solids. Then, the 
sample taken from the filtered fruit juice was dropped onto the hand refractometer and 
the results were read and determined as % (Cemeroğlu, 2010). TSS/TA value was 
obtained by dividing the obtained TSS and TA values. In determining the colours of 
tomato samples, a and b values were measured by colour measurement device. 
Minitab18 package program was used for statistical evaluation of the obtained results. 

Results and discussion 

Results of variance analysis (ANOVA) of the data are given in Table 5. The results 
show that the effect of irrigation regimes on all measured parameters was significant at 
P < 0.01 level. Mulch application was significant at P < 0.01 level for fruit diameter, 
length, and colour parameters. On addition, the effect of interactions between irrigation 
and mulch was significant at P < 0.01 level, on all parameters. 

 
Table 5. Result of variance of fruit diameter, length, pH ratio, perforation resistance and 
TSS/TA ratio for the irrigation and mulch treatments 

Variables pH 
Fruit perforation 

resistance 
Fruit 

diameter 
Fruit 
length 

Colour a Colour b 
TSS/TA 

ratio 

Year (Y) ns ns ** ** ns ns ** 

Irrigation level (I) ** ** ** ** ** ** ** 

Mulch application (MA) ns ns ** ** ** ** ns 

I × MA ** ** ** ** ** ** ** 

Y × I × MA ** ** ** ** ** ** ns 

*, **, and ns: F-test significant at p ≤ 0.005, p ≤ 0.01, respectively, and not significant 

 
 

Irrigation water applied and evapotranspiration 

In this study, 15 mm water was given to the all test plots immediately after planting. 
Then, 30 mm of irrigation water in total was given to the plants in two times until the 
beginning of all subjects’ irrigation application. In this study, irrigation was launched on 
the 18th of June for both years. In 2017, 19 irrigations, and in 2018, 18 irrigations were 
performed. Irrigations were performed in 5 days intervals after planting. The amount of 
irrigation water applied to the experiment subjects and the crop water consumption 
amounts of the subjects are given in Table 6 and the cumulative amount of irrigation 
water is shown in Figures 1 and 2. 
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Figure 1. The amount of cumulative irrigation water in 2017 
 
 

 

Figure 2. The amount of cumulative irrigation water in 2018 

 
 
Table 6. Irrigation water applied (IWA) and seasonal evapotranspiration (ET) 

Applications 
IWA (mm) ET (mm) 

2017 2018 2017 2018 

I25M 161 154 266 276 

I25NM 161 154 247 268 

I50M 278 264 374 358 

I50NM 278 264 326 350 

I75M 395 373 450 474 

I75NM 395 373 488 510 

I100M 512 483 558 579 

I100NM 512 483 570 593 
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Irrigation continued at intervals of 5 days in 100 days after the planting as shown in 
Figures 1 and 2. Irrigation water and evapotranspiration values changed according to 
the experimental treatments. In 2017, irrigation water ranged from 161 to 512 mm and 
evapotranspiration ranged from 266 to 570 mm. In 2018, irrigation water ranged 
between 154-483 mm and evapotranspiration ranged from 276-593 mm. The highest 
evapotranspiration was obtained from I100 × NM and the lowest water consumption was 
obtained from I25 × NM in both years. Mukherjee et al. (2010) obtained the highest 
water consumption from the subject without mulch where irrigation started, when the 
cumulative pan evaporation was 25 mm. Similarly, Hatami et al. (2012) obtained the 
highest water consumption from the subject without mulch. 

 
Quality characteristics 

pH is a criterion taken into consideration in the evaluation of tomato quality. The 
differences in the fruit pH among irrigation regimes were significant both for 2017 and 
2018. The pH decreased as the irrigation rate was decreased. The highest pH values, 
4.60 and 4.57 were obtained in the I100×M and I100×NM combination in 2017 
respectively. On the other hand, the highest pH value, 4.62 was obtained in the I100×M 
combination in 2018. Similar results were obtained in some studies on this subject and it 
was observed that the pH content decreased as irrigation water amount decreased (Ünlü 
et al., 2006; Lahoz et al., 2016; Tarı and Sapmaz, 2017). 

The perforation resistance of fruits in table tomatoes is an important quality criterion 
and is significantly affected by agricultural processes applied in cultivation. The results 
of the presents study shows that perforation resistance of the fruits decreases as the 
irrigation rate decreases. The highest perforation resistance values, 1.618 and 1.613 bar 
were obtained in the I100×M and I100×NM combination in 2017, respectively. The 
highest perforation resistance value, 1.64 was obtained in the I100×M and I100×NM in 
2018. Lahoz et al. (2016), Ünlü et al. (2006) and Tarı and Sapmaz (2017), have reached 
similar results in their studies. 

The highest fruit diameter was obtained in full irrigation (I100) application in both 
years. Mulch application was found to be statistically significant and fruit diameter was 
found to be higher in mulch applications. Fruit diameter values ranged between 44.62-
62.02 mm in 2017 and ranged between 51.73-66.40 mm in 2018. The highest values 
were obtained in I100 × M application from 62.02 mm to 66.40 mm respectively in both 
years. The lowest values were obtained in I25×NM application from 44.62 to 51.73 mm 
respectively in both years. Fruit diameter was observed to increase as irrigation water 
increased. The same situation was also observed in mulch application. Özbahçe and 
Tarı (2009), Ertek et al. (2012) have reached similar results in their studies and reported 
fruit diameter was increase as irrigation water increased. Biswas et al. (2015) and 
Samaila et al. (2011) reported that fruit diameter was increased with mulch application 

The highest fruit length was obtained in full irrigation (I100) application in both years. 
Mulch application was found to be statistically significant and fruit length was found to 
be higher in mulch applications. Fruit length values ranged between 34.00-46.79 mm in 
2017 and it ranged between 42.50-48.06 mm in 2018. In 2017, the highest fruit length 
was obtained from I100 × M, I100 × NM and I75 × NM interactions as 46.99 mm, 
46.71 mm and 46.57 mm respectively. In 2018, it was obtained from I100 × M 
interaction as 48.06 mm. The results show that the fruit size increased as the irrigation 
level increased. The same is valid for the mulch application. Ertek et al. (2012) and 
Biswas et al. (2015), have reached similar results in their studies. 
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The TSS/TA ratio has a better effect on the acid on fruit taste than soluble solids or 
titratable acidity. This is because the acid content tends to decrease with the ripening of 
the fruit while the sugar content tends to increase (Zoran et al., 2014). In the present 
study, mulch was not found to be statistically significant, but it was observed that 
irrigation level affected the TSS/TA ratio statistically. In 2017, the highest TSS/TA 
values were obtained from I100 × M, I75× M and I75 × NM interactions as 23.12, 22.62, 
and 22.61 respectively. In 2018, the highest value was obtained from I75 × NM as 26.84. 
Irrigation level was found to be significant in both years and I75 irrigation gave the best 
results statistically. 

Colour b value of the fruit is a quality criterion that expresses the yellowness of the 
fruit surface. Mulch and irrigation level were found to be statistically significant for the 
colour value of the fruit. It was observed that the b value gets higher when the irrigation 
level decreases. In 2018, the highest b values were obtained from the interactions of I25 

× NM, I75 × M, I50 × NM and I25 × M, respectively, as 30.36, 29.76, 29.61, and 29.58. In 
conclusion, mulch, irrigation and mulch × irrigation interaction were found to be 
statistically significant. 

Colour a value of the fruit is a quality criterion that expresses the redness of the fruit 
surface. Mulch and irrigation level were found to be statistically significant for colour a 
value in the fruit. The a value of the fruit varied between 32.89 and 34.45 in mulch 
application and between 32.16 and 37.39 in no mulch application. The highest a value 
was obtained from I100 × NM and I25 × NM interactions, as 37.39 and 36.58, 
respectively. In conclusion, mulch, irrigation and mulch × irrigation interaction were 
found to be statistically significant (Table 7). 

 
Table 7. Irrigation × mulch application interactions for the fruit quality parameters 

pH Fruit perforation resistance 

Irrigation Mulch No mulch Irrigation Mulch No mulch 

2017 yr 2017 yr 

I25 4.343 c 4.320 c I25 1.266 c 1.240 c 

I50 4.433 bc 4.426 bc I50 1.386 abc 1.333 bc 

I75 4.500 ab 4.496 ab I75 1.486 abc 1.586 ab 

I100 4.603 a 4.570 a I100 1.618 a 1.613 a 

2018 yr 2018 yr 

I25 4.360 d 4.326 d I25 1.286 cd 1.206 d 

I50 4.423 cd 4.426 cd I50 1320 bcd 1.286 d 

I75 4.506 bc 4.503 bc I75 1.480 abc 1.513 ab 

I100 4.623 a 4.583 ab I100 1.640 a 1.640 a 

Fruit diameter Fruit length 

Irrigation Mulch No mulch Irrigation Mulch No mulch 

2017 yr 2017 yr 

I25 47.49 cd 44.62 d I25 35.52 c 34.00 c 

I50 54.09 b 46.87 cd I50 42.51 b  35.55 c 

I75 58.83 ab 53.09 bc I75 44.14 b  46.71 a 

I100 62.02 a 59.16 ab I100 46.79 a 46.57 a 
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2018 yr 2018 yr 

I25 52.90 c 51.73 c I25 44.12 c 42.50 d 

I50 56.14 bc 55.10 bc I50 44.69 c 44.20 c 

I75 59.99 b 57.91 b I75 46.01 b 46.07 b 

I100 66.40 a 58.72 b I100 48.06 a  46.76 b 

TSS/TA ratio Colour a 

Irrigation Mulch No mulch Irrigation Mulch No mulch 

2017 yr Average of two years 

I25 19.87 b 19.67 b I25 34.45 b  36.58 a 

I50 21.17 ab  21.20 ab I50 33.20 c 3216 c 

I75 2262 a  22.61 a I75 33.15 c 35.02 b  

I100 23.12 a  21.36 ab  I100 32.89 c 37.39 a 

2018 yr Average colour b 

I25 23.19 bc 25.54 ab I25 29.58 a 30.36 a 

I50 21.98 c 24.89 abc I50 29.37 ab  29.61 a 

I75 26.22 ab  26.84 a I75 29.76 a 27.29 c 

I100 25.52 abc  23.22 bc I100 28.24 bc  27.80 c 

Conclusions 

According to the results of this research, irrigation water level, mulch application and 
irrigation water-mulch interaction had significant effects on the quality of tomato. The 
study shows that pH, fruit puncture resistance, fruit diameter, fruit length and TSS/TA 
ratio increased with increasing amount of irrigation water. Mulch application was found 
to increase these quality criteria regardless of irrigation water levels. The best results 
were obtained from fully irrigated (I100) subjects in both years. In some quality 
parameters, there was no significant difference between I75 and I100 applications. As a 
result, it can clearly be stated that as the irrigation level increased, the quality criteria 
characteristics examined within this study gave better results. 
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Abstract. Campanulaceae are a highly diverse clade of angiosperms. Chloroplast markers have greatly 
improved our understanding of this clade, but many relationships remain unclear primarily due to low levels 
of molecular evolution and recent and rapid divergence. Furthermore, focusing solely on maternally 
inherited markers such as those from the chloroplast genome may obscure processes such as hybridization. 
We explore the phylogenetic utility of two low-copy nuclear loci from the pentatricopeptide repeat gene 
family (PPR). Rapidly evolving nuclear loci may provide increased phylogenetic resolution in clades 
containing recently diverged or closely related taxa. We present results based on chloroplast and low-copy 
nuclear loci, and discuss the utility of such markers to resolve evolutionary relationships and infer 
hybridization events within Campanuloideae clade. The phylogeny of the genera Michauxia, Asyneuma and 
Legousia in Kurdistan Region was investigated by using eight in-group species and one out-group related 
genus Campanula conferta, based on the matK-KIM intergenic region of chloroplast DNA and internal 
transcribed spacer of nuclear ribosomal DNA. Individual and combined analysis of matK-KIM and ITS2 
sequence data indicated monophyly of the Asyneuma and Legousia genera, the results for bayesian and 
maximum parsimony displayed three clades of Michauxia, Asyneuma, and Legousia with high supports 
(bs=76%, pp=0.100). 
Keywords: Bellflower family, matK-KIM, ITS2, evolutionary relationships, phylogeny 

Introduction 

The genera Michauxia, Asyneuma, and Legousia, belong to the family Campanulaceae 
(Bellflower family), which is the second-largest family in the Asterales and third most 
abundant family in the campanulate, Jussieu formally described it in 1789 (Hansen, 
2016). Campanulaceae family belonged to the Orders: Campanulate, Subclass: Asteridae 
and Class: Magnoliopsida (Cronquist, 1981; Watson and Dallwitz, 1992). 

The family includes 84 genera and 2330 species, which are widespread in the world 
except for the major desert regions (Byng, 2014), while in the Kurdistan region of Iraq, 
the family includes 4 genera and 26 species distributed in different districts (Ghazanfar 
and Edmondson, 2013). The family (Campanulaceae s. str.) classification systems have 
historically followed the arrangements of Boissier (1875) and Schönland (1889), along 
with the refinements of Charadze (1949, 1970, 1976), Fedorov (1957), which can 
eventually be traced back to the arrangement of De Candolle (1839) who divided the 
family into two subtribes, the Campanuleae and the Wahlenbergeae, based on the mode 
of capsule dehiscence although Schönland split the family into three subtribes, 
Platycodon A. DC., Musschia Dum. and Microcodon A. DC segregated. The 
Platycodinae subtribe is based on the calyx lobe position concerning the locules of the 
ovary. Such natural classifications were necessarily based on the morphology of the calyx 
(e.g., the presence or absence of appendages between the lobes) or of the mode of capsule 
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dehiscence (e.g., whether it is apical and valvate or lateral and porate). Many authors 
(e.g., Hutchinson, 1969; Carolin, 1977; Cronquist, 1988; Takhtajan, 2009) considered 
Cyananthus A. DC. to be the most primitive genus within the family based on its superior 
ovary (Eddie et al., 2003). 

Phylogenetic reconstruction is now an essential tool for biologists to understand the 
processes that govern the evolution of organisms. Restoration of divergence times and 
past biogeographical ranges has grown in importance. It is reflected in the multitude of 
new methods developed to infer organisms' spatial and temporal evolution (Sanderson, 
2002; Thorne and Kishino, 2002; Ree et al., 2005; Drummond et al., 2006). Molecular 
and phylogenetic methods allow researchers to obtain large, multi-gene datasets for 
phylogenetic studies, because of highly conserved genome organization, gene order, and 
gene content of the chloroplast genome across much of angiosperm diversity (Cosner et 
al., 1991; Haberle, 2006). 

In plants, chloroplast DNA (Evans et al., 2015), nuclear ribosomal DNA (Faghir et al., 
2014), and mitochondrial DNA are three molecular variations tapped for phylogenetic 
purposes (Yu et al., 2018). The ITS region consists of three parts: the ITS1, ITS2, and the 
highly conserved 5.8S rDNA exon locate between them. The Campanulaceae family 
undertook few molecular phylogenetic studies among it’s the study of Cosner and Jansen 
(1993) and Cosner et al. (2004) which used structural rearrangements of chloroplast DNA 
(cpDNA) to establish a family phylogeny based on 18 genera, while rbcL sequences for 
several genera were determined by Cosner et al. (1994) as part of the Campanulales 
interfamily relationship study. 

Eddie et al. (2003) investigated the morphology of most genera of the family 
Campanulaceae by using cladistic and phonetic methodologies, in addition to the 
molecular variation of 23 to 29 taxa, he also used internal transcribed spacers (ITS2) and 
matK-KIM -intron sequence data from nuclear ribosomal (nrDNA) and cpDNA in 
another hand Eddie et al. (2003) used 93 taxa comprising 32 genera to estimate family 
phylogeny based on ITS sequences of nuclear ribosomal DNA also including the 
sequences of chloroplast genes matK and rbcL, as well as chloroplast genome 
rearrangements and morphology data. 

One of the most comprehensive studies on the Campanulaceae family was presented 
by Crowl et al. (2016), providing a broad phylogenetic and phylogeographic perspective 
that included chromosomal and morphological data. Previously, Crowl et al. (2014) had 
produced a first phylogenetic analysis conjointly applying several molecular markers 
used in previous studies within the subfamily Campanuloideae, namely the chloroplast 
markers atpB, matK, petD, rbcL, and trnL-F and the nuclear region ITS. 

DNA barcoding is a technique in which sequences of a specific DNA region are 
compared for species identification. Establishing the most suitable region for plants has 
taken a little longer. The partial matK gene was recently adopted as the ‘plant barcode’ 
by the Consortium for the Barcoding of Life (CBOL Plant Working et al., 2009) after 
much deliberation. However, there are still significant challenges that need to be 
overcome using these DNA regions. There have been three main sets of supposedly 
‘universal’ matK primers proposed so far: namely, 390F and 1326R, XF and 5R and 
1R-KIM and 3F-KIM (Dunning and Savolainen, 2010). 

The internal transcribed spacer 2 (ITS2) region of nuclear ribosomal DNA is regarded 
as one of the candidate DNA barcodes because it possesses several valuable 
characteristics, such as the availability of conserved regions for designing universal 
primers, the ease of its amplification, and sufficient variability to distinguish even closely 



Shilan - Jawher: Phylogenetic study of the genera Michauxia L’Hérit., Asyneuma Griseb. et Schenk and Legousia Durand 
(Campanulaceae) in the Kurdistan Region-Iraq 

- 5451 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5449-5460. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_54495460 
© 2020, ALÖKI Kft., Budapest, Hungary 

related species. However, a general analysis of its ability to discriminate species in a 
comprehensive sample set is lacking (Yao et al., 2010). 

The present study aims to investigate the relativeness between the genera of 
Michauxia, Asyneuma and Legousia based on the phylogenetic relationships and 
comparing with the nearest genus. For this purpose, two regions were selected, the first 
region is chloroplast DNA matK-1RKIM and the second is nuclear ribosomal DNA ITS2. 
This manuscript is a part of the author’s Ph.D. dissertation. 

Material and Methods 

Taxon Sampling 

The plant taxa used in the present study were collected from the different districts of 
Kurdistan region-Iraq during the period between 2017-2018 that preserved in the 
Herbarium of the College of Education/ Salahaddin University-Erbil and all plant samples 
were collected from Duhok, Zawita, Gali Ali Bag, Gali Zanta, Gara mountain, 
Piramagroon, Hawraman mountain and Shaqlawa (Fig. 1). Nine distinct taxa consist of 
eight in-group taxa and one out- group Campanula conferta were used in the analysis. 
 

Figure 1. A map shows the distribution of the three genera species in Kurdistan Region-Iraq 
 
 
DNA Extraction 

According to the manufacturer's instructions, genomic DNA was extracted from 
collected plant specimens through the Presto™ Mini gDNA Bacteria Kit (Geneaid, 
Taiwan); extract was eluted with an elution buffer of 100 μL. Before running PCR, 
extracts were stored at -20°C. The NanoDrop 1000 spectrophotometer (ThermoFisher 
Scientific, USA) was used to evaluate DNA concentration and purity in which one μL of 
the genome DNA was used to define DNA concentration and purity. 

PCR and DNA Sequencing 

The two noncoding regions of nrDNA and cpDNA were amplified by using the 
primers matK-KIM of Dunning and Savolainen (2010), and ITS of White et al. (1990) for 
matK-KIM intergenic spacer and ITS region respectively (Table 1). The primers were 
ordered from Macrogen Company, Seoul, Korea. The total volume of amplification 
reactions was 25 μL and the Master Mix made up of 12.5 μL (the Master Mix consisting 
of 3 mM MgCl2, 0.2% Tween® 20, 20 mM Tris-HCl pH 8.5, (NH4)2S04, 0.2 units/μl 
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Ampliqon Taq DNA polymerase, 0.4 μM of each primer, and 0.4 mM of each dNTP.), 
3 μL genomic DNA extract (density of 10 ng/μl), 2 μL of each primer, 5.5 μL free 
nuclease water. The PCR-Thermal cycler for matK gene started with 5 min for initial 
denaturation at 94°C followed by 35 cycles: denaturation at 94°C for 30 sec.; annealing 
at 54°C for 60 sec.; extension at 72°C for 60 sec. And the final extension at 72°C for 
5 min. While the PCR program for the ITS gene started with 5 min for initial denaturation 
at 94°C followed by 35 cycles: denaturation at 94°C for 30 sec.; annealing at 56°C for 
20 sec.; extension at 72°C for 20 sec. And the final extension at 72°C for 5 min. The 
resultant PCR products were checked on 1.5% agarose gel run in TAE buffer. The gel 
was stained with Safe red dye and photographed under UV transilluminator. 
 

Table 1. List of primers and their sequences that have used in the study 

Primer Oligonucleotide Sequence References 

ITS2-S2 F: 5'-ATG CGA TAC TTG GTG TGA AT-3' 
(White et al., 1990) 

ITS4 R: 5'-TCC TCC GCT TAT TGA TAT GC-3' 

matK-1KIM F: 5'-ACC CAG TCC ATC TGG AAA TCT TGG TTC-3' (Dunning and Savolainen, 
2010) matK-3KIM R: 5'-CGT ACA GTA CTT TTG TGT TTA CGA G-3' 

 
 

PCR products were purified by using Kits (Promega company-Madison-USA). The 
purified PCR products were sent to the National Science and Technology Development 
Agency (NSTDA) in Thailand for sequencing. 

Sequence Alignment 

All the DNA sequences were edited and aligned with the ClastalW option available in 
BioEdit, Version 7.0.4.1 (Hall, 2001), and manual adjustment. There are seven accessions 
for each matK-F and ITS regions, including the out-group species. 

Phylogenetic Analyses 

Maximum Parsimony Analysis 

The reconstruction of the phylogenetic relationships was based on Maximum 
Parsimony (MP) methods. The analysis was carried out for separate and combined 
regions. MP analysis was performed by using PAUP* version 4.0a164 (Swofford, 2000). 
Using heuristic search with 100 replicates of random taxon additions, Tree-Bisection-
Reconnection (TBR) branch swapping, MulTrees on, and steepest descent off was 
performed. The maximum numbers of saved trees were 100 for each replicate. The 
bootstrap values were calculated from 100 replicates; the consistency index (CI), 
retention index (RI), rescaled consistency, and homoplasy index (HI) were measured 
(Felsenstein, 1985). 

Bayesian Analysis 

Bayesian analysis was carried out by using the MrBayes version. 3.2 (Ronquist and 
Huelsenbeck, 2003). The parameters and evolutionary models were selected by the 
assistant of MrModeltest2 version 2.3 (Nylander et al., 2004), based on Akaike 
Information Criterion (AIC), which selected the GTR+G model for regions. Two 
independent analyses were run 1000000 generations with four chains (one cold and three 
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heated) for each generation and the temperature parameter set to 0.1. Trees were sampled 
every 100th generations. After that (25% of initial tree sampled) were removed by burn-
in period samples, a tree with a maximum 50% (majority rule consensus tree) was plotted. 
The value of posterior probability (PP) was calculated, and the final tree was plotted by 
using FigTree software version 1.4.3 (Rambaut, 2016). 

Results 

The characteristics of each data matrix and tree statistics of matK and ITS regions are 
summarized in (Table 2). 
 

Table 2. A summary of alignment and tree statistics of matK, ITS and combined analyses 

Parameters/Regions matK ITS Combined 

Aligned length 873 362 1343 

Number of parsimony informative characters 208 70 204 

Number of variable parsimony uninformative characters 517 231 544 

Number of constant characters 148 61 595 

Tree length (steps) 1134 380 1097 

CI (Consistency Index) 0.873 0.934 0.846 

RI (Retention Index) 0.489 0.833 0.501 

RC (Rescaled Index) 0.427 0.779 0.424 

HI (Homoplasy index) 0.304 0.066 0.154 

Model GTR+G GTR+G GTR+G 

 
 

In this study, plant genomic DNA was extracted from entire plant tissue by using the 
Presto™ Mini gDNA Bacteria Kit. Isolated genomic DNA was electrophoresed on 0.8% 
agarose gel to confirm the integrity of the isolated DNA (Fig. 2). 
 

Figure 2. Agarose gel electrophoresis of products using matK-KIM and ITS primers from 
studied taxa of Michauxia, Asyneuma, and Legousia. M: DNA marker with 100 bps. Lanes 1-3: 
positive amplification of 900 bps for matK-KIM gene (Lanes 1: M. nuda, Lanes 2: M. laevigata, 
Lanes 3: L. falcata). Lane NC: negative control. Lanes 4-6 positive amplification of 400 bps for 

ITS gene (Lanes 4: L. speculum-veneris, Lanes 5: L. pentagonia, Lanes 6: A. persicum) 
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Phylogenetic relationships within Michauxia, Legousia and Asyneuma 

Three major clades were recovered within Michauxia, Asyneuma and Legousia for 
matK region and two major clades for nuclear ribosomal DNA ITS tree, although the 
positions of these clades are varied (Figs. 3, 4 and 5). The analyses were carried out for 
separate and combined regions, consisted of eight in-groups and one out-group taxa. 

The clades of matK region as shown in Figure 3 are as follow: Clade A consists of 
only Michauxia nuda with bootstrap support (bs=100%, pp=0.67); clade B consists of 
Legousia falcate, Legousia speculum-veneris, Asyneuma pulchellum and Legousia 
pentagonia and are highly supported (bs=100%, pp=0.96), while the clade C includes of 
Michauxia laevigata, Asyneuma persicum and Asyneuma rigidum var. rigidum and are 
highly supported (bs=100%, pp=0.59). 
 

Figure 3. Strict consensus tree of the most parsimonious tree resulting from phylogenetic 
analysis of the cpDNA matK sequences with a heuristic search using maximum parsimony 
analysis. (Tree length of 1134 steps, CI = 0.873, RI = 0.489, RC = 0.427 and HI =0.304). 

Numbers on the branches indicate bootstrap support, and numbers below branches are 
Bayesian posterior probability values and clades are identified by letters 

 
 

The clades of ITS regions as shown in Figure 4 are as follow: Clade A consists of 
L. falcate, L. speculum-veneris, A. pulchellum and L. pentagonia with bootstrap support 
(bs=100%, pp=0.98); the clade B consists of M. laevigata, M. nuda, A. persicum, and 
A. rigidum var. rigidum, are highly supported (bs=98%, pp=0.90). 

The clades of combined regions as shown in Figure 5 are as follow: Clade A consists 
of A. persicum, A. rigidum var. rigidum, M. laevigata and M. nuda with bootstrap support 
(bs=76%, pp=0.52); the clade B consists of L. pentagonia, A. pulchellum, A. pulchellum, 
and L. speculum-veneris and are highly supported (bs=100%, pp=1.00). 
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Figure 4. Strict consensus tree of the most parsimonious tree resulting from phylogenetic 
analysis of the nrDNA ITS sequences with a heuristic search using maximum parsimony 

analysis. (Tree length of 380 steps, CI=0.934, RI=0.833, RC=0.779 and HI=0.066). Numbers 
on the branches indicate bootstrap support and numbers below branches are Bayesian 

posterior probability values and clades are identified by letters 
 
 

Figure 5. Strict consensus tree of the most parsimonious tree resulting from phylogenetic 
analysis of the combined sequences with a heuristic search using maximum parsimony analysis. 
(Tree length of 1097 steps, CI = 0.846, RI = 0.501, RC = 0.424 and HI=0.154). Numbers on the 

branches indicate bootstrap support and numbers below branches are Bayesian posterior 
probability values and clades are identified by letters 
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Discussion 

Phylogenetic Analysis 

As one of the essential markers in molecular systematics and evolution, matK and 
ITS2 show significant sequence variability at the species level or lower. The availability 
of its structural information permits analysis at a higher taxonomic level, which provides 
additional information for improving accuracy and robustness in the reconstruction of 
phylogenetic trees (Coleman, 2003, 2009). 

Furthermore, ITS2 is potentially useful as a standard DNA barcode to identify plants 
and it is regarded as one of the candidate DNA barcodes because of its valuable 
characteristics, including the availability of conserved regions for designing universal 
primers, the ease of its amplification, and enough variability to distinguish even closely 
related species (Chen et al., 2010). 

The ITS2 sequence lengths of plants were mainly distributed in the 195–510 bps range. 
The identification of plant using DNA barcoding techniques is one of the main tasks in 
natural museums and research institutes. The length of the ITS2 region is sufficiently 
short to allow amplification of even degraded DNA (Meyer and Paulay, 2005). 

Recently,the ITS2 region has been found to vary in primary sequences and secondary 
structures in a way that correlates highly with taxonomic classification. Several 
researchers have already demonstrated the potential for using ITS2 for taxonomic 
classification and phylogenetic reconstruction at both the genus and species levels for 
eukaryotes, including animals, plants, and fungi (Schultz et al., 2005; Coleman, 2007; 
Schultz and Wolf, 2009). 

Based on the analysis of nuclear chloroplast matK data, the species M. nuda shared a 
single sister branch for all other taxa with supports (bs=100%, pp=0.6), due to the unusual 
occurrence and habit. It has differed with both clades B and C in some features as the 
species has between 7-9 number of calyx, corolla and stamens, present of small 
appendages of calyx, the shape of the inflorescence is narrowly conical and also the color 
of the flower is yellow (Fedorov, 1999). Phylogenetic relationships of clade B include 
four species. L. falcata phylogenetically nearest to L. speculum-veneris, they are 
monophyletic in this clade (bootstrap support (bs=100%, pp=0.100)) and differs 
morphologically from each other by calyx lobes, in L. falcata, the calyx lobes reflexed or 
curved downwards while in L. speculum-veneris the calyx lobes are erect and ascending 
(Ghazanfar and Edmondson, 2013). The species A.pulchellum has related with the 
monophyletic group in this clade (bs=71%, pp=0.100), the main difference among related 
monophyletic group is biennial herbs with A. pulchellum and annual herbs in the 
monophyletic group, in the other hand, L. pentagonia was related to above-closed group 
(bs=77%, pp=0.96). The L. pentagonia distinguishes with the related monophyletic group 
by the calyx lobes, which is half as long as the ovary and its capsule not constricted at the 
apex (Damboldt and Davis, 1978). 

The clade C comprises three species, which include M. laevigata, with(and) the 
monophyletic group A. persicum and A. rigidum var. rigidum. The phylogenic 
relationship within this clade is that A. persicum and A. rigidum var. rigidum was 
classified in a monophyletic group with bootstrap support (bs=90%, pp=0.53) due to that 
both species are perennial herbs with black violet flowers and five stamens which are free 
while they differ in the shape of capsule and leaves. The capsule in A. persicum with 
nodding shape and dehiscent by 3 valves to the middle of the apex and the leaves shape 
are between linear to lanceolate while in the closed species, the capsule is oblong and 
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dehiscent by 3 valves to the end of the apex with the presence of oblong leaves 
(Rechinger, 1965). The species M. laevigata related monophyletic to the two first species 
in this clade with (bs=100%, pp=0.59). The main difference was observed within this 
clade is the number of stamens and colors of flowers. The stamens number of M. laevigata 
is between 8-10, and the intensity of flower color is yellow, while in both species in the 
monophyletic group, the number of the stamens is 5 and the color of the flower is violet 
(Tutin et al., 1993). 

Phylogenetic analysis of the nrDNA ITS sequences showed two clades A and B with 
out-group Campanula conferta. The clade A includes four species. L. falcata 
phylogenetically nearest to L. speculum-veneris (bootstrap support (bs=100%, pp=0.98)) 
and differs morphologically from each other by the shape of corolla lobes, in L. falcata, 
the corolla lobes are acute. In contrast, in L. speculum-veneris, the corolla lobes are 
mucronate (Wahlsteen and Tyler, 2019). 

The species A.pulchellum has related to the monophyletic group in this clade (bs=61%, 
pp=0.90), this species differs by having free corolla lobs, while the species in the 
monophyletic group have united corolla lobs (Ghazanfar and Edmondson, 2013). On the 
other hand, the species L. pentagonia was related to the above closed group (bs =82%, 
pp=0.100), this species discriminates from other species in this clade by having longer 
calyx lobes than the corolla tube and has ciliated filaments at the base. The clade B consist 
of four species in two monophyletic groups, the first group consists of M. nuda and 
M. laevigata (bs=85%, pp=0.90) due to the two species are biennial herbs and share in 
many features, while the second monophyletic group includes the two species A. persicum 
and A. rigidum var. rigidum (bs=74%, pp=0.90) because both are perennial herbs and 
have dilated filament at base (Rechinger, 1965). 

Conclusions 

In the present study three major clades within the species of the genera Michauxia, 
Asyneuma and Legousia were identified in the matK-KIM tree compared to combined 
tree which consists of only two clades, in the matK-KIM tree the clade A consists only of 
M. nuda; clade B consists of L. falcate, L. speculum-veneris, A. pulchellum and 
L. pentagonia while the clade C consists of M. laevigata, A. persicum and A. rigidum var. 
rigidum while in the combined tree the species M. nuda found in the clade A within the 
species M. laevigata, A. persicum and A. rigidum var. rigidum, the clade B in both trees 
are similar. The clades of ITS regions consist of two clades are as follow: Clade A consists 
of L. falcate, L. speculum-veneris, A. pulchellum and L. pentagonia, the clade A in ITS 
tree is similar to the clade B of the combined tree while the clade B in ITS tree is similar 
to the clade A in the combined tree. We suggest phylogenic analysis for all genera in the 
campanulacese family in Iraq and that helps to know the more molecular relationship 
among the family genera. 
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Abstract. Marine debris is a global issue and a hot topic in Thailand. This study involved collecting and 
quantifying various types of debris at Libong Island. The study area is Libong Island, a small Island in 
Andaman Sea, with high biodiversity and an important source of sea grass providing a significant and vital 
habitat for endangered dugongs. Debris was collected on sandy beach and mud beach areas between May 
and August 2019. The results indicated that the ceramic and glass debris was found in the greatest number 
followed by plastic and other debris, thin plastic and hard plastic. The major contributing factor for the 
debris abundance in Libong beach was the shoreline and recreational activities which showed that the land-
based sources provided major inputs of plastic pollution at the beaches. The calculation of the Clean Coastal 
Index (CCI) of Libong Island yielded a result of 5.8 at the sandy beach whereas at the mud beach was 0.65. 
Thus, the sandy beach was classified as moderately clean and the mud beach was classified as very clean. 
Keywords: marine litter, plastic, mud beach, dugongs, Thailand 

Introduction 

Marine debris accumulates on virtually all coasts from the poles to the equator (Haynes, 
1997; Convey et al., 2002). Marine debris is defined as all solid materials of anthropogenic 
origin that are discarded at the sea or reach the sea (Rayon-Vina et al., 2018). It can be 
found on the coast, at the sea surface, on the seabed, and even in remote areas (Ivar do Sul 
et al., 2009; Hirai et al., 2011; Eriksen et al., 2014). Marine anthropogenic debris or debris 
is generally defined as “any persistent, manufactured or processed solid material 
discarded, disposed or abandoned in the marine and coastal environment” (Galgani et al., 
2010). Ingestion of marine debris (Tomás et al., 2002; Goldstein and Goodwin, 2013) and 
entanglement by marine organisms, including turtles and seabirds (Matsuoka et al., 2005), 
have been reported from various parts of the world. Humans are also affected by marine 
debris, which contributes heavily to landscape degradation (Somerville et al., 2003; Wyles 
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et al., 2015; Sarafraz et al., 2016). Landscape degradation by debris is not only a matter of 
aesthetics, but also economy (Rayon-Vina et al., 2018). As industrial development has 
accelerated and the manufacture and disposal of plastics have increased, concerns on 
plastic pollution are growing (Chae and An, 2018). There is no doubt today that plastic 
waste generated by the world's populations is accumulating in our seas and oceans at large 
amounts. Numerous marine species including fishes, seabirds, marine mammals and 
turtles have been reported to either ingest plastic or get entangled in marine debris (Kühn 
et al., 2015; Gall and Thompson, 2015). The production of plastics has grown continuously 
since the 1950s, with an increase of 37% over the last decade (Plastic Europe, 2016). 

At present, plastic pollution is considered as a crucial environmental problem (UNEP, 
2014), and it is identified alongside climate change as an emerging issue that might affect 
human health and biological diversity in the near to medium-term future (Sutherland et al., 
2010). Plastic debris and marine wastes are currently important problems of Thailand, 
ASEAN and the world. Thailand is presently ranked as the world's 6th largest marine waste 
releasing country and therefore, the problems of plastic waste and marine wastes in the 
marine and coastal ecosystems are the urgent problems that need to be solved as well as 
other environmental problems caused by other types of pollution. Marine pollution caused 
by floating plastics in the sea certainly affects numerous marine species. As those sea 
creatures eat plastic waste into their bodies or plastic wastes entangle around their bodies, 
this finally causes their fatal injuries and a huge impact on the marine and coastal 
ecosystems. For example, it causes the deaths and injuries of rare sea animals such as sea 
turtles, dolphins and whales, etc. at the rate of 60-70 animals/year. In June 2019, a short-
finned pilot whale died from eating 85 plastic bags at Jana District, Songkhla Province and 
the source of marine waste released by the main activities of communities on the shore 
related to landfills, piers, beach tourism, transportation, fishery, etc. Therefore, the 
management of municipal waste is likely to face the problem regarding the increase in 
amount of municipal waste due to the inadequate reduction of amount of waste caused by 
no efficiency in debris separation at the beginning as well as lack of complete operation of 
waste management including luxury plastic bag consumption. 

Islands, especially the tropical and subtropical zones, are hotspots of biodiversity, 
hosting diverse ecosystems such as seagrass beds, mangroves and coral reefs (Nurse et al., 
2001; de Scisciolo et al., 2016). At the same time, islands are one of the most vulnerable 
environments on Earth and a diversity of processes severely threaten them. These 
processes include climate change (Campbell and Barnett, 2010), sea level rise 
(Leatherman and Beller-Simms, 1997; Williams et al., 2018), unsustainable use of local 
resources (UNEP, 2009), overpopulation (Rangel-Buitrago et al., 2018), and marine debris 
(Bergmann and Gutow, 2015; Lavers and Bond, 2017; Lavers et al., 2019; Williams and 
Rangel-Buitrago, 2019). The study area of this study is Libong Island, Trang Province, 
which is an island with high biodiversity and an important source of sea grass providing a 
significant habitat of endangered dugongs. It is currently encountering waste management 
problems since most islanders get rid of their debris by dumping some of the waste directly 
into the sea. This has certainly affected marine animals such as the dugongs eating sea 
waste resulting in blocking movement of food in their intestines and finally causing the 
death, etc. It can be obviously seen that the problem of marine wastes has a serious adverse 
impact on the environmental integrity and living organisms including human food security 
as well. Therefore, the objective of this investigation was to study the types and amounts 
of marine waste in the sand and mud beach ecosystems of Libong Island which was the 
first study of recording the waste type separation data showing the amount of each type of 
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marine wastes found. This definitely provides valuable information for finding suitable 
ways to manage marine debris for this small island that has the high potential to support 
tourist activities in the future. 

Materials and methods 

Study area 

Libong Island is located at latitude 07°14’-07°17’ N and longitude 99° 22’-09° 27’ E 
on the western coastline of Kantang District, Trang Province, and approximately 2-3 km 
away from the mainland (Fig. 1). Libong Island has a diverse ecosystem, including coral 
reefs, mangrove forests and extensive seagrass beds. The study site is situated on the east 
coast of the island where the large seagrass bed and mud flat can be found.at a depth 
between 0.5-2.8 m above sea level (Wirachwong and Holmer, 2010). Libong Island is 
also important ecological area because it is the significant and vital habitat of the 
endangered dugongs in Trang Province (Adulyanukosol and Thongsukdee, 2006). Libong 
islanders presently earn their living by fishing and gardening. The villages located on the 
island of Libong consist of 4 villages, which are Ban Sai Kaew (Village No. 7), Ban Batu 
Poo Tae (Village No. 4), Ban Lang Khao (Village No. 5) and Ban Kok Sa Ton (Village 
No. 1), Libong Island Subdistrict with a total population of 717 people. The research area 
was Village No. 7 with both mud and sandy beach ecosystems. Our investigation is the 
first study regarding the waste contamination on the Libong Island. This beach was the 
best choice for being selected since it is the largest area of sea grass in the island of 
Libong. This sea grass source is biodiversity importance as well as a food source for 
dugongs. Thus, its ecological system is very delicate and sensitive to marin waste 
pollution. Moreover the mud beach area is a buffer zone between the sandy beach and the 
sea grass area. 
 

Figure 1. Marine debris sampling areas at Village No. 7, Libong Island Subdistrict, Kantang 
District, Trang Province. The sandy beach sampling area included b1 (beachhead) with a 

residential area, b2 (the middle of the beach) possessing vacant land and b3 (the end of the 
beach) with a residential area mixed with a small pier and a few boats. The mud beach 

sampling area was composed of 3 sites: s1 (beachhead), s2 (the middle of the beach) and s3 (the 
end of the beach) 
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Survey method 

Our study on marine and plastic waste type in 2 ecosystems (sandy and mud beaches) 
was conducted by surveying and classifying marine waste according to the UNEP / IOC 
Guideline on Survey and Monitoring of Marine Litter (Cheshire and Adler, 2009). Then, 
the collected data from the UNEP / IOC method was converted and transferred into a 
record form of International Coastal Cleanup (ICC, 2009) which was classified marine 
waste by activity. Marine debris investigation was conducted by collecting marine debris 
samples 1 time per month at Village No. 7, Libong Island Subdistrict, Kantang District, 
Trang Province, between May - August 2019. This sample collection represented the 
samples of rainy season (May - October) under the southwest monsoon  influence . The 
monsoon wind blows toward the sampling area  and therefore during this time tide and 

wind will certainly blow wastemore  into the study area than  of that  other seasons. There 
were 6 sampling sites consisting of 3 sites of sandy and rocky beaches which were b1 
(beachhead) with a residential area, b2 (the middle of the beach) possessing vacant land 
and b3 (the end of the beach) with a residential area mixed with a small pier and a few 
boats. The rest was composed of 3 sites of the mud beach: s1 (beachhead), s2 (the middle 
of the beach) and s3 (the end of the beach). Each debris sampling area covered 
100 x 100 m (consisting of 3 transects with 100 m long for each transect). Walking along 
the transect and collecting all the visible debris were conducted. The collected debris was 
brought back, separated and weighted according to their types. 

Classification and quantification 

This study divided the marine debris into 6 types which were hard plastic, thin plastic, 
fabric and fiber, polymer compound, glass and ceramics and others (foam, steel, metal, 
paper, wood, etc.). Furthermore, debris   released from various activities was divided into  
5   broad categories of origin as follows: 1) Shoreline and recreational activities discarded 
the debris from communities or tourists. 2) Fishing activities and sailing released the 
debris from various types of vessels and fishing equipment. 3) Medical equipment 
released the debris related to sanitary and medical waste. 4) Large size debris was 
abandoned as electrical appliance waste, construction materials, furniture and car 
equipment. 5) Other debris was debris that could not be specified the type of activities 
that generated the debris. 

Calculation of the Clean Coastal Index (CCI) was done for assessing the cleanliness 
level of the coast (Alkalay et al., 2007). It was employed as a tool for evaluation of the 
“Clean Coastal” program that took place in Israel. According to Alkalay et al. (2007), this 
index was calculated using the formula below, with coefficient K (value = 20) inserted 
into the equation for statistical and convenient reasons. The index only took plastic items 
into account. The result corresponded to the beach CCI rank as: “very clean”, 0–2; 
“clean”, 2–5; “moderate”, 5–10; “dirty”, 10–20; or “extremely dirty”, 20 and higher. 
 
 CCI = ((Total number of plastic parts) / (Sampled area)) × K (Eq.1) 
 

It was important to notice that this method only regarded  plastic items with a size 
greater than 2 cm (Marin et al., 2019). Thus, for this study, all items greater than 2 cm 
were recorded. 

The statistical analysis was used to calculate the minimum, maximum, average and 
standard deviation by excel program. 
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Results and discussion 

Quantity of marine debris 

The survey of marine debris samples between May and August 2019 found a total of 
1,400 pieces of marine debris in the study from all the stations (Fig. 2). In June, the largest 
number of debris found was 579 pieces, followed by 509, 191 and 121 pieces of debris 
were found in May, July and August, respectively. The total weight of the debris from all 
the stations from May to August 2019 was 53.4 kg. In May, the highest weight of debris 
was 27.1 kg, followed by 16.3, 6.2, 3.8 kg were found in June, August and July 
respectively since May was the first month of sampling and therefore resulting in a large 
amount of debris was collected. Collecting debris every month consecutively was carried 
out and caused the amount of debris to gradually decrease, such as in July and August, 
the amount and weight of debris found less than half of the amount and weight of debris 
in May. Moreover, the amounts of all the types of debris found in the sandy beach in each 
month were much higher than those of the mud beach (Table 1) and therefore, the sandy 
and rock beaches were much more dirty than the mud beach. It may be because the sandy 
and rock beaches are close to the highest tide line and receive the waste from the 
community nearby and therefore causing more accumulation of debris than that of the 
other areas located offshore. 
 

  
(a) (b) 

  
(c) (d) 

Figure 2. Collecting marine debris samples on (a) sandy beach (b) mud beach; Samples of 
marine debris found at Libong Island (c) debris from staion b1 (beachhead) with a residential 

area and (d) plastic glass found on mud beach 
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Table 1. Abundance and weight of debris collected on Libong Island from May-August 2019 

Sampling location/month 

Debris type 

Plastic 

(hard) 
Plastic 

(soft/thin) 
Fabric 

or fiber 

Polymer 

compounds 

Glass or  

ceramic 
Other Total 

A. Sandy beach        

a. Number of debris (piece)        

May 2019  58 28 10 0 313 75 484 

June 2019  77 107 24 4 254 113 579 

July 2019  18 18 2 2 64 44 148 

Aug 2019  21 23 6 3 38 30 121 
 Total 174 176 42 9 669 262 1332 
 Average 43.50 44 10.50 2.25 167.25 65.5 333 
 SD 28.80 42.20 9.57 1.71 136.79 36.83 255.90 

b. Weight of debris (kg)        

May 2019  1.51 0.42 1.64 0.00 7.61 6.68 17.86 

June 2019  1.33 1.17 1.70 0.38 6.58 5.11 16.27 

July 2019  0.01 0.01 0.01 0.00 1.01 2.75 3.78 

Aug 2019  0.33 0.27 2.03 0.29 1.46 1.79 6.18 
 Total 3.18 1.87 5.38 0.67 16.66 16.33 44.08 
 Average 0.79 0.47 1.35 0.17 4.17 4.08 11.02 
 SD 0.74 0.50 0.91 0.20 3.42 2.22 7.98 

B. Mud beach        

a. Number of debris (piece)        

May 2019  0 6 0 0 0 19 25 

June 2019  0 0 0 0 0 0 0 

July 2019  8 25 1 0 3 6 43 

Aug 2019  0 0 0 0 0 0 0 
 Total 8 31 1 0 3 25 68 
 Average 2 7.75 0.25 0 0.75 6.25 17 
 SD 4 11.84 0.50 0 1.50 8.96 26.80 

b. Weight of debris (kg)        

May 2019  0.00 0.24 0.00 0.00 0.00 9.00 9.24 

June 2019  0.00 0.00 0.00 0.00 0.00 0.00 0.00 

July 2019  0.01 0.00 0.00 0.00 0.00 0.00 0.02 

Aug 2019  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 Total 0.01 0.24 0.00 0.00 0.00 9.00 9.26 
 Average 0.00 0.06 0.00 0.00 0.00 2.25 2.32 
 SD 0.01 0.12 0.00 0.00 0.00 4.50 4.63 

Remark: SD=Standard deviation 

 
 

May was the first waste collection month. From the obtained data of villager interview, 
there was no waste collection in the study area before. Hence, the amount of the collected 
marine waste in May was the accumulate amount of waste before our study. The highest 
amount of glass waste on the sandy beach in May was observed and decreased in the 
following months whereas the reverse was true for plastic waste. It might be possible that 
the waste was transported by sea due to the influence of the southwest monsoon or the 
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wind blew plastic waste from the community to accumulate on the beach. Therefore the 
amount of waste on the beach in June was greater than that in May. 

The high amount of glass and ceramic types found in the sandy beach monthly gave 
the high average quantities of the collected glass and ceramic debris with the high 
standard deviation as compared to other types of debris (Table 1) since the amounts of 
glass and ceram found varied quite a lot among each month (May to August 2019). 
Furthermore, the average number of soft/thin plastic debris found in the mud beach was 
highest as compared to the other debris types (Table 1). This implied that soft/thin plastics 
probably had some potential to accumulate in the mudflat and could be harmful to the 
marine organism in this area. 

The calculation of the Clean Coastal Index (CCI) of Libong Island was 5.8 at sandy 
beach whereas at mud beach was 0.65. Hence, the sandy beach was classified as moderate 
clean and the mud beach was classified as very clean. However, it probably depends on 
the season since Libong Island is affected by both Southwest monsoon and Northeast 
monsoon. 

From Table 1, collecting waste samples was carried out 1-2 days every month during 
the study. This might not be representative amount of the month. However, Libong island 
beach is relatively clean and still natural with less population and tourist activities. 
Therefore, it was expected that the collected waste was accumulated for many days. For 
this research, only one beach sample was collected at Libong Island. The area next to the 
beach is the mud beach and the largest sea grass area of Libong Island with conservation 
area for dugong habitat and no residential area. 

Types of marine debris 

The survey found that the collection of marine debris samples on both the sand and 
mud beaches between May and August 2019, the most common types of debris were glass 
and ceramics = 672 pieces, weight 24.7 kg, followed by other debris = 287 pieces, weight 
25.3 kg, thin plastic = 207 pieces, weight 2.1 kg, hard plastic = 182 pieces, weight 3.2 kg, 
fabric and fiber = 42 pieces, weight 5.4 kg and polymer compound = 10 pieces, weight 
0.7 kg, which was contrary to the study results of Khananurux (2012). She studied the 
amount of each type of marine debris per area of Bangsaen Beach, Chonburi Province 
and found that plastic debris had the highest amount of 34.60 ± 16.03 pieces/ 100 m2, 
followed by cigarette / cigarette butt =7.84 ± 5.67 pieces/100 m2 and rubber = 6.74 ± 3.78 
pieces/100 m2. This was due to the different characteristics of beach area utilization. Bang 
Saen Beach is utilized in the form of tourist attractions and beach activities. Most of the 
debris at Bang Saen Beach is caused by tourists but the sampling areas of Libong Island 
are not a tourist attraction and have communities located nearby the beach. There is a pier 
for small fishing boats in front of the beach and one homestay located at study area. The 
study at Rajamangala Beach located at the mainland of Trang Province showed that the 
total of marine debris found was 296 pieces, total weight 10,433 g consisting of styrofoam 
(51.35%), hard plastic (16.89%) and fiber and fabric (29.89%) (Thammavichan et al., 
2014). The number of pieces was concordant with our study since Libong Island like 
Trang Province was affected by monsoon wind. Thus, the debris found on beach was 
probably released from the communities or influenced by the southwest monsoon during 
May to October. 

The amounts of debris found of each sampling area in sand and rock areas at b1, b2 
and b3 and mud beach areas at s1, s2 and s3 classified by the type of debris (Figs. 3-4) 
were as follows. 
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Figure 3. The amount of marine debris (pieces) in each sampling area classified by debris types 
between May - August 2019. The sandy beach sampling area included b1 (beachhead) with a 
residential area, b2 (the middle of the beach) possessing vacant land and b3 (the end of the 

beach) with a residential area mixed with a small pier and a few boats. The mud beach 
sampling area was composed of 3 sites of the mud beach: s1 (beachhead), s2 (the middle of the 

beach) and s3 (the end of the beach) 
 
 

Figure 4. The weight of marine debris (grams) in each sampling area classified by debris types 
between May - August 2019. The sandy beach sampling area included b1 (beachhead) with a 
residential area, b2 (the middle of the beach) possessing vacant land and b3 (the end of the 

beach) with a residential area mixed with a small pier and a few boats. The mud beach 
sampling area was composed of 3 sites of the mud beach: s1 (beachhead), s2 (the middle of the 

beach) and s3 (the end of the beach) 
 
 

1) Sand and rock beach floors at b1 area had the highest amount of glass and ceramic 
waste = 562 pieces, weight 12.2 kg followed by the other debris = 162 pieces, weight 
7.1 kg and hard plastic =119 pieces, weight 1.8 kg. For the b2 area, the most type found 
was glass and ceramics = 100 pieces, weight 3.7 kg, followed by other debris = 67 pieces, 
weight 6.6 kg and thin plastic = 31 pieces, weight 0.3 kg. The b3 area, the most commonly 
found type was the thin plastic = 75 pieces, weight 0.8 kg followed by the hard 
plastic = 36 pieces, weight 0.9 kg and other debris = 33 pieces, weight 2.5 kg. 
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2) Mud beach area at s1 area possessed the largest amount of other debris = 19 pieces, 
weight 9 kg, followed by the thin plastic = 18 pieces, weight 0.2 kg and the hard 
plastic = 2 pieces, weight 0.01 kg whereas the s2 area, the most type found was the thin 
plastic =13 pieces, weight 0.03 kg followed by the other debris = 6 pieces, weight 0.01 kg. 
For the s3 area, 5 pieces of hard plastic with the weight of 1 kg were found. 

The plastic debris abundance on Libong Island beach was shown in Table 2. The most 
occurrence was plastic bag (25.96%), followed by bottle and tumbler (15.68%) and food 
wrapper (12.85%). Moreover, thin plastic was found at the mud station, whereas hard 
plastic was absent. It probably implied that the lighter debris such as pieces of plastic 
bags could travel longer distance from shore than that of the hard ones with more weight. 
Many studies (e.g. Galgani et al., 2000; Hess et al., 1999) report plastic as the major debris 
collected from coastal zones. On most beaches, plastic items corresponded to over 80% 
of the total items collected. Particularly, plastic debris on beaches can be easily 
fragmented yielding a large amount of microplastics that cannot be collected and can pose 
significant threats to the marine environment (Andrady, 2017; Song et al., 2017). 
 

Table 2. Plastic debris composition on beach at Libong Island from May-August 2019 

No Plastic debris type Number (piece) Occurrence % 

1 Bottle and tumbler 61 15.68 

2 Cups and dish 21 5.40 

3 Spoon and fork 4 1.03 

4 Container 13 3.34 

5 Bottle cap 12 3.08 

6 Straw 6 1.54 

7 Plastic bag 101 25.96 

8 Food wrapper 50 12.85 

9 Toothpaste tube and toothbrush 4 1.03 

10 Other 117 30.08 

Total  389 100.00 

 
 
The amount of marine debris classified by sources of activity 

The survey showed the collection of marine debris samples between May and August 
2019 as follows: The debris from shoreline and recreational activities was found the most 
amount of 1,185 pieces, weight 30.7 kg followed by fishing and sailing activities = 32 
pieces, weight 11.8 kg, large size debris = 164 pieces, weight 10.5 kg, other debris = 17 
pieces, weight 0.4 kg and sanitary and medical debris = 2 pieces, weight 0.06 kg (Fig. 5 
and Fig. 6), which was consistent with the study results of Thamwichan et al. 
(2014). They   found that the marine debris at the Rajamangala Beach, Trang Province and 
Tung Khen Bay, Phuket Province was mostly generated by shoreline and recreational 
activities by more than 50 percent followed by fishing and sailing activities 30 percent. 
That most debris came from land activities which was abandoned and blown to a river 
and then flown along the water path into the sea. The rest came from coastal activities 
related to various types of boats such as fishing boats, cargo vessels, piers, fishing, etc. 

From the survey of the amounts and types of marine debris in each month, it was found 
that the sampling area that received the most debris was b1 (beachhead) at the sand and 
rock beach since there were communities nearby with a pier for small fishing boats in 
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front of the beach. The activities that caused the most amount of debris were shoreline 
and recreational activities. This was probably caused by most debris coming from 
neighboring communities and the influence of the passing southwest monsoon wind. This 
corresponded to the sampling area of s1 (beachhead) at the mud beach where most debris 
from shoreline and recreational activities was found. This study found that the most 
activities generating debris were certainly caused by shoreline and recreational activities 
which was well agreed with the previous study of Kumar et al. (2016). 
 

Figure 5. The amount of marine debris (pieces) classified by debris-generating activities 
between May - August 2019 

 
 

Figure 6. The weight of marine debris (g) classified by debris-generating activities between 
May - August 2019 

 
 
The amount of marine debris classified by sources of habitat 

The amounts of debris in each sampling area at the sand and rock beach areas namely 
b1, b2 and b3, and the mud beach areas namely s1, s2 and s3 based on the classification 
of debris-generating activities were found  as follows: 
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1) Sand and rock beach 
Debris was mostly found in the area of b1 approximately 950 pieces, weight 27.6 kg, 

which was the most debris from shoreline and recreational activities (808 pieces, weight 
19.8 kg), followed by large size waste (110 pieces, weight 5.1 kg) and fishing and sailing 
activities (amount 20 pieces, weight 2.3 kg), followed by b2 area, 222 pieces, weight 
11.3 kg. The debris of b2 consisted of the debris released from shoreline and recreational 
activities (172 pieces, weight 5.9 kg), followed by large size debris (43 pieces, weight 
4.9 kg) and other debris (4 pieces, weight 0.04 kg). For the total debris of b3 found was 
160 pieces, weight 5.2 kg, which were the most debris generated from shoreline and 
recreational activities (144 pieces, weight 4.6 kg), followed by large size debris (8 pieces, 
weight 0.5 kg) and the debris from the activities of fishing and sailing (7 pieces, weight 
0.1 kg). 

2) Mud beach 
The s1 area had the most amount of debris found (40 pieces, weight 9.2 kg) consisting 

of the most amount of debris from shoreline and recreational activities (38 pieces, weight 
0.3 kg), followed by fishing and sailing activities (2 pieces, weight 8.9 kg). For the s2 
area possessed the total amount of 23 pieces, weight 0.45 kg that consisted of the most 
debris generated from shoreline and recreational activities (19 pieces, weight 0.05 kg) 
followed by large size debris (3 pieces, weight 0.03 kg) and other debris (1 piece, weight 
0.01 kg). The total amount of debris found at the s3 area was 5 pieces, weight 0.01 kg, 
which were mostly generated from shoreline and recreational activities (4 pieces, weight 
0.07 kg), followed by fishing and sailing activities (1 piece, weight 0.04 kg). 

The above study results were consistent with the study results of Kaikaew et al. (2017). 
They found the distribution of plastic debris at Tha Wang Beach by collecting samples 
along a perpendicular line transecting along the coast starting from the highest tide line 
down to the sea with a length of 50 m. Therefore, the nature of the accumulation of debris 
with high amount at the beginning of the line transect and gradually reduced to the end 
which was attributed to the nature of the surveyed area with almost entirely rocky area. 
The current normally carries plastic debris into rock beach during the high tide and the 
debris will be trapped during the low tide. The characteristics of the aforementioned study 
area was similar to the Libong Island sampling areas having a sandy beach with about 10-
20 m long (from the highest sea level) and next to it was rock and mud beaches. Thus, it 
caused more debris in the sampling areas of sand and rock beaches (b1, b2 and b3) than 
that of the mud beach (s1, s2 and s3). Apart from that the spatial distribution of marine 
debris depends on the density differences of the materials, as lighter ones will be 
transported further (Ryan et al., 2009). Thus, the removal of large-sized plastic debris 
from coastal areas is the most practical approach to reduce the accumulation of debris 
including microplastics (Lee et al., 2019). 

Conclusion 

From the collection of marine waste 4 times between May - August 2019 in the area 
of the sand and mud beaches revealed that the most common found wastes were ceramic 
and glass debrises, followed by plastics mostly consisting of the plastic bags. The marine 
wastes found in our invetigation came from coastal and recreational activities. However, 
further research is needed to identify the sources of the wastes whether they came from 
the communities on the island of Libong or were transported by currents from the coast 
of Trang Province or waves from the sea. 
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The data obtained from this study can help to indicate material types of marine debris 
in Libong Island. The result showed that the beaches of Libong Island were still fairly 
clean and had not much plastic debris accumulation as compared to other areas. Regular 
monitoring of marine debris are suggested since Libong Island is a hotspot of biodiversity 
as well as vital and important habitat of endanger species, dugongs. 

From the research, it was concluded that Libong Island is a small island with 
agricultural communities on the island. It has sandy and mud beach ecological systems 
and seagrass that is still natural. The research team proposed the suggestion regarding the 
marine waste management by increasing the waste collection area to cover the remaining 
beaches of the island especially the beaches with no community since a lot of plastic 
wastes were found during May - October. They were probably transported by the 
influence of the southwest monsoon. The people responsible for implementing waste 
management activities should consist of the personnel of Libong Island Non-Hunting 
Area providing waste management plan and budget, the Libong Island School supporting 
labor and Libong Island Subdistrict Administrative Organization supporting the tools 
(waste handling equipment). Research groups from Prince of Songkla University and 
Rajamangala University of Technology Srivijaya, Trang Campus had research knowledge 
on Libong Island waste management and a role to coordinate among government and 
private organizations. They proposed the use of various technologies and participate in 
surveying, collecting, classifying waste and inventing new products from the wastes 
(innovation) of the Libong Island area. 
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Abstract. The aim of the present study was to establish how a selection of herbivore-induced plant 
volatiles (HIPVs) regulate the behavioral response of Fopius arisanus. A total of ten HIPVs were selected 
which are major bioactive components produced by fruits immediately after being infested with eggs of 
Bactrocera dorsalis, a common pest parasitized by F. arisanus. The behavioral and electroantennogram 
(EAG) responses of both sexes of F. arisanus to these chemicals were investigated. Our results suggest 
that all tested HIPVs can elicit different levels of antennal and behavioral response for both sexes at a 
variety of concentrations. There were no significant differences in response levels between sexes for all 
compounds, except trans farnesol at a concentration of 10-2 ml/ml (v/v), indicating that it may be of value 
in biological control programs using F. arisanus. Furthermore, we observed that the behavioral and EAG 
dose-dependent curves of both sexes of F. arisanus could be largely divided into four types, namely 
steady decrease (ethyl octanoate, methyl octanoate, linalool, tetradecane, pentadecane), steady increase 
(trans farnesol), inverted V (cis-3-hexenyl acetate, β-myrcene, β-ocimene) and fluctuating 
(benzaldehyde). The ecological role of these HIPV components in the host location process of F. arisanus 
is discussed. 
Keywords: HIPVs, biological control, EAG response, behavioral responses, infochemicals 

Introduction 

Within the context of biological control programs, the effectiveness of a parasitoid 
relies heavily on its capacity to search for suitable hosts (Godfray, 1994). Insects have 
developed multisensory systems for perceiving various cues from their habitats, 
including visual, chemical and vibrational cues, which are utilized in an interactive 
manner to make foraging choices (Schellhorn et al., 2014). Of these, chemical cues play 
the most important role and influence activities such as food finding, mate searching 
and escaping natural enemies and competition. These, in turn, affect the large-scale 
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geographical distribution of insect populations (Schoonhoven et al., 2005; Vinatier et 
al., 2011). Chemical cues from either the phytophagous host or its habitat may be used 
by parasitoids at long- and short-range. Generally, cues derived from the host are less 
detectable but a more reliable indication of the presence of herbivorous hosts. Cues 
from the host plant, on the other hand, are less reliable but more detectable, which 
presents the parasitoid with a reliability-detectability dilemma (Vet and Dicke, 1992). 

 Parasitoids have developed diverse tactics to overcome this predicament, one of 
which is the utilization of herbivore-induced plant volatiles (HIPVs) as reliable cues to 
find their herbivorous hosts in a complex odorous environment. This also has the 
indirect effect of defending host habitats from infestation (Vet and Dicke, 1992; Ngi-
Song et al., 2000). These volatiles usually comprise hundreds of chemical components 
distributed within the green leaf volatiles, and include esters, aromatic compounds, 
monoterpenes, sesquiterpenes and homoterpenes (Degenhardt et al., 2009); however, 
not all components of HIPVs trigger behavioral responses in parasitoids. In some 
tritrophic contexts, single critical compounds only or a blend of compounds with 
specific ratios have been found to affect the recruitment and recognition of insects 
(Bruce and Pickett, 2011). This indicates that it is necessary to investigate how 
parasitoids respond to volatile infochemicals for each parasitoid-host system and to 
characterize which infochemicals are involved. 

The subject of the present research is Fopius arisanus Sonan (Hymenoptera: 
Braconidae), an egg-pupal endoparasitoid originating in the Indo-Pacific region and 
known to parasitize the eggs and first instars of approximately 40 frugivorous tephritid 
fruit fly species (Bautista and Harris, 1996; Rousse et al., 2007a). This parasitoid was 
introduced into Hawaii at the end of the 1940s and into French Polynesia later in 2002; 
in both cases it rapidly became the dominant parasitoid of tephritid pests, greatly 
suppressing the populations of Bactrocera dorsalis Hendel and Ceratitis capitata 
Wiedemann (Diptera: Tephritidae), respectively (Vargas et al., 2007, 2012, 2013). 
These cases of successful application demonstrated that F. arisanus possessed a huge 
potential for augmentative biological control, alone or in combination with other 
management measures to control fruit flies (Harris et al., 2000). 

The biology of F. arisanus is well-known, and its host-searching behavior has been 
reported on coffee fruits infested by C. capitata eggs (Wang and Messing, 2003). 
Furthermore, many studies have investigated the relationships between fly-infested 
plants and the ovipositional behavior or parasitism performance of parasitoids (Liquido, 
1991; Harris and Bautista, 1996; Bautista et al., 2004; Ayelo et al., 2017). Additionally, 
F. arisanus was fascinated with fresh guava and orange fruits (Altuzar et al., 2004), and 
infestation by Anastrepha eggs enhanced this attraction (Rousse et al., 2007b; Pérez et 
al., 2013). In recent years, our research team has analyzed the volatile components of 
four host crops, namely guava (Psidium guajava L. [Myrtales: Myrtaceae], banana 
(Musa paradisiaca L. [Zingiberales: Musaceae]), citrus (Citrus sinensis L. [Sapindales: 
Rubiaceae]) and tomato Solanum lycopersicum Mill. [Tubiflorae: Solanaceae], by gas 
chromatography-mass spectrometry (GC-MS). We found that after egg deposition by B. 
dorsalis, host fruits can emit ten new chemical components in comparison with non-
infested fruits (Gu et al., 2017). When we compared these volatile compounds with the 
volatile profile of the egg surface of B. dorsalis (Ji et al., 2016), we found that the 
emitted compounds derived from the fruits, rather than from the host pest. Until now, 
the ecological role of HIPVs emitted from fruits after B. dorsalis infestation in the host-
location behavior of F. arisanus is poorly understood. 
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The purpose of the present research was to construct dose-response curves of key 
bioactive HIPVs that modulate the tritrophic system using electrophysiological and 
behavioral assays. Understanding how parasitoids respond to such chemicals will 
significantly contribute to the current knowledge on insect chemical communication and 
hopefully improve their effectiveness as biological control agents against destructive 
fruit pests like B. dorsalis. 

Materials and methods 

Parasitoid rearing 

The initial colony of parasitoid F. arisanus was obtained from a field culture, reared 
on B. dorsalis eggs as described by Manoukis et al. (2011). Experimental parasitoids 
were kept at the insect mass rearing chamber of the Beneficial Insects Institute, Fujian 
Agriculture and Forestry University (BII, FAFU), Fujian Province, China under 
conditions of 25 ± 1 °C, 65 ± 5% relative humidity (RH), and a L:D photoperiod of 
10:14 h. The laboratory-reared strains were periodically introduced with a parasitoid 
population collected from the field to prevent genetic decline and to preserve the 
original behavioral properties of the species. Naïve mated parasitoid females and males 
aged 7–12 days (without previous exposure to host or plant odors) acquired from the 
fifth to sixth generation were used in the assays. All experiments were conducted 
between 08:00 and 16:00. 

 
Chemical components 

Ten chemical standards, namely ethyl octanoate, benzaldehyde, methyl octanoate, 
linalool, tetradecane, pentadecane, cis-3-hexenyl acetate, β-myrcene, trans farnesol and 
β-ocimene, were used in electroantennogram (EAG) and behavioral assays. Information 
on these standards is listed in Table 1. Each compound was dissolved into n-hexane 
(purity > 99%; Beijing solabo Technology Co., Ltd, Beijing, China) and diluted to 
concentrations of 10-1, 10-2, 10-3, 10-4 and 10-5 ml/ml (v:v) for the dose-response tests. 
Diluted standards were maintained in a refrigerator at 4 °C until required. 

 
Table 1. Details of the ten chemical standards 

Chemicals Formula CAS no. Purity (%) Storage condition Source 

Benzaldehyde C7H6O 100-52-7 98.5 Room temperature Shanghai Macklin Biochemical Technology Co., Ltd 

Ethyl octanoate C10H20O2 106-32-1 99 Room temperature Shanghai Macklin Biochemical Technology Co., Ltd 

Methyl octanoate C9H18O2 111-11-5 99 
Room temperature, 

dry, sealed 
Shanghai Macklin Biochemical Technology Co., Ltd 

Linalool C10H18O 78-70-6 98 Room temperature Shanghai Macklin Biochemical Technology Co., Ltd 

Tetradecane C14H30 629-59-4 98 Room temperature Shanghai Macklin Biochemical Technology Co., Ltd 

Pentadecane C15H32 629-62-9 98 Room temperature Shanghai Macklin Biochemical Technology Co., Ltd 

cis-3-hexenyl 
acetate 

C8H14O2 3681-71-8 98 Room temperature Shanghai Macklin Biochemical Technology Co., Ltd 

β-myrcene C10H16 123-35-3 90 2–8 ℃ Aladdin reagent (Shanghai) Co., Ltd 

Trans farnesol C15H26O 106-28-5 97 2–8 ℃ Shanghai Macklin Biochemical Technology Co., Ltd 

β-ocimene C10H16 
13877-91-

3 
90 Room temperature Shanghai Macklin Biochemical Technology Co., Ltd 
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Choice measurements 

This bioassay was designed to determine whether different concentrations of HIPVs 
imposed differing impacts on the behavioral responses of F. arisanus. This was done 
using a six-choice olfactometer as described by Gu et al. (2018). The test area 
comprised a release area, an adapting area, a selection area and six 100-ml odor bottles. 
Humidified and charcoal-filtered air was passed through the test area uniformly at a rate 
of 200 ml/min. A piece of cotton wool was placed in each odor bottle which was 
moistened with 200 μl of the test component; one concentration was used for each bottle 
and pure n-hexane served as the control group. Each trial was tested with only one 
chemical type. Prior to the experiment, F. arisanus adults were starved for 1 h to 
improve their sensitivity to odor. One group of 30 parasitoids of the same sex were then 
concomitantly introduced into the release area. Based on pre-observations, most 
parasitoids need about 30 min to adapt to this experimental apparatus and then make a 
“choice”. Therefore, after 30 min the number of parasitoids that stayed at each area for 
at least 10 s or trapped in each odor bottle was documented. The response rate was then 
calculated using the following formula: 

 

 

100=
release

response

response
N

N
R

  
 

Nresponse denotes the number of selected males or females and Nrelease denotes the total 
number of released males or females. After each trial, the parasitoids were removed and not 
used again in the experiment. The apparatus was then cleaned using an abluent and then 
75% ethanol, rinsed using distilled water, and thereafter dried for several hours with an air-
blowing drier. After each individual trial, different chemicals of various concentrations 
were randomly deposited into odor bottles to eliminate any positional effects. Six replicates 
were performed for each six-choice experiment of each chemical type. 

 
Antennal preparation and EAG measurements 

In order to evaluate the dose-dependent effects of each volatile component, the EAG 
technique was used to determine the electrophysiological responses of the antennae of 
male and female F. arisanus to volatile components at different concentrations. The 
antennae of F. arisanus adults were completely excised with the aid of a 
stereomicroscope and a few top flagellar segments of the antennae were cut off. 

Thereafter, the cut antennal tips were inserted into Ag-AgCl glass electrodes filled 
with saline solution, which was used to maintain an electrical connection between the 
electrodes. The EAG response signals were passed through a high impedance amplifier 
(IDIC-2, Syntech, Hilversum, Netherlands) and further processed with EAG software 
(Syntech). 

Different concentrations of the tested components diluted with n-hexane (control) 
were exposed in ascending order to abate the effect of olfactory adaptation possibly 
caused by strong stimulation. Stimulus solutions were prepared by first pipetting 20 μl 
of each solution onto individual filter papers (6 × 15 mm), and thereafter allowed to 
adequately diffuse for 2 min before the assay. The stimuli were pipetted onto filter 
paper strips and were immediately deposited in disposable Pasteur pipettes that in turn 
were connected to an air flow control device (Syntech CS-05, Netherlands Syntech Co., 
Ltd.) which continuously flowed purified and humidified air over the prepared antennae 
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at a rate of 100 ml/min. Each air tube was placed 10 mm from the antenna. The control 
stimulus containing n-hexane was tested both at the beginning and end of each trial to 
ensure that the preparations were functional throughout. Five antennae were used for 
each chemical, and each assay was replicated five times. The electrophysiological 
response of F. arisanus to each chemical was expressed by the EAG relative value 
(RVEAG), which was calculated using the following formula: 

 

 21

21

cc

EAG
VV

VV
RV

+
+

=
  

 
V1 and V2 denote the two EAG values of the test compounds, and Vc1 and Vc2 denote the 
two EAG values of the control treatments at the start and the end of each replicate, 
respectively. 

 
Statistical analysis 

Statistical differences between concentrations for both the behavioral responses and 
EAG relative values were evaluated using Tukey’s honestly significant differences 
(HSD) test for multiple mean comparisons after ANOVA. A comparison of the 
differences between male and female parasitoids was conducted using a independent t-
test. In both cases P < 0.05 was considered statistically significant. All statistical 
analyses were performed using SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA). 

Results 

The tendencies of response rates and EAG relative values of F. arisanus to ten 

synthetic HIPVs at different concentrations 

Our results show that all dosages of the tested components can elicit different levels 
of antennal and behavioral response in F. arisanus (both male and female). The 
response rates and EAG relative values of both sexes of F. arisanus to the same 
component showed some significant differences between concentrations (Figs. 1-10; F 
and P values see Table 2). 

The dose threshold that can trigger the statistically highest behavioral and antennal 
response for each compound is shown in Table 2. It can be seen that both parasitoid 
females and males have a diverse dose threshold range for different chemicals. 
Furthermore, for each chemical, there was no difference in trend between males and 
females for both the response rate and EAG relative values. Benzaldehyde is an 
exception to this rule, for which the EAG relative values steadily decreased as the dose 
increased whereas the behavioral response rates of parasitoid males fluctuated with 
concentration (Fig. 2). The tendencies of the response rates and EAG relative values of 
F. arisanus males and females could be divided into the 4 types described below. 

 
Steady decrease 

Response rates and EAG relative values of both male and female F. arisanus 
declined as the dose increased for ethyl octanoate, methyl octanoate, linalool, 
tetradecane and pentadecane (Figs. 1 and 3-6). For benzaldehyde, both male and female 
EAG relative values and female response rates belonged to this type (Fig. 2B). 
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Figure 1. Behavioral (A) and EAG (B) dose-responses of F. arisanus to ethyl octanoate. The data 
are expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
 
 

  

Figure 2. Behavioral (A) and EAG (B) dose-responses of F. arisanus to benzaldehyde. The data 
are expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
 
 

  

Figure 3. Behavioral (A) and EAG (B) dose-responses of F. arisanus to methyl octanoate. The data 
are expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
 
 

  

Figure 4. Behavioral (A) and EAG (B) dose-responses of F. arisanus to linalool. The data are 
expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 
significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
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Figure 5. Behavioral (A) and EAG (B) dose-responses of F. arisanus to tetradecane. The data 
are expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
 
 

  

Figure 6. Behavioral (A) and EAG (B) dose-responses of F. arisanus to pentadecane. The data 
are expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
 
 

  

Figure 7. Behavioral (A) and EAG (B) dose-responses of F. arisanus to cis-3-hexenyl acetate. The 
data are expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
 
 

  

Figure 8. Behavioral (A) and EAG (B) dose-responses of F. arisanus females to β-myrcene. The 
data are expressed as mean ± SE. Different letters indicate significant differences between 

concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
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Figure 9. Behavioral (A) and EAG (B) dose-responses of F. arisanus to trans farnesol. The data are 
expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05). Asterisks 
indicate significant differences between females and males using an independent t-test at P < 0.05 

 
 

  

Figure 10. Behavioral (A) and EAG (B) dose-responses of F. arisanus to β-ocimene. The data 
are expressed as mean ± SE. Different uppercase (female) or lowercase (male) letters indicate 

significant differences between concentrations (Tukey’s HSD test after ANOVA, P < 0.05) 
 
 

Steady increase 

Response rates and EAG relative values increased as the dose increased and peaked 
at the highest concentration. This applied only to trans farnesol (Fig. 9). 

 
Inverted V 

Response rates and EAG relative values increased as the doses increased and peaked 
at a specific dose, then reduced as the dose further increased. The group comprised the 
results for cis-3-hexenyl acetate, β-myrcene and β-ocimene (Figs. 7, 8 and 10). 

 
Fluctuating 

Only one trend was recorded as having this type: the response rates of F. arisanus 
males to benzaldehyde which first decreased, then increased, then decreased as the 
concentration increased (Fig. 2A). 

 
Differences between sexes in their behavioral and antennal responses 

In most cases, there were no significant differences in either the EAG relative values 
or the response rates of parasitoids between males and females at each concentration. 
However, for trans farnesol significant differences in response rates were observed at 
concentrations of 10-4 (F = 0.007, t = 3.892, P = 0.004) and 10-2 ml/ml (v/v) (F = 2.230, 
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t = -3.683, P = 0.004) (Fig. 9A) and for the EAG relative values at 10-2 ml/ml (v/v) 
(F = 0.005, t = -2.749, P = 0.021) (Fig. 9B). 

 
Table 2. Concentration threshold (ml/ml) of different components that trigger the 
statistically highest response rate and EAG relative values of F. arisanus 

Chemicals 

Behavioral response EAG relative values 

Female Male Female Male 

Threshold F and P  Threshold F and P  Threshold F and P  Threshold F and P  

Benzaldehyde 0–10-5 
F=7.061, 
P<0.001 

0 
F=9.272, 
P<0.001 

10-5 
F=30.163, 
P<0.001 

10-5 
F=24.399, 
P<0.001 

Ethyl octanoate 0–10-3 
F=6.992, 
P<0.001 

0–10-4 
F=15.802, 
P<0.001 

10-5–10-4, 10-2 
F=10.801, 
P<0.001 

10-5–10-4 
F=11.532, 
P<0.001 

Methyl octanoate 0–10-3 
F=13.277, 
P<0.001 

0–10-2 
F=5.746, 
P=0.001 

10-5 
F=13.794, 
P<0.001 

10-5–10-3 
F=7.913, 
P=0.001 

Linalool 10-5–10-4 
F=8.506, 
P<0.001 

0–10-2 
F=5.120, 
P=0.002 

10-5–10-4 
F=9.645, 
P<0.001 

10-5–10-4 
F=7.142, 
P=0.001 

Tetradecane 0–10-4 
F=4.891, 
P=0.002 

0–10-3 
F=4.708, 
P=0.003 

10-4 
F=8.905, 
P<0.001 

10-5–10-4 
F=5.093, 
P<0.001 

Pentadecane 10-5 
F=17.590, 
P<0.001 

10-5 
F=7.483, 
P<0.001 

10-5 
F=14.349, 
P<0.001 

10-5 
F=13.000, 
P<0.001 

cis-3-hexenyl 
acetate 

10-3–10-2 
F=12.120, 
P<0.001 

10-3 
F=19.917, 
P<0.001 

10-3 
F=21.630, 
P<0.001 

10-3–10-2 
F=16.451, 
P<0.001 

β-myrcene 10-3 
F=18.641, 
P<0.001 

10-4–10-3 
F=10.917, 
P<0.001 

10-4–10-3 
F=19.490, 
P<0.001 

10-4–10-3 
F=21.823, 
P<0.001 

Trans-farnesol 10-2–10-1 
F=32.970, 
P<0.001 

10-2–10-1 
F=24.057, 
P<0.001 

10-2 
F=31.240, 
P<0.001 

10-2–10-1 
F=14.070, 
P<0.001 

Discussion 

Plants can alter the emission of their volatile profile in response to herbivore foraging 
or pest oviposition (Hilker and Meiners, 2011). The selective exploration of HIPVs by 
parasitoids when searching their phytophagous hosts has been recorded on different 
parasitoids species (Dicke and van Loon, 2000), concentrated on those that parasitize 
folivorous larvae. Recently, various methods of parasitoid-based pest control have been 
developed that incorporate the use of volatile infochemicals as part of non-toxic, low-
cost and effective strategies (Pickett et al., 2014). Infochemicals are disseminated 
through plants as a defense mechanism to directly and/or indirectly protect themselves 
from infestation by pests (Khan et al., 2010). For example, foraging parasitoids use 
HIPVs (a type of infochemicals) as reliable cues at both long- and short-range to locate 
their hosts in nature; this effectively protects the infested plant from their pests (Ngi-
Song et al., 2000). Numerous studies have demonstrated that infestation by tephritid 
fruit flies, including B. dorsalis, enhances the attraction of F. arisanus adults to diverse 
crops species (Rousse et al., 2007b; Pérez et al., 2013; Ayelo et al., 2017; Gu et al., 
2017). Thus, using infochemicals from the host habitats of pests will help design and 
enhance parasitoid-based biological control programs. It is essential to evaluate which 
volatile composition are identified at the olfactory level along with the minimum 
dosages required to evoke behavioral responses in a particular parasitoid (James, 2005). 

Our research group has previously qualitatively and quantitatively compared the 
volatile profiles of four kinds of host crops before and after oviposition by B. dorsalis. 
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The results suggested that ten compounds were exclusive to infested crops compared to 
healthy ones, and are generated by the host crop rather than the pest (Gu et al., 2017; Ji 
et al., 2016). Indeed, we concluded that guava fruits release benzaldehyde, cis-3-
hexenyl acetate, tetradecane, pentadecane and trans farnesol, and that citrus fruit release 
ethyl octanoate, methyl octanoate, pentadecane, β-ocimene, linalool and β-myrcene in 
response to infestation by B. dorsalis (Gu et al., 2017). The emissions of most of these 
HIPVs is possibly attributed to the infested crop’s active defense response because they 
are only detected after herbivore infestation and they are not emitted from healthy fruit, 
which is important in the host location process of parasitoids. Our present study 
revealed that these ten HIPV components, at different concentrations, can elicit different 
levels of electrophysiological and behavioral response in both sexes of F. arisanus. This 
provides yet more evidence that F. arisanus uses chemical cues derived from host 
crops, in concordance with speculations by other authors (Altuzar et al., 2004; Ayelo et 
al., 2017) 

 Insects are equipped with a highly sensitive olfactory system that enable them to 
probe and distinguish related volatile infochemicals with a high level of specificity and 
selectivity (Bruce and Pickett, 2011). By using electrophysiological and behavioral 
studies, it is possible to identify potentially bioactive volatile compounds and establish 
their biological function in parasitoids (Webster et al., 2010). In the present research, 
behavioral choice and EAG assays in F. arisanus confirmed 10 synthetic HIPVs to be 
biologically active. It is worth noting that among these volatile components, many 
single components have been demonstrated as eliciting positive behavioral or/and EAG 
responses in other braconids parasitoids [e.g. linalool for Cotesia marginiventris 
Cresson (Ngumbi and Fadamiro, 2012), ethyl octanoate for Psyttalia concolor 
Szépligeti (Benelli et al., 2013), benzaldehyde for Lysiphlebia japonica Ashmead (Hou 
et al., 2008), tetradecane and cis-3-hexenyl acetate for Microplitis croceipes Cresson 
(Morawo et al., 2016; Chen and Fadamiro, 2007), β-myrcene and β-ocimene for 
Aphidius ervi Haliday (Corrado et al., 2007; Takemoto and Takabayashi, 2015) 
(Hymenoptera: Braconidae)] or in other hymenopteran parasitoids [e.g. pentadecane for 
Trichogramma exiguum Pinto and Platner (Paul et al., 2002) (Hymenoptera: 
Trichogrammatidae) and trans farnesol for Diaeretiella rapae M’Intosh (Hymenoptera: 
Aphidiidae)] (Reed et al., 1995). 

The behavioral and EAG dose–response curves of the ten compounds studied in the 
present research can be divided into four types: steady decrease, steady increase, 
inverted V and fluctuating. Regarding the group “steady decrease”, the strongest 
response was obtained at the lowest dose, whereas for “steady increase”, this was 
obtained at the highest dose. We therefore speculated that F. arisanus may have a 
dosage threshold for perceiving different components which can trigger corresponding 
levels of behavioral responses and physiological activities. For example, if the dosage is 
lower than the threshold value, the olfactory sensitivity of the parasitoids would elevate 
as the dose increased; however, if the dosage is higher than the threshold, sensitivity 
would descend as the dose increased. According to this, the concentration threshold of 
the volatile components that belonged to the group “inverted V” could be easily 
determined, i.e. cis-3-hexenyl acetate, β-ocimene and β-myrcene at 10-3 ml/ml (v/v). The 
step-like ability of benzaldehyde to lure F. arisanus was observed at our tested 
concentrations. Hiroyuki and Junji (2015) also reported a similar response in a braconid 
parasitoid to a volatile substance: using a Y-tube olfactometer, they found that A. ervi 
females, an effective natural enemy of several aphid species, were significantly attracted 
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to α- phellandrene at doses of 30 and 0.1 ng, but not at 10- and 1- ng. Both our findings 
and those of Hiroyuki and Junji (2015) indicate that HIPVs can carry information at a 
variety of dose ranges, instead of being restricted to a single optimal dose range. The 
reason why F. arisanus has evolved to respond to two dose ranges in their host location 
behavior warrants further investigation. 

The behavioral dose-response curves of volatile substances belonging to the “steady 
decrease” group are of particular interest. Of these compounds, only benzaldehyde at a 
concentration of 10-5 ml/ml (v/v) attracted significantly fewer parasitoids compared to 
the control group, whereas in contrary to other compounds in this group. This suggested 
that benzaldehyde at our tested concentrations may impose a dose-dependent repellant 
effect on F. arisanus. The ecological role of benzaldehyde on parasitoids deserves 
further investigation. Regarding the differences between sexes, both the behavioral and 
EAG responses exhibited similar trends. Only one compound showed a significant 
difference, i.e. trans farnesol at 10-4 and 10-2 ml/ml (v/v) for behavioral responses and 
10-2 ml/ml (v/v) for EAG responses. We hypothesize that both female and male F. 
arisanus may utilize the same olfactory receptors to perceive the other nine 
infochemicals (although with varying sensitivity), whilst having distinct sensing 
mechanisms for trans farnesol. In parasitoid-based biological control programs, the 
female has a vital role in pest suppression, directly resulting in the death of pests (Mills 
and Getz, 1996); thus, trans farnesol may be a more valuable volatile component. 

In summary, HIPVs are considered as kairomones for several parasitoid species 
(Carrasco et al., 2005; Dweck et al., 2010; Benelli et al., 2013) and have already been 
successfully applied in the field (Uefune et al., 2012). However, detailed knowledge 
concerning the effect of HIPVs on the host-seeking behavior of biological control 
agents in the field requires further investigation prior to any possible commercial 
utilization (Kaplan, 2012). Besides recruiting beneficial arthropods, we believe that 
suitable HIPV candidates for field application should also possess additional useful 
features: (1) improving the defensive activities of intrinsic or imported biological 
control agents; (2) repelling pests or impose negative effects on the colonization and 
development of damaging pests; (3) exerting positive effects on the crop of economic 
importance; (4) without any adverse effects on non-target organisms or environment. 
For example, methyl salicylate at a certain concentration can not only attract Aphidius 
gifuensis Ashmead females (Hymenoptera: Braconidae) (Song, 2019), but can also 
inhibit the colonization and development of Myzus persicae Sulzer (Hemiptera: 
Aphididae) on tobacco leaves and provide a repellant effect (Liu et al., 2013). 
Furthermore, this substance can improve the parasitism performance of Anagrus 
nilaparvatae Pang et Wang (Hymenoptera: Mymaridae) towards eggs of Nilaparvata 
lugens Stal (Homoptera: Delphacidae) eggs (Wang and Lou, 2013). 

Outside of direct field application, HIPVs also could be applied to enhance the 
effectiveness of mass-rearing beneficial insects since these compounds can improve the 
parasitization performance on alternative hosts. In another use, the host-seeking ability 
of F. arisanus females could be augmented by associative learning using the bioactive 
volatile compounds: the compounds could be incorporated into the diet of parasitoids at 
different phases and/or through a “reward” strategy before field release. As such, HIPVs 
with multiple positive ecological roles could achieve many things simultaneously, thus 
enhancing the efficiency of a series of plant protection strategies. Accurately 
characterizing these chemicals, along with investigating their potential in a variety of 
applications, is therefore of great value in integrated pest management. 
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Conclusion 

Infochemicals are produced from either the herbivorous host or its habitat and are 
used by parasitoids use to search for their hosts. A greater understanding of the 
tritrophic context of fruit – fruit fly – parasitoid systems will help improve the 
effectiveness of biocontrol programs that use parasitoids against destructive pests. In the 
present study, our results demonstrated that individually applied HIPVs can elicit 
different levels of antennal and behavioral responses from both sexes of F. arisanus 
when used at a variety of concentrations. This indicates that the tested components 
could be utilized to modulate parasitoid behavior, at least under laboratory conditions. 
However, thus far, the field application of a specific infochemical has only been 
reported for the pest sex pheromone, where it was used to improve parasitoid foraging 
activity. The use of infochemicals in pest control therefore appears to be a desirable 
tactic and thus we strongly recommend that field investigations are performed to both 
evaluate their practical effects in nature and comprehensively understand their 
ecological roles. We hope that the findings of the present study will help to screen for 
appropriate HIPV components, and enhance biocontrol efforts in sustainably 
suppressing fruit fly populations. 
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Abstract. Zizania latifolia is a common emergent macrophyte in lakes along the lower reaches of the 
Yangtze River. To investigate the factors driving the expansion or decline of Z. latifolia populations, the 
spatial and temporal distribution patterns of Z. latifolia in six Yangtze floodplain lakes were analyzed 
from 2007 to 2016 using remote sensing and geographic information system tools. In combination with 
hydrological data and other environmental factors, the main influencing factors were determined. The 
results showed that distribution of Z. latifolia among the six lakes exhibited obvious differences. Plant 
cover was the highest in Wuchang and Huangda lakes, which had relatively stable water levels. Spearman 
correlation analyses showed that the lake morphological variables, climatic variables, and water quality 
variables had no significant effects on the distribution of Z. latifolia. Regarding variables related to 
hydrology, excluding the rate of water level change and timing of extreme water level annually, the other 
four groups of hydrological variables (a total of 20 indicators) all had significant effects on the 
distribution of Z. latifolia. At last, the reasons for difference in cover in different lake types were analyzed 
and appropriate strategies for the ecological management of Z. latifolia populations in different lake types 
were recommended. 
Keywords: hydrology, water level regulation, ecological restoration, emergent plant, remote sensing 

Introduction 

The Yangtze River floodplain is one of the most important ecosystems globally. 
Thousands of shallow freshwater lakes are distributed in the ecosystem, with a total area 
of 15770 km2 (Wang et al., 2016). Historically, all the lakes were freely connected with 
the Yangtze mainstream, and constituted the river-floodplain ecosystem, also known as 
the river-lake complex ecosystem (Wang and Wang, 2009). Aquatic plants, representing 
the major primary producers, are one of the most important structural and functional 
components in such complex ecosystems. They play important roles in nutrient cycling, 
energy flows, water purification, and provision of habitats for other aquatic organisms 
(Bornette and Puijalon, 2011; Zhang, 2013). In the course of evolution, such plants have 
gradually adapted to natural water level fluctuations (WLF), and formed various 
ecological groups with different WLF requirements (Lytle and Poff, 2004; Toogood et 
al., 2008; Yang et al., 2020). However, most lakes along the Yangtze River have been 
disconnected from the Yangtze mainstem by sluices over the recent decades to facilitate 
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aquaculture and flood control activities (Wang et al., 2016). River-lake disconnection 
has not only significantly altered the community structures of lake plants, but has also 
altered the WLF of these lakes to various degrees (Zhang et al., 2015; Wang et al., 
2016). 

Zizania latifolia (Griseb.) Turcz. ex Stapf is a tall emergent plant with well 
developed underground parts. It can reproduce sexually through seeds or asexually via 
rhizomes and tiller buds (Wang et al., 2014, 2018). In the Yangtze River basin, 
Z. latifolia has been extensively cultivated as an aquatic vegetable in association with 
Ustilago esculenta, an epiphyte (Guo et al., 2007). Due to its rapid growth rate and high 
competitive ability, the species is the dominant emergent macrophyte in most lakes 
along the Yangtze River (Zhang et al., 2016; Li et al., 2018). However, spatial and 
temporal distributions of Z. latifolia in the lakes have displayed different patterns 
following river-lake disconnection. In some lakes, considerable terrestrialization has 
occurred due to the overgrowth of Z. latifolia populations, while the decline or 
elimination of emergent macrophytes has been observed in other lakes (Li et al., 2018; 
Wang et al., 2018). Both situations have resulted in ecological management challenges 
in lakes in this region. To effectively manage and exploit such Z. latifolia populations, it 
is necessary to determine the major factors influencing their distribution, which could 
provide a theoretical basis for the ecological management of the Z. latifolia populations 
and lakes in the Yangtze River floodplain. 

WLF maintain ecological integrity and regulate ecological processes in floodplain 
lakes, which are usually described using amplitude, water depth, frequency, timing, and 
rate of change (Deegan et al., 2007; Yuan et al., 2017). Previous studies conducted in 
the region have reported that aquatic plant communities are structured considerably by 
the WLF components (Zhang et al., 2015, 2018). Therefore, alteration of WLF could be 
the major factor influencing temporal and spatial differences in Z. latifolia populations 
in the Yangtze floodplain lakes. In the present study, six typical floodplain lakes were 
selected as model ecosystems in the lower reaches of the Yangtze River. Remote 
sensing and geographic information system (GIS) technologies were used to determine 
the distribution of Z. latifolia populations in the six lakes from 2007–2016. The aims of 
the present study were: 1) to determine the temporal and spatial distribution patterns of 
Z. latifolia populations in different lakes; 2) to determine the key WLF parameters 
influencing the distribution of Z. latifolia populations; and 3) to develop water level 
regulation strategies for the effective management of Z. latifolia populations in different 
lakes. The results of the present study could not only have significant implications for 
the management of floodplain lakes, but also provide an eco-hydrological basis for the 
regulation of regional water resources. 

Materials and methods 

Study area 

The six typical floodplain lakes selected in the present study, including Shengjin 
Lake, Caizi Lake, Pohu Lake, Huangda Lake, Wuchang Lake, and Pogang Lake, which 
are located in the lower reaches of the Yangtze River, China. The six lakes are also in a 
key region of floodplain wetlands along Anqing city, Anhui province. The region, 
which experiences a subtropical monsoon climate, has adequate rainfall and four 
distinct seasons. The annual average rainfall and air temperature among the six lakes 
have minimal differences, ranging from 16.1–16.6℃ and 1241.3–1554.4 mm (Table 1). 
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Table 1. Locations and environmental parameters of the six study lakes 

Lakes Location 

Lake 

area 

(km2) 

Lake bottom 

elevation 

(m) 

Catchment 
area (km2) 

Shoreline 

length 

(km2) 

Average 

water 

depth (m) 

Annual 

average 
rainfall 

(mm) 

Annual average  
temperature 

(℃) 

Shengjin Lake 
N: 30°15′-30°28′, 

E: 116°58′-117°14′ 126.6 8.4 1554 217.5 2.54 1554.4 16.1 

Caizi Lake 
N: 30°43′-30°58′, 

E: 117°01′-117°09′ 181.2 8.5 3234 276.1 1.94 1241.3 16.5 

Pohu Lake 
N: 30°04′-30°15′, 

E: 116°19′-116°33′ 151.9 10 4941 202.4 2.97 1291.3 16.6 

Huangda Lake 
N: 29°56′-30°08′, 

E: 116°14′-116°33′ 266.5 10.5 7849 212.4 2.38 1291.3 16.6 

Wuchang Lake 
N: 30°14′-30°20′, 
E:116°36′-116°53′ 100.6 10 1083.7 96.4 2.13 1299.6 16.5 

Pogang Lake 
N: 30°33′-30°42′, 

E: 117°04′-117°13′ 28.4 8.7 346 46.3 2.49 1389.1 16.5 

 
 

The lake with the largest surface area is Huangda Lake, at 266.5 km2, followed by 
Caizi Lake, Pohu Lake, and Shengjin Lake, at 181.2, 151.9, and 126.6 km2, 
respectively. Wuchang Lake and Pogang Lake have the lowest surface areas, at 100.6 
and 28.4 km2, respectively (Table 1). In the past, all the six lakes were freely connected 
with the Yangtze mainstem, and the water regime in the Yangtze mainstem greatly 
influenced WLF in the lakes. However, all the six lakes have become river-lake 
disconnected lakes due to the building of sluices, to facilitate aquaculture and flood 
control activities. The overgrowth of Z. latifolia in the Wuchang and Huangda Lakes 
has caused serious ecological problems, while relatively poor distribution has been 
observed in the other four lakes following the construction of sluices. The geographical 
location and basic environmental parameters of the six lakes are presented in Fig. 1 and 
Table 1. 
 

Figure 1. Locations of the study lakes along the Yangtze River 
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Study methods and data analyses 

To determine the spatial and temporal distribution patterns of Z. latifolia in the six 
lakes, MSS/TM/ETM+/OLI remote sensing images from 2007–2016 were obtained 
from the US Landsat satellite. All the Landsat images were downloaded from the US 
Geology Survey site (http://glovis.usgs.gov). The track numbers of the MSS and 
TM/ETM+/OLI sensors are 130–39 and 121–39, respectively, with resolutions of 
80×80 m and 30×30 m, respectively. Considering the coverage of Z. Latifolia reaches 
the maximum in autumn, autumn images with no more than 30% cloud cover were 
selected in each year. To improve the accuracy of image interpretation, the ENVI v.4.7 
(ITT Visual Information Solutions) was used to perform geometric correction, band 
combination, image fusion, and enhancement for the 10 scene remote sensing images. 
The images were then interpreted and classified, and the spatial distribution and areas of 
distribution were calculated using ArcGIS 10.2 (http://www.esri.com/software/arcgis). 
To verify the accuracy of plant coverage detection, field survey was conducted in May, 
2017. 

The environmental factors used for analyses were in four categories, including lake 
morphological variables, climatic variables, water quality variables, and water level 
fluctuation related hydrological variables. The lake morphological variables include 
lake surface area, lake bottom elevation, shoreline length, and catchment area. The lake 
bottom elevation and catchment area were derived from available literatures (Wang and 
Dou, 1998; Compilation Commission of Anhui Local Records, 1998; Jin, 2008), and the 
lake area and shoreline length were measured. The climatic variables included annual 
average rainfall, annual average temperature, and annual average sunshine hours, while 
the water quality variables included total nitrogen, total phosphorus, and transparency. 
All the climatic and water quality data were obtained from available literatures (Wang 
and Dou, 1998; Gu et al., 2014; Wu et al., 2016; Wu, 2018). The WLF variables can be 
divided into six groups, i.e. G1 (Fluctuating amplitude), G2 (Monthly mean water 
depth), G3 (Annual extreme water depth), G4 (Timing of annual extreme water level), 
G5 (Rate of water level changes), and G6 (Frequency of water level changes). A total of 
28 indicators were included in the six groups (Table 2). The water level data of the 
studied lakes during the study period were obtained from the Hydrology Bureau of 
Anqing city or downloaded from the flood and drought information network of Anhui 
province (http://61.191.22.157/Default.aspx) (water level data for several lakes were 
missing in some years). The hydrological data were used to classify the six lakes into 
different categories using Two-Way Indicator Species Analysis (TWINSPAN), which 
was performed using PC-ORD for Windows (McCune and Mefford, 1997). Life history 
information on Z. latifolia was obtained from published studies (Zhang et al., 2016). 

In the present study, the water level data from 2007–2016 in the six lakes were 
analyzed first, and then the spatial and temporal distribution patterns of Z. latifolia were 
determined based on the remote sensing images. Indicators of Hydrologic Alteration 
software (The Nature Conservancy, Charlottesville, Virginia) was used to calculate the 
related 28 indicators of the six groups. Spearman correlation was used to determine the 
effects of lake morphological variables, climatic variables, water quality variables, and 
WLF related variables on the distribution of Z. latifolia, and the cover data was used in 
the analysis. Factors influencing the variable cover in the different lake categories were 
also analyzed, and appropriate recommendations were provided for the ecological 
management of Z. latifolia. 

http://glovis.usgs.gov/
http://www.esri.com/software/arcgis
http://61.191.22.157/Default.aspx
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Table 2. Comparison of the water level fluctuations in six floodplain lakes. The values in the 
table are the average values for 2007-2016. 

Items 
Shengjin 

Lake 
Caizi 
Lake 

Pohu 
Lake 

Huangda 
Lake 

Wuchang 
Lake 

Pogang 
Lake 

G1: Fluctuating amplitude (m) 

Amplitude 7.02 6.52 4.31 3.90 3.40 1.89 

G2: Monthly mean water depth (m) 

January 0.67 0.41 2.01 1.56 0.90 2.06 

February 0.49 0.39 1.85 1.47 0.93 2.10 

March 0.71 0.62 1.87 1.50 1.20 2.08 

April 1.48 1.00 2.31 1.68 1.36 2.20 

May 2.72 1.74 2.81 2.02 1.73 2.23 

June 4.02 2.86 3.80 2.77 2.48 2.55 

July 5.36 4.77 5.00 3.70 3.59 3.29 

August 5.12 4.50 4.96 3.88 3.68 3.24 

September 4.43 3.50 4.00 3.56 3.40 3.06 

October 2.75 1.96 2.89 2.77 2.87 2.71 

November 1.82 0.84 2.02 1.96 2.09 2.27 

December 0.86 0.67 2.10 1.72 1.32 2.11 

G3: Annual extreme water depth (m) 

1-day min 0 0.27 1.30 1.18 0.83 1.86 

3-day min 0 0.28 1.30 1.19 0.84 1.89 

7-day min 0 0.29 1.32 1.20 0.85 1.91 

30-day min 0.28 0.40 1.48 1.29 0.87 1.95 

90-day min 0.65 0.50 1.71 1.45 1.00 2.02 

1-day max 6.31 5.74 5.26 4.13 4.23 3.63 

3-day max 6.28 5.72 5.24 4.13 4.23 3.62 

7-day max 6.23 5.64 5.23 4.12 4.20 3.60 

30-day max 5.87 5.30 5.19 4.07 4.07 3.49 

90-day max 5.16 4.47 4.84 3.81 3.68 3.27 

G4: Timing (Julian date) of annual extreme water level 

Date 1-day min 32.4 50.0 169.0 146.0 153.4 153.3 

Date 1-day max 214.6 213.8 218.3 231.6 218.2 219.2 

G5: Rate of water level changes (cm/d) 

Rise rate 12.59 7.76 4.27 3.68 4.16 3.08 

Fall rate -11.70 -6.25 -3.87 -2.97 -2.81 -2.32 

G6: Frequency of water level changes 

Reversals 81.4 43.7 67.3 48.7 48.6 83.0 

 
 
Results 

WLF in the study lakes 

WLF in the six study lakes varied greatly (Fig. 2; Table 2). Shengjin Lake and Caizi 
Lake had the highest fluctuation amplitudes, which were 7.02 and 6.51 m, respectively. 
In addition, the mean water depths in the two lakes were lower than 1.0 m from winter 
to early spring, while they were more than 5.0 m in summer. Water level change rate 
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was also highest in the two lakes, which were more than 11 cm/d and 6 cm/d, 
respectively. The fluctuation amplitude was also high in Pohu Lake (4.31 m), but the 
lake maintained a high mean water depth of 2.0 m from winter to early spring. WLF in 
Wuchang Lake and Huangda Lake were similar, and the fluctuation amplitudes were 
3.4 m and 3.9 m, respectively. In addition, the mean water depths in the two lakes were 
approximately 1.1 m and 1.5 m, respectively, from winter to early spring. Water level 
was relatively stable in Pogang Lake, and the fluctuation amplitude was only 1.89 m. 
However, the lake also maintained a high mean water depth of 2.0 m from winter to 
early spring. Otherwise, the highest water level was observed in 2016 in all the six lakes 
from 2007–2016, followed by 2010. However, the lowest water levels were observed in 
different years in the six lakes. 
 

Figure 2. Water level fluctuations in six floodplain lakes from 2007–2016 
 
 
Spatial and temporal distribution of Z. latifolia 

The spatial and temporal distribution of Z. latifolia in the six lakes varied 
considerably, and the mean cover of Z. latifolia in Shengjin, Caizi, Pohu, Huangda, 
Wuchang, and Pogang Lakes were 1.54%, 1.41%, 2.93%, 17.85%, 26.01%, and 3.56%, 
respectively (Fig. 3). The distribution of Z. latifolia in Huangda Lake and Wuchang 
Lake was obviously higher than in the other four lakes, and the cover in the two lakes 
was more than 40% in 2007, 2008, and 2011, while it was lower than 2% in both lakes 
in 2016. Shengjin Lake had a patchy distribution in the southern area of the lake in 
2007, 2008, and 2015, while Caizi Lake had minimal distribution in the northern area of 
the lake area in 2007, 2008, and 2011. However, in the other years, the two lakes had 
nearly no distribution of Z. latifolia. Pogang Lake had relatively high distributions in 
2007 and 2008, which were 12.17% and 9.71%, respectively. In the other years, cover 
in Pogang Lake was lower than 5%. 
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Figure 3. Spatial and temporal distribution patterns of Z. latifolia in the study lakes from 2007-2016 
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Major factors influencing distribution 

Spearman correlation analyses revealed that the lake morphological variables, 
climatic variables, and water quality variables had no significant effects on the 
distribution of Z. latifolia. With regard to the WLF related variables, all the four groups 
(a total of 20 indicators) except the G4 and G6 groups had significant effects on the 
distribution of Z. latifolia (Table 3). 
 

Table 3. Spearman correlation between WLF variables and Z. latifolia cover. Only the WLF 
and cover data in Wuchang and Huangda lakes were used in the analysis 

Items R P 

G1: Fluctuating amplitude (m)   

Amplitude -0.700** 0.0078 

G2: Monthly mean water depth (m)   

January -0.561* 0.0297 

February -0.810*** 0.0004 

March -0.393 0.1069 

April -0.792 *** 0.0001 

May -0.933*** 0.0000 

June -0.852*** 0.0000 

July -0.743*** 0.0003 

August -0.839*** 0.0000 

September -0.665*** 0.0019 

October -0.022 0.9302 

November 0.259 0.2834 

December -0.038 0.8846 

G3: Annual extreme water depth (m)   

1-day min -0.665* 0.0132 

3-day min -0.657* 0.0146 

7-day min -0.694** 0.0084 

30-day min -0.720** 0.0055 

90-day min -0.645* 0.0174 

1-day max -0.777*** 0.0001 

3-day max -0.782*** 0.0001 

7-day max -0.782*** 0.0001 

30-day max -0.819*** 0.0000 

90-day max -0.837*** 0.0000 

G4: Timing (Julian date) of annual 
extreme water level 

  

Date 1-day min 0.073 0.8045 

Date 1-day max 0.145 0.5540 

G5: Rate of water level changes (cm/d)   

Rise rate -0.415 0.1581 

Fall rate -0.705** 0.0071 

G6: Frequency of water level changes   

Reversals -0.264 0.3826 
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Reasons for varied cover 

After the first level division using TWINSPAN, the six lakes were split by 1-day 
max into two groups (Shengjin, Pohu, and Caizi lakes with high 1-day max water depth, 
and the other three lakes with low 1-day max water depth) (Fig. 4). Further analyses 
divided all the six lakes into four groups based on January mean water depths (Pohu 
Lake and Pogang Lake with high water depth in January, and the other four lakes with 
low water depth in January) (Fig. 4). 
 

Figure 4. TWINSPAN dendrogram of the study lakes based on water level fluctuation 
parameters 

 
 

The life history of Z. latifolia can be divided into germination period, rapid growth 
and expansion period, dispersal period, and dormancy period (Fig. 5). Combined with 
the major hydrological indicators (Table 3), the reason for low Z. latifolia cover in 
Pogang Lake could be the high water depths in winter to early spring limiting 
germination. In addition to the high water depth in the germination period, the high 
fluctuation amplitude could be a key reason for the low Z. latifolia cover in Pohu Lake. 
With regard to Caizi Lake and Shengjin Lake, although the water depth was low in the 
germination period, the high fluctuation amplitude and water level change rate was 
unfavorable for the growth and dispersal of Z. latifolia. WLF in Huangda Lake and 
Wuchang Lake were relatively adequate and met the requirements of Z. latifolia, which 
facilitated the maintenance of relatively high cover. 
 

Figure 5. Life history of Z. latifolia and monthly mean water depth in six floodplain lakes 
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Discussion 

The Yangtze River floodplain lakes play important roles in the maintenance of 
regional species diversity and sustainable economic development (Fang et al., 2006; 
Wang and Wang, 2016). Although most floodplain lakes have become river-lake 
disconnected over the past few decades, WLF in the lakes are different largely due to 
different aquaculture and flood control activities. For instance, Pogang Lake is mainly 
used for aquaculture, and water level is high and stable throughout the year following 
the construction of a sluice, while annual mean water level has decreased in Wuchang 
Lake due to flood control activities (Zhang et al., 2016). In addition, the catchment area 
and number of tributaries could affect WLF. In Shengjin Lake and Caizi Lake, which 
had high fluctuation amplitudes, the catchment areas were 3234 km2 and 1554 km2, 
respectively, while in Pogang Lake, which had the lowest fluctuation amplitude, the 
catchment area was only 346 km2 (Wang and Dou, 1998). 

Spearman correlation analyses revealed that the lake morphological variables, 
climatic variables, and water quality variables had no significant effects on the 
distribution of Z. latifolia. This could be largely because the variables changed 
minimally from 2007–2016. Among the six groups of WLF parameters, excluding the 
frequency of WLF (G4) and the timing of annual extreme water level (G6), the other 
four groups of water level parameters had significant effects on the distribution of 
Z. latifolia. The frequency of WLFs in lakes are generally low compared with the 
frequency of WLF in rivers; therefore, the frequency of WLF in lakes has minimal 
effect on species distribution, and other studies have reported similar findings (Zhang et 
al., 2015, 2018). The timing of annual extreme water level had no significant impact on 
the distribution of Z. latifolia potentially because the maximum water level of all the 
lakes was observed in summer, while the lowest water level was observed in winter. In 
the present study, the fluctuation amplitude was significantly negatively correlated with 
the distribution of Z. latifolia, which indicated that water bodies with relatively stable 
fluctuation amplitudes could be more appropriate for the growth and development of 
Z. latifolia. Some studies have shown that habitat heterogeneity in lakes decreases with 
decrease in fluctuation amplitudes, while intraspecific and interspecific competition 
among plants increases (Zhang, 2013). Z. latifolia is often the dominant species under 
such conditions due to its high competitive ability and its capacity to tolerate flooding 
(Zhang et al., 2016). 

In addition, mean water depths in January–February and April–September were 
significantly negatively correlated with the distribution of Z. latifolia. The low water 
depth in January–February could significantly improve the underwater light conditions 
and physico-chemical properties of the sediment (Yang et al., 2020a,b), in turn 
promoting the germination of Z. latifolia individuals. The mean water depth in 
April-September may have considerable influences on the growth and development of 
Z. latifolia, since numerous studies have shown that the high water depths are not 
conducive for growth and biomass accumulation in Z. latifolia (Wang et al., 2014, 2018; 
Li et al., 2018). The annual extreme water depths also had significant effects on the 
distribution of Z. latifolia, and the distribution of Z. latifolia considerably declined with 
increase in maximum or minimum water depth. This could be mainly due to increasing 
stress on growth of Z. latifolia with increase in water depth (Mauchamp et al., 2001; 
Wang et al., 2007; Yang et al., 2020a). In the present study, plant cover in all the six 
lakes was the lowest in 2010 and 2016, which had the highest water levels, which is 
consistent with the observation that growth decreases with increase in water level. 
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The rate of change in water levels is also one of the key hydrological factors 
influencing the distribution of wetland plants (Yuan et al., 2017). Studies have shown 
that aquatic plants tolerate rapid changes in water levels to a certain degree; however, 
when the water levels change too rapidly, aquatic plants may not have adequate time 
adapt morphologically, and the plants would maintain intermediate and suboptimal 
states (Vretare et al., 2001). In the present study, the distribution of Z. latifolia was 
significantly negatively correlated with the rate of decline in water level, indicating that 
a high rate of decline was not conducive for the growth and spread of Z. latifolia. 

Conclusion 

This study showed that the lake morphological variables, climatic variables, and 
water quality variables had no significant effects on the distribution of Z. latifolia in 
lakes along the lower reaches of the Yangtze River. The WLF was the main factor 
determining the spatial and temporal distribution of Z. Latifolia. The results of the 
present study have significant implications for the ecological management of Z. latifolia 
in the Yangtze River floodplain lakes. We suggest that in lakes that require the 
restoration of Z. latifolia populations, water levels should be regulated. We recommend 
the maintenance of a low fluctuation amplitude and a low rate of change in water level. 
In addition, it is critical to consider that low water depth promotes germination. 
Conversely, in lakes with Z. latifolia overgrowth, we propose the increase of the 
fluctuation amplitude within a growth year, and the increase of water depth to limit 
germination. In addition, increasing the rate of change in water level would inhibit 
seedling growth and spread of Z. latifolia in environments in which they are overgrown. 
Finally, it is highly recommend that future researches carry out more studies to 
determine the specific WLF requirements of Z. latifolia, so as to provide a theoretical 
basis for the quantitative regulation of lake water levels. 
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Abstract. Tumor necrosis factors (TNF-) are pro-inflammatory cytokines centrally involved in 
autoimmunity. Monoclonal antibodies against TNF- are used to treat several autoimmune diseases 
including inflammatory bowel disease (IBD). The proportion of patients who experience primary non-
response (PNR) to anti-TNF treatment is approximately 13–40%. Secondary loss of response (LOR) to 
anti-TNF agents happens in 23–46% of IBD patients leading to a drug discontinuation rate of 5–13%. A 
combination of factors including disease characteristics (e.g., phenotype, location, and severity), drug 
response (e.g., pharmacokinetics, pharmacodynamics, or immunogenicity), and treatment strategy (e.g., 
dosing regimen) has been associated with PNR and LOR. Therapeutic drug monitoring (TDM) relies on 
the measurement of serum concentrations of anti-TNF agents and anti-drug antibodies. TDM can be utilized 
to identify PNR and LOR and to assist clinicians in their decision-making. Additionally, TDM is used to 
optimize drug therapy (e.g., dose escalation) for patients who exhibit LOR. Recently, gut microbiota was 
believed to play a central role in immune regulation, and influence response to TNF-α antagonists. 
Microbial diversity for certain taxa can become a prognosis factor to monitor the response to treatment. In 
this article, we aim to review PNR and LOR, and discuss microbiota profiles associated with their 
occurrence. 
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Keywords: secondary loss of response, tumor necrosis factors (TNF)- , therapeutic drug monitoring, 
ulcerative coliti, Crohn’s disease, infliximab, adalimumab, pharmacokinetic and pharmacodynami failure 

Abbreviations: TNF: tumor necrosis factors, IBD: inflammatory bowel disease, PNR: Primary non-
response, LOR: secondary loss of response, TDM: therapeutic drug monitoring, UC: ulcerative colitis, CD: 
Crohn’s disease, IFX: Infliximab, ADL: Adalimumab, CZP: Certolizumab, GOL: Golimumab, CRP: C-
reactive protein, ADAs: antidrug antibodies, AZA: Azathioprine, SCFAs: short-chain fatty acids, SpA: 
spondyloarthritis, NSAID: nonsteroidal anti-inflammatory drugs 

Background 

Tumor necrosis factors (TNF-α) are pro-inflammatory cytokines produced by certain 
cell types, such as T-cells and macrophages (Ebert et al., 2008). The number of these 
cells is increased in the intestinal mucosa of patients with inflammatory bowel disease 
(IBD). Accordingly, these cells are used as therapeutic targets. TNF-α functions as a 
component of the intestinal mucosa-mediated defensive line against mucosal pathogens 
and destructive inflammation (Allendoerfer and Deepe, 1998). TNF-α antagonists are 
monoclonal antibody drugs that are considered a revolutionary treatment for IBD. It has 
been demonstrated that TNF-α antagonists contribute to improving life quality of IBD 
patients and limit the requirement for surgeries and hospitalizations (Wang et al., 2019). 
Treatment guidelines encourage early utilization of TNF-α antagonists for IBD patients, 
particularly for patients who are refractory to other classes of medications and have 
been found to exhibit high-risk features at baseline (Gomollón et al., 2016). TNF-α 
antagonists are approved for the induction and maintenance of remission for both types 
of IBD, e.g., ulcerative colitis (UC) and Crohn’s disease (CD) (Ha et al., 2012). 

In cases of moderate-to-severe CD, intensive treatment regimens incorporating TNF-
α antagonists, such as infliximab (IFX), adalimumab (ADL) and certolizumab (CZP) have 
been proven to be effective and can lead to clinical remission and mucosal healing 
(Hazlewood et al., 2015). IFX, ADL and GOL (golimumab) have been approved for the 
induction and maintenance of remission in UC. Despite this, the use of TNF-α antagonists 
is limited due to the cost and possibility of unpredictable side-effects, including infusion 
reactions, infections and lymphoma (Singh et al., 2011; Ben‐Horin and Chowers, 2011). 
A small percentage (5%) of IBD patients has been recorded to experience adverse drug 
reactions with severity ranging from simple skin rashes to anaphylactic reactions. It has 
been estimated that 10-30% of patients treated with TNF-α antagonists may not respond, 
and these patients are referred to as primary non-responders (PNRs). Additionally, 23-
46% of patients may experience loss of response (LOR) over time, and this situation is 
accordingly referred to as secondary LOR (Roda et al., 2016). While LOR is mainly 
attributed to pharmacokinetic derangements, the precise etiologies underlying PNR are 
unknown (Ebert et al., 2008; Ben‐Horin and Chowers, 2011; Billioud et al., 2011). The 
gut microbiota is recently thought to play a central role in immune regulation, and the 
accumulating literature on this process suggests that it also influences response to TNF-
α antagonists (Zhang et al., 2015; Rajca et al., 2014). 

Mechanisms underlying PNR can be attributed to pharmacokinetic failure (Rocha et 
al.), pharmacodynamic failure (Ainsworth et al., 2008) and immunogenicity failure 
(Rojas et al., 2005). The causes of PNR to anti-TNF therapy are unknown, however, the 
possible factors contributing to PNR can be classified into four categories, patient-related 
factors, microbiome-related factors, disease-related factors and treatment-related factors 
(Ding et al., 2016). PNR can be often managed through optimization of dosing regimen 
(Hanauer et al., 2002) and combination therapy (Colombel et al., 2010; Coutinho et al., 
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1995). Therapeutic drug monitoring (TDM) play a fundamental role to determine the 
appropriate assessment time for PNR occurs which at weeks 12 to 14 following induction 
(Papamichael et al., 2014; Cornillie et al., 2014). The human gut contains more than 100 
trillion different microbial organisms, including more than 1000 species of bacteria, 
viruses, fungi and protozoa, collectively referred to as the microbiome (Honda and 
Littman, 2012). Four phyla are predominant and represent more than 99% of intestinal 
bacteria, which are Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria 
(Eckburg et al., 2005; Ley et al., 2008). The Firmicutes and Bacteroidetes phyla represent 
the main commensal microbiota in healthy subjects, while Proteobacteria and 
Actinobacteria are significantly higher in IBD patientsqw (Sheehan et al., 2015; Andoh, 
2016). Fecal microbiota transplantation (FMT) aims to recover the gut microbial level in 
patients via transferring fecal suspension from a healthy donor (Wang et al., 2017). In this 
article, we aim to explore PNR and LOR with a focus on the underlying causes of PNR 
and the possible involvement of gut microbiota. 

Primary non-response (PNR) definition 

A precise definition of PNR has not been determined, however, the accepted definition 
of PNR in connection with the use of anti-TNF- drugs is failure to achieve clinical 
remission following the induction therapy period (Sprakes et al., 2012). It has been 
demonstrated that anti-TNF antagonists such as CZP, ADL and IFX are efficient for 
eliciting prompt remission and to prevent relapse in IBD. Despite the known efficacy of 
these drugs, it is recommended that clinicians estimate the improvement in the clinical 
signs after 8, 12 and 14 weeks, respectively, following the initial infusions/injections with 
these drugs in PNR patients (Hanauer et al., 2002; Sands et al., 2004). Data from clinical 
trials and clinical practice differ in regard to the incidence of PNR, which ranges from 10 
to 30% (Sprakes et al., 2012; Hanauer et al., 2002; Ford et al., 2011). 

Several factors may contribute to the risk of PNR, including a disease duration of 
longer than 2 years, small bowel involvement, smoking, elevated C-reactive protein 
(CRP) and genetic mutations in apoptosis-related genes, such as FAS-L and caspase-9 
(Ben-Horin et al., 2014). PNR can be minimized by optimization of the initially selected 
dosing regimens, by increasing the dose or reducing the intervals between doses, and by 
combining TNF-α antagonists with immunosuppressants, such as thiopurines or 
methotrexate (Table 1) (Ding et al., 2016; Roda et al., 2016). The latter approach is 
supported by data from several clinical trials. PNR is typically managed by switching to 
a different type of TNF-α antagonist that could be beneficial. However, several studies 
have demonstrated that the treatment outcome following a switch to a second anti-TNF 
antagonist in PNR patients is still poor with a response rate of approximately 50–65% 
(Allez et al., 2010). Switching to an out-of-class medication that acts through different 
mechanisms may provide a worthwhile resolution to this problem (Sands et al., 2014). 
The proportion of PNR can differ among clinical trials (36–40%) and according to clinical 
practice (13–33%) (Ford et al., 2011). 
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Table 1. A comparison between primary non-response (PNR) and secondary loss of response 
(LOR) (Ding et al., 2016; Roda et al., 2016) 

 
Primary non-response 

(PNR) 

Secondary loss of response 

(LOR) 

Definition 

Remission does not occur during the 
induction of therapy period and clinical 
signs and symptoms are continuous 
(no healing) 

The patients who respond to the initial 
induction of therapy but subsequently 
suffer from clinical relapse and lack of 
remission albeit maintenance of therapy 

Percentage of 
those who do not 

respond 
10-30% 23-46% 

Incidence 
Differs between clinical trial and clinical 
practice from 10–20% to 13–30% 

Its incidence is 13% for Infliximab (IFX) 
and 24% for Adalimumab (ADA) 

Risk factors 

- Disease longer than 2 years 
- Small bowel involvement 
- Smoking 
- C reactive protein 
- Genetic mutations such as FAS-L and 
caspase-9 in the apoptosis related genes 

- Formation of antibodies against TNFα 
antagonists (immunogenicity) 
- Use of episodic TNFα antagonists in 5–
13% of patients 

Management 
- Optimization of the dosing regimen 
- Combination therapy 

Use of concomitant immunomodulators 
with Anti -TNFα antagonists 

Therapeutic 
options 

- Switching to another anti- TNF could be 
beneficial 
- Switch out of the therapeutic groups that 
are characterized by other working 
mechanisms 

- Change to another TNFα antagonist agent 
was associated with a complete or partial 
response in 92% of patients 
- Switching within a therapeutic class to 
another anti-TNF agent may restore 
clinical response 

Strategy 
- Dose escalation based on the 
pharmacokinetic 
- Therapeutic drug monitoring (TDM) 

Therapeutic drug monitoring (TDM) 

Proposed mechanisms underlying PNR 

Three mechanisms that could explain PNR to TNF-α antagonists are presented in 
Figure 1. 

 
Pharmacokinetic failure 

This phenomenon occurs when suboptimal levels of TNF-α antagonists circulate either 
because of suboptimal dosing or interaction with anti-drug antibodies (Rocha et al.) that 
leads to accelerated drug clearance (non-immune) via tissues or through the systemic 
circulation. The three fundamental mechanisms implicated in pharmacokinetic failure 
include: 

i. Proteolytic catabolism that occurs in the reticuloendothelial system due to the 
ability of monoclonal antibodies to bind to Fc gamma receptors (Fc, or 
Fragment/crystallizable, is a surface protein, and the term is derived from the 
proteins’ specificity to bind a part of an antibody known as the Fc region. 

ii. Degradation that occurs in lysosomes as a result of interaction with membrane-
bound TNF (Keizer et al., 2010; Ordás et al., 2012). 
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iii. Ulcerated mucosa that leads to clearance and drug loss through the mucosal 
membrane as a result of non-immune clearance, ultimately resulting in 
considerable loss of protein and electrolytes in addition to loss of drug (Brandse 
et al., 2015). 

 

 

Figure 1. Management of primary nonresponse and secondary loss of response. Taken from 
(Ding et al., 2016; Roda et al., 2016) 

 
 

Pharmacodynamic failure 

This type of failure occurs when no improvement in clinical symptoms occurs despite 
the presence of adequate circulating drug and absence of Antidrug antibodies (ADAs) 
(Ainsworth et al., 2008). The most favorable alternative avenue would be to switch to an 
out-of-class medication, such as a leukocyte trafficking inhibitor or an anti-cytokine 
(Ding et al., 2016). 

 
Immunogenicity failure 

This scenario is characterized by a lack of improvement in symptoms in the presence 
of low circulating serum TNF-α antagonists and high levels of ADAs. One of the 
strongest factors linked to non-response is the formation of ADAs against anti-TNF 
antagonists. Antibodies possess the ability to interfere with TNF receptors and to 
accelerate the clearance of the drug through the reticuloendothelial system. Low levels of 
ADAs have been implicated in effectively achieving remission (Rojas et al., 2005). 
Neutralizing and non-neutralizing antibodies and low drug concentrations have been 
reported in up to 83% of PNRs (Echarri et al., 2014). Additionally, the effective induction 
of remission in PNRs by using a second TNF-α antagonist occurs in only 50% of IBD 
patients (Gisbert et al., 2015). The perfect option is to switch to an alternative anti-TNF 
or to incorporate the use of an immunomodulator. Following a drug switch, therapeutic 
drug monitoring should be repeated to determine if antibody disappearance has occurred 
(Ding et al., 2016). 
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Potential causes of PNR to anti-TNF therapy 

The causes of PNR to anti-TNF therapy are unknown; however, the possible factors 
contributing to PNR can be classified into four categories (see Fig. 2). 

 

 
 

Figure 2. Potential causes of PNR to anti-TNF therapy 
 
 

Patient-related factors 

Factors like gender, lack of concomitant immunosuppression, age, prolonged duration 
of disease, smoking, CD phenotype, and disease not limited to the colon may contribute 
to the response to anti-TNF  agents (Danese et al., 2011). The two most patient-related 
factors include: 

 
Age at diagnosis 

The connection between age at the time of diagnosis and PNR is controversial 
(Juillerat et al., 2014), although diagnosis at an early age (less than 17 years) is often 
associated with poor outcome (Grover et al., 2014). Interestingly, younger patients tend 
to respond better to anti-TNF therapy in comparison with older patients (Vermeire et al., 
2002). 

 
Smoking 

Smoking is an environmental factor that likely plays a role in reducing patient 
responsiveness to anti-TNF agents. A relationship between smoking and PNR has been 
previously reported. Approximately 30% of patients who are smokers are non-responsive 
to IFX at week 4 (Arnott et al., 2003). Smoking has been found to decrease the influence 
of anti-TNF drugs and to increase the likelihood of non-response (Cohen et al., 2011; 
Chaparro et al., 2011). According to a study performed on 221 ADL-treated patients, 
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21.2% of the patients were smoking at the time of induction (OR 0.52, P = 0.049) (Ding 
et al., 2016; Kiss et al., 2011). Additionally, PRECISE-3 data indicated that smokers had 
more active disease compared to non-smokers (HR: 1.404; 95% CI: 1.09–1.77; P = 0.007) 
(Sandborn et al., 2015). 

 
Microbiome-related factors 

The exact role of the gut microbiota in PNR is not well understood. Several studies have 
observed no significant difference in the gut microbiota composition before and after 
treatment with TNF-antagonists (Zhang et al., 2015). In contrast, results published by Bazin 
et al. (2018) indicated that gut microbial composition could be used as a biomarker that is 
predictive of clinical response to anti-TNF treatments. Additionally, microbial diversity in 
the presence or absence of particular taxa has been used as a prognostic factor to monitor 
the response to treatment or the presence of several diseases, including colorectal cancer 
(Gagnière et al., 2016; Bazin et al., 2018). It has been found that in some diseases, such as 
melanoma, particular microbiota species, can be used as biomarkers to determine the 
correlation between the colitis and resistance to immunotherapy (Dubin et al., 2016). 

Recent study compared the microbial composition among anti-TNF therapy-treated 
UC patients; responders showed increase of the concentrations of Faecalibacterium 
prausnitzii and decrease of the rate of dysbiosis compared with non-responders. 
Furthermore, both responders and non-responders had a featured mucosal antimicrobial 
peptides expression patterns (Magnusson et al., 2016). In addition, another recent study 
showed that in the case of discontinuation of using anti-TNF-α treatment, low abundance 
of F. prausnitzii can be used as a biomarker to predict the early incidence of Crohn’s 
disease (Rajca et al., 2014). In rheumatology, dysbiosis in the oral and gut microbiota of 
rheumatoid arthritis patients had been monitored. This dysbiosis can be partly treated by 
using disease-modifying antirheumatic drugs (DMARD) (Zhang et al., 2015). However, 
the influence of rheumatoid arthritis was moderate on the gut microbiota compared to the 
oral microbiota. Moreover, decrease of risk factor and low concentration of Holdemania 
filiformis and Bacteroides species have been observed in the responder patients after 
therapy (Zhang et al., 2015). 

 
Disease-related factors 

A range of disease-related factors has been associated with PNR. They are the 
following: 

 
Disease duration 

According to several studies, patients with shorter disease durations (< 2 years) 
exhibit better responses and higher long-term remission rates compared to those of 
patients who have had the disease for more than 2 years. For instance, the Crohn’s Trial 
of the Fully Human Antibody Adalimumab for Remission Maintenance (CHARM) 
study was performed to determine the rates of response and remission to ADL. 
Assessments were performed at week 26 to evaluate the impact of disease duration on 
response and remission rates. More patients with a short disease duration experienced 
response compared to patients with a disease duration of > 2 years or > 5 years (56%, 
35% and 37%, respectively) (Colombel et al., 2007). Similar results were observed in 
the PRECISE 2 study that evaluated remission and response to certolizumab pegol 
(CZP) in CD at week 26. Of the CD patients treated with CZP, 62% exhibited PNR 
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(p = 0.02) (Schreiber et al., 2010). Additionally, greater rates of response and remission 
were observed in CD patients with disease duration of < 2 years compared to those of 
patients with disease duration of ≥ 5 years (Reinisch et al., 2009; Colombel et al., 2015). 

 
Disease severity 

Several studies suggest that disease severity is one of the main factors that contribute 
to non-response (Castro-Laria et al., 2016; Reinisch et al., 2011). The efficacy of anti-
TNF treatment has been observed to be lower in severely inflamed tissue. This is likely 
due to hastening of non-immune drug clearance (Fasanmade et al., 2009, 2011). PNR 
could also be attributed to the use of inadequate induction dosages. It has been proposed 
that fecal loss of anti-TNF drugs via ulcerated, denuded mucosa contributes to PNR 
(Brandse et al., 2015). 

 
Disease location and extent 

Although some studies suggest the presence of a correlation between localized ileal 
stricture disease and PNR, much of the data regarding this correlation remains conflicting 
(Louis et al., 2007). One study proposed ileal resection as an effective treatment for 
localized ileal stricture disease, but a separate study suggested that the localization of 
disease did not directly affect the response rate. The study compared two categories of 
patients who were treated with anti-TNF therapy, e.g., patients with isolated ileal stricture 
disease and patients with stricture disease at an unspecified location. The results indicated 
that both patient categories required surgery at the same rate (Moran et al., 2014). 

 
Disease phenotype 

An association between disease phenotype and response to anti-TNF therapies has 
been suggested in several studies. In Kiss et al. (Kiss et al., 2011; Ding et al., 2016), which 
included 201 CD patients treated with ADL, at week 52, PNR with continued clinical 
remission had been observed in patients who have active luminal disease (OR: 3.89; 95% 
CI: 1.43–10.6; P = 0.008). Moreover, at week 12, it had been noticed that the presence of 
two pathological phenotypes, luminal and fistulizing in CD patients led to decrease of 
remission rates. Otherwise, this rate was sort of high in CD patients with only luminal 
phenotype (42.5% vs. 56.3%, P = 0.06). 

 
Overlap between diseases 

An overlap between inflammatory diseases such as Spondylarthritis (SpA) and IBD is 
possible. For instance, 5–10% of SpA patients may have concomitant IBD, while up to 30% 
of IBD patients may also experience inflammatory arthritis (Bazin et al., 2018). 
Additionally, 60% of SpA patients have microscopic gut inflammation (Lin et al., 2014; 
Van Praet et al., 2012). These overlaps may often explain resistance to treatment with TNF 
antagonists. 

 
Other pro-inflammatory molecules 

Theoretically, IBD patients characterized as PNR may not benefit from switching 
between IFX and ADL since both drugs possess the same chemical structure and function 
(Dassopoulos, 2005). Accordingly, a lack of response to anti-TNF agents could be due to 
specific disease characteristics, with dose intensification would not achieve the required 
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result. A potential explanation for this is that pro-inflammatory molecules other than 
TNF-α may be responsible for the pathogenesis of the disease (Gisbert et al., 2015). 

 
Treatment-related factors 

A range of treatment-related factors is associated with PNR. They are the following: 
 

Suboptimal therapy 

The common indicators of suboptimal therapy are dose escalation of anti-TNF and 
discontinuation of treatment. Among the anti-TNF patients, 25.8% of UC patients 
required dose-escalation and 19.2% of CD patients required increased doses. The 
underlying reason for these therapeutic alterations is the worsening of clinical signs and 
symptoms (94.2% UC and 94.5% CD). Among UC patients, the cause of discontinued 
initial anti-TNF therapy was the appearance of negative clinical symptoms (45.6%) or the 
occurrence of an adverse reaction (23.2%). Additionally, 49.5% of discontinued UC 
patients were switched to an alternate anti-TNF therapy. Among CD patients, the cause 
of discontinued initial anti-TNF therapy was uncontrolled symptoms (36.3%) or an 
adverse reaction (27.4%). Additionally, 62.7% of discontinued CD patients were 
switched to another anti-TNF therapy (Lindsay et al., 2017). 

Rescue therapeutic strategies in cases of PNR 

PNR is often managed through the following two strategies: 
 

Optimization of dosing regimen 

Data derived from CLASSIC 1 (Clinical Assessment of Adalimumab Safety and 
Efficacy Studied as Induction Therapy in Crohn’s Disease) demonstrated that a higher 
dosage of ADL could achieve better remission rates at week 4 of treatment compared to 
that of lower dosages. Similarly, data from the PRECISE-2 (Pegylated Antibody 
Fragment Evaluation in Crohn’s Disease: Safety and Efficacy) and ACCENT-1 (A 
Crohn’s Disease Clinical Trial Evaluating Infliximab in a New Long-Term Treatment 
Regimen) trials demonstrated that higher dosages of CZP and IFX during the induction 
period are associated with a lower risk of PNR (Hanauer et al., 2002). 

 
Combination therapy 

Results obtained from the SONIC (Study of Biologic and Immunomodulator Naïve 
Patients in Crohn’s disease) suggested that AZA (Azathioprine) exerts an additive influence 
on mucosal healing at week 26 when combined with IFX. Accordingly, combining anti-
TNF drugs with immunosuppressive therapy appears to enhance drug efficacy and can 
theoretically help to prevent PNR (Colombel et al., 2010; Coutinho et al., 1995). 

The role of therapeutic drug monitoring (TDM) in PNR 

The appropriate assessment time for PNR occurs at weeks 12 to 14 following induction 
therapy (Papamichael et al., 2014; Cornillie et al., 2014). In week 4, 5 mg/mL serum 
concentration of adalimumab was used as an indicator to identify the risk of antibody 
formation. In a study on adalimumab-treated CD patients (n = 168), mucosal healing is 
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associated with a trough level, and this can be utilized to predict clinical response. The 
median concentrations of ADL in serum were 8.6 lg/mL (interquartile range (IQR): 6.5–
10.8) at week 2 and 5.3 lg/mL (IQR, 2.8–10.9) at week 4. At week 4, a comparison was 
performed between two types of patients, including those who received 80/40 mg and 
those who received 160/80 mg as a loading dose. The second patient group exhibited 
higher adalimumab serum concentrations (3.6 vs. 11.6 lg/mL; P < 0.0001) and possessed 
a lower incidence of PRN “as needed” (odds ratio [OR]: 0.02; 95% CI: 0.003–0.2; 
P < 0.0001) (Karmiris et al., 2009; Ding et al., 2016). A serum trough concentration of < 5 
mg/mL has been associated with an increased future risk of the formation of antibodies 
specific to ADL (HR: 25.12; 95% CI: 5.64–111.91; P = 0.0002) (Baert et al., 2016). 

A prospective study that examined serum drug concentrations of 32 CD patients 
treated with IFX (n = 15) and ADL (n = 17) at week 14 demonstrated that responders 
possessed a higher trough concentration than that of non-responders (FX [5.60 lg/mL]. 
ADL was compared to non-responders using the Harvey–Bradshaw Index, C-reactive 
protein (CRP) or fecal calprotectin concentration [IFX 0.032 lg/mL and ADL 2.62 lg/mL; 
P = 0.01]) (Echarri et al., 2014). At week 6, high trough concentrations of IFX (> 3 lg/mL) 
and ADL (> 4.5 lg/mL) were used, and > 90% remission and response rates were 
achieved. Additionally, sustained anti-drug antibody levels were observed in 26% of the 
IFX-treated patients and in 0% of the ADL-treated patients. In general, it has been 
suggested that the observation of adequate anti-TNF concentrations at weeks 4 to 6 is 
highly predictive of response to anti-TNF therapy. At week 14, a low anti-TNF drug 
concentration and the occurrence of antibody formation can predict primary non-response 
(Ding et al., 2016). 

Proactive and reactive therapeutic drug monitoring 

Proactive TDM is applied during remission. The aim of this approach is to modify the 
dose of IFX depending on individual pharmacokinetics and pharmacodynamics to avoid 
sub-therapeutic dosing and the risk of failure or to minimize the intensity of the therapy 
to reduce the financial costs associated with supra-therapeutic dosing. In contrast, reactive 
TDM is applied as a result of treatment failure despite the previous use of IFX therapy to 
achieve a successful outcome. This approach depends on pharmacokinetics and 
pharmacodynamic in response to IFX intensification, change to another TNF inhibitor, or 
the use of a new biologic drug class (Steenholdt, 2018). 

Recent data suggest that proactive TDM of IFX leads to successful therapeutic 
outcomes in IBD. Despite this, the clinical benefits of proactive infliximab have not been 
confirmed after first reactive testing. A retrospective cohort study was carried out from 
September 2006 to January 2015 on IBD patients who underwent to maintenance IFX 
treatment and received an initial reactive testing (Papamichael et al., 2018). The purpose 
of this study was to compare outcomes at long-term between proactive infliximab 
monitoring after reactive testing and just reactive testing in IBD patients. Patients were 
divided into two groups; Group A represented a proactive infliximab monitoring after 
reactive testing while Group B represented a reactive testing alone. Treatment failure was 
defined as drug discontinuation due to either LOR or the occurrence of a serious adverse 
event. The total number of IBD patients was 102 (n = 70, 69% with CD; Group A, n = 33 
and Group B, n = 69) were followed for a median of 2.7 years (interquartile range [IQR], 
1.4–3.8 years). Multiple Cox regression analysis determined that patients who had 
proactive following reactive TDM were independently associated with less treatment 
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failure (hazard ratio [HR] 0.15; 95% confidence interval [CI] 0.05–0.51; P = 0.002) and 
fewer IBD-related hospitalizations [HR: 0.18; 95% CI 0.05–0.99; P = 0.007]. Conclusion 
of this study was the proactive infliximab monitoring following reactive testing led to 
better drug stability and decrease of hospitalizations among IBD patients compared to 
reactive testing alone (Papamichael et al., 2018). 

A multicenter retrospective cohort study was performed from June 2006 until 
December 2015 on IBD patients who underwent to maintenance adalimumab therapy 
(Papamichael et al., 2019). The study aimed to evaluate long-term the outcomes between 
IBD patients who had at least one proactive TDM of ADL with standard of care and/or 
reactive TDM. Treatment failure was defined as drug discontinuation due to secondary 
LOR, the occurrence of a serious adverse event, or the need for IBD-related surgery. The 
total number of IBD patients was 382 (Crohn’s disease, n = 311, 81%) received at least 
one proactive TDM (n = 53) or the standard of care (empirical dose escalation, n = 279; 
reactive TDM, n = 50). Patients were followed for a median of 3.1 years (interquartile 
range, 1.4-4.8 years). Multiple Cox regression analyses demonstrated that obtaining at 
least one proactive TDM led to decrease the risk of treatment failure (hazard ratio [HR]: 
0.4; 95% confidence interval [CI]: 0.2–0.9; p = 0.022). The study provided the foremost 
evidence that reducing of risk of treatment failure may be attributed to proactive TDM of 
ADL compared with standard of care (Papamichael et al., 2019). 

Microbiota profiles and primary non-response to anti-TNF agents 

The human gut has more than 100 trillion various microbial organisms, including more 
than 1000 species of bacteria, viruses, fungi and protozoa, collectively referred to as the 
microbiome (Honda and Littman, 2012). Four phyla are predominant and represent more 
than 99% of intestinal bacteria, which are Firmicutes, Bacteroidetes, Proteobacteria, and 
Actinobacteria (Eckburg et al., 2005; Ley et al., 2008). The Firmicutes and Bacteroidetes 
phyla represent the main commensal microbiota in healthy subjects, while Proteobacteria 
and Actinobacteria are significantly higher in IBD patients (Figs. 3 and 4; Sheehan et al., 
2015; Andoh, 2016). 

 
Functional composition of gut microbiota in IBD patients 

Taxa of Faecalibacterium, Odoribacter, Leuconostocaceae, Phascolarctobacterium 
and Roseburia provide short-chain fatty acids (SCFAs) through a process that involves 
the fermentation of undigested carbohydrates. SCFAs are responsible for the regulation 
of trans-epithelial transport, colonocyte proliferation and differentiation, mucosal 
inflammation, intestinal motility, and barrier function (Smith et al., 2013; Peng et al., 
2009). The concentration of SCFAs is significantly reduced in IBD patients, and this is 
likely a result of a decrease in the bacteria that produce them. Bifidobacterium synthesizes 
vitamins such as vitamin K and the water-soluble B vitamins (LeBlanc et al., 2011). At 
the functional metagenomic level, amino acid synthesis required for the production of 
these vitamins is decreased and amino acid transporter genes are increased due to an 
increase in auxotrophic and pathobiont bacteria (Ahuja, 2015). Increased glutathione and 
riboflavin metabolism and increased toxin secretion are associated with an increase in 
sulphate-reducing bacteria, such as Desulfovibrio (Ahuja, 2015; Erickson et al., 2012). 



Alatawi et al.: Primary non-response in inflammatory bowel disease: a review 
- 5516 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5505-5525. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_55055525 
© 2020, ALÖKI Kft., Budapest, Hungary 

 

Figure 3. Composition of gut microbiota (pathogenic and protective) 
 
 

 

Figure 4. The common decrease and increase of microbiota in UC and CD patients 
 
 
The clinical response to therapy is highly dependent upon the quantity and quality of 

bacterial taxa and upon any changes in bacterial taxa that occur in response to treatment. 
Accordingly, patients with few changes in their taxa in response to treatment typically 
exhibit improved drug responses. In contrast, patients who exhibit drastic changes in 
many bacterial taxa following treatment are believed to exhibit poorer drug responses. 
This hypothesis suggests that patients possessing an unstable gut microbial composition 
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may possess a higher risk for anti-TNF-α treatment failure (Bazin et al., 2018). 
Additionally, TNF-α inhibitors may affect the composition of the gut microbiota, either 
directly or indirectly. TNF-α inhibitors are characterized by their ability to cure and 
downregulate inflammation in the infected gastrointestinal tract mucosa. These drugs also 
seek to repair wounded digestive epithelium and rebalance the composition of mucosal 
microbiota. These functions of TNF-α inhibitors may indirectly affect the microbiota 
composition of the gut (Baert et al., 1999). 

Bazin et al. (2018) demonstrated that the gut microbial composition could be used as 
a predictive biomarker for clinical response to anti-TNF. Interestingly, such a predictive 
characteristic of anti-TNF inhibitors has been confirmed in several studies examining a 
number of different diseases. Additionally, microbial diversity in the presence or absence 
of particular taxa has been used as a prognostic factor to monitor diseases such as 
colorectal cancer or response to treatment (Bazin et al., 2018). For instance, an increase 
in the quantity of cyclomodulin-producing E. coli, enterotoxigenic Bacteroides fragilis, 
and Fusobacterium nucleatum was observed in cases of advanced colorectal cancer 
(Gagnière et al., 2016). Similarly, alteration in the microbiota composition has been used 
to explain resistance to immunotherapy in melanomas. It has also been postulated that 
some microbiota species possess the capacity to modify and improve the effects of 
therapy (Dubin et al., 2016; Routy et al., 2018). 

A recent study demonstrated a decrease in dysbiosis and an increase in the quantity of 
Faecalibacterium prausnitzii exists in patients with UC who respond to anti-TNF therapy 
when compared to these factors in non-responders (Magnusson et al., 2016). 
Additionally, the results of this study demonstrated that responders and non-responders 
exhibit distinct expression patterns of mucosal antimicrobial peptides. Their findings also 
suggested that a relationship exists between decreased concentrations of F. prausnitzii 
and clinical relapse in CD patients treated with anti-TNF-α therapy (Rajca et al., 2014). 

For the treatment of inflammatory diseases such as IBD and Spondyloarthritis (SpA), 
a therapeutic revolution occurred after the identification of tumor necrosis factor-alpha 
(TNF-α) antagonists, and this was particularly true for patients who had previously failed 
to respond to NSAID and conventional DMARDs (Sedger and McDermott, 2014; Ward 
et al., 2016). A number of studies have demonstrated that changes in the composition of 
the gut and mouth microbiome occur following the onset of several diseases. 
Subsequently, altered gut and mouth microbiomes are again partially modified in 
response to treatment, and these alterations can potentially predict response to treatment 
(Zhang et al., 2015; Phillips, 2015). 

The effect of treatment on the gut microbiome is considered moderate when compared 
to these effects on the oral microbiome. It has been suggested that a higher probability of 
response occurs in patients who possess a significant number of virulence factors prior to 
therapy (Phillips, 2015). 

 
Variations in the gut microbiota signature 

In 2015, Zhang et al. (2015) performed an experiment on rheumatoid arthritis patients. 
They reported that differences observed in the gut microbiota composition before and 
after non-biologic DMARDs treatment were not significant. Additionally, Busquets et al. 
(2015) demonstrated that treatment with a TNF-α inhibitor such as ADL can affect the 
gut microbial composition of CD patients via recovery of Firmicutes, Bacteroides, and 
Actinobacteria phyla and a decrease in E. coli during treatment. This result was not 
observed in the study by Bazin et al., which may be owing to the different patient 
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population that was studied and the therapies that were used (Bazin et al., 2018). Coyte 
et al. (2015) reported that an unstable microbiota composition was observed in non-
responders over time. Considerable alteration in the microbiota composition has been 
linked to inflammatory diseases such as neurodevelopmental disorders and IBD, but it 
has not been associated with Spondyloarthritis. Magnusson et al. (2016) observed that 
UC patients who possess the capacity to respond to the induction of anti-TNF-α therapy 
exhibited a high abundance of F. prausnitzii compared to that of non-responder patients. 
A significant proportion of Lactobacillus delbrueckii has been previously observed in 
responder patients. These bacteria possess the ability to ferment kefir and are used as 
probiotics for IBD therapy (Rocha et al., 2014). 

Several studies that were performed on humans have confirmed that the Bacteroidetes 
population is greater than that of Firmicutes in IBD patients compared to healthy controls 
(Wright et al., 2015). However, conflicting data were reported in a study by Rooks et al. 
(2014) compared mice that were treated with anti-TNF antibodies post colitis to mice that 
were treated with an antibiotic; Firmicutes populations were increased and the 
proportions of Bacteroidetes were decreased in the mice treated with anti-TNF antibodies. 
These contrasting results highlight the finding that microbial responses are different after 
anti-TNF treatment. Based on this, patient responses to anti-TNF treatment may also 
differ (Chiodini et al., 2013). Firmicutes is considered the most common phylum that is 
restored in CD patients treated with ADL. E. coli levels are also often increased in CD 
patients (Busquets et al., 2015). Bazin et al. also observed that the majority of non-
responders exhibited changes in the order Bacteroides quantity, where two patients 
exhibited a decrease in these bacteria and five patients exhibited an increase. Responders, 
however, did not exhibit any changes in the Bacteroides order. This illustrates that the 
proportion of the order Bacteroides differs significantly for IBD conditions. The 
relationship between microbiota composition clusters and clinical response has been 
demonstrated without the presumption of causality. Fecal microbiota signatures could be 
used to predict clinical response to anti-TNF-α therapy, particularly in the absence of 
reliable biomarkers (Bazin et al., 2018). A balanced diversity in the composition of 
symbiotic microbiota, such as bacteria, fungi, and viruses may be used to predict a 
positive outcome to treatment (Ciccia et al., 2016). 

 
Fecal microbiota transplantation 

Fecal microbiota transplantation (FMT) aims to recover the gut microbial level in 
patients via transferring fecal suspension from a healthy donor. FMT is associated with 
recurrent Clostridium difficile infection (CDI). CDI is an appropriate situation for FMT, 
as it refers to gastrointestinal dysbiosis with Clostridium difficile overgrowth (Cohen et 
al., 2010). A study cohort from Shanghai Children’s Hospital, China, was used to 
investigate the influence of IFX on the composition and function of the fecal microbiota 
of CD patients and healthy controls (CD [n = 11], healthy control [n = 16], all fecal 
samples [n = 48], CD patient samples [n = 32], baseline [n = 8], various times during IFX 
therapy [n = 24], healthy individuals [n = 16]). Prior to IFX therapy in pediatric CD 
patients, a lower biodiversity in fecal microbiome composition, an increase in 
Enterococcus, and a decrease in SCFA-producing bacteria including Anaerostipes, 
Blautia, Coprococcus, Faecalibacterium, Lachnospira, Odoribacter, Roseburia, 
Ruminococcus, and Sutterella, were observed. Additionally, alterations in metabolic 
functions of the gut microbes in CD patients were noted. In post-IFX samples, IFX 
treatment restored the gut microbiota to a normal state in pediatric CD patients, and the 
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abundance of SCFA-producing bacteria (the genera Blautia, Faecalibacterium, 
Odoribacter, and Sutterella) was associated with sustained therapeutic response. The gut 
microbiota were also improved in terms of richness and diversity. During IFX treatment, 
levels of Enterococcaceae, Planococcaceae, and Streptococcaceae were reduced in 
pediatric CD patients. In contrast, Coprococcus, Lachnospira, Roseburia, and 
Ruminococcus levels were elevated in the CD patients after treatment with IFX; however, 
their increases were unstable (Wang et al., 2017). 

A study that was performed on adult CD patients (n = 33) aimed to identify alterations 
in the gut microbiota after IFX withdrawal. In this study, Rajca et al. (2014) noticed that 
CD patients exhibiting long-term remission possessed higher concentrations of 
Firmicutes compared to that of the relapsed CD patients. Additionally, relapsed CD 
patients possessed low levels of F. prausnitzii and Bacteroides during the year prior to 
IFX withdrawal. 

Conclusion 

PNR and LOR are important challenges faced by clinicians who treat patients with 
IBD. Although the precise cause of PNR is not well characterized, the most acceptable 
reason for LOR to TNF antagonists is immunogenicity that leads to the development of 
ADAs, which ultimately neutralize the drug or hasten its clearance. Therapeutic drug 
monitoring (TDM) is useful for aiding appropriate therapeutic decisions in cases of 
treatment failure. Through the use of TDM, clinicians can choose among dose 
intensification, the addition of an immunomodulator, or switching between classes of 
drugs. Future research should focus on the underlying mechanisms responsible for the 
development of PNR and on strategies to overcome LOR. The exact role that the gut 
microbiota plays in the process of treatment failure remains poorly understood. Microbial 
diversity in the presence or absence of particular taxa can be used as a prognosis factor to 
monitor the response to treatment. Strongly recommended increasing the prospective 
clinical trials to study the modification of the gut microbiota composition and determine 
which microbe(s) are responsible for primary non-response or loss of response and 
thereby used as a biomarker predictive. Therefore, the modification of microbiota 
composition can be used to improve the research of probiotic by creating new medications 
based on the patient’s microbiota composition (if possible). 
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Abstract. Cyanobacteria, are a photoautotrophic component of soil biological crusts in arid areas. They 
have attracted increasing interest worldwide due to their potential applications in agriculture bio-
fertilization, rehabilitation of soil environments, biotechnology, natural products and medicine. However, 
biocrust cyanobacteria are not well investigated in North African countries where drylands are dominant. 
This study aims to explore the soil cyanobacterial diversity, to isolate interesting strains and to investigate 
the effect of soil properties and land use on their distribution in the Marrakesh area (Morocco). The 
sampling of biocrusts and measurement of soil physicochemical characteristics were done at five sampling 
sites during two campaigns. The morphological characterization of cyanobacterial strains was done by direct 
microscopy and soil culture inoculums in nutrient media. A total of 26 taxa were identified. Oscillatoriales 
constituted the most diversified order (84.62%), followed by Chroococcales (11.54%) and Nostocales 
(3.84%). Three species are reported for the first time in Morocco. Six strains were isolated in soil culture in 
nutrient media. The results showed that the distribution of cyanobacteria was mainly influenced by 
humidity, soil texture, land use and vegetation cover. This survey provides a first inventory and data ecology 
of the soil cyanobacterial assemblages in the Moroccan mountainous region needed for understanding their 
potential in biotechnological restoration and in agricultural biofertilization. 
Keywords: biocrust cyanobacteria, taxonomy, ecology, edaphic factors, High Atlas Mountains 

Introduction 

Cyanobacteria are the oldest photoautrophic component of Biological Soil Crusts 
communities (BSCs) which include bacteria, algae, fungi, lichens and mosses (Rivera-
Aguilar et al., 2006; Maestre et al., 2011). These biocrusts occur on and within the top 
centimeters of the soil surface all over the world, including the most hostile 
environments like extremely arid and dryland areas where cyanobacteria are often the 
most important primary producers (Hoffmann, 1989; Heckman et al., 2006; Belnap et 
al., 2016). 

Cyanobacteria play a key role in carbon and N-cycling, nutrient dynamics, and 
ecosystem productivity (Hackl et al., 2004). They furnish nutrients to the soil as a good 
bio-fertilizer and stabilize soil structure by the production of the extracellular 
polysaccharides that aggregate soil particles, and sometimes increase their porosity and 



Hakkoum et al.: Diversity and spatial distribution of soil cyanobacteria along an altitudinal gradient in Marrakesh area (Morocco) 
- 5528 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5527-5545. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_55275545 
© 2020, ALÖKI Kft., Budapest, Hungary 

water-holding capacity (Liu et al., 2017). Most filamentous cyanobacteria are 
responsible for biocrust formation and are also the most abundant component in some 
soil types (Janatková et al., 2013). 

Their many adaptations allow them to colonize unstable substrates and their presence 
may also enhance the ecological role and biocrust functions (Garcia-Pichel et al., 2009; 
Büdel et al., 2016). Due to their oxygenic photosynthesis and capability to fix carbon, 
atmospheric nitrogen and solubilize phosphate compounds, the bio-prospecting of 
cyanobacteria is increasing for their potential use in agriculture bio-fertilization (Singh 
et al., 2014; Rossi et al., 2017), restoration and rehabilitation of soil environments (Acea 
et al., 2001; Malam Issa et al., 2007). 

Cyanobacteria has also gained immense interest due to its natural products and 
various secondary metabolites, including vitamins, enzymes, and pharmaceuticals 
substances (Hu et al., 2008). Moreover, these microorganisms have been identified as a 
rich source of biologically active compounds with antiviral, antibacterial, antifungal and 
anticancer activities (Abed et al., 2009). 

Although several researches have shown that cyanobacteria are a precious bio-resource 
in agriculture, ecosystem, and environmental sustainability (Singh et al., 2016; Bag et al., 
2019), studies on cyanobacterial diversity of biocrusts have begun only recently and more 
than 320 species are known to occur in biocrusts on different continents. 

However, in Africa, data about the diversity of biocrust cyanobacteria remains 
fragmentary and strongly heterogenous between the different regions. Although Africa 
is one of the largest continents with considerably larger dryland areas, only 83 
cyanobacteria species have been reported in biocrusts (Büdel et al., 2016). In the 
Northern part of Africa with larger arid and hyperarid landscapes, little is known about 
the biocrusts communities who are still underexplored and where there is a need for 
much more biodiversity assessments. 

At the local scale, abiotic factors other than climate may control the type of biocrusts 
present. Soils properties such as moisture and texture, nutrient content, land use and 
vegetation cover are extremely important. Also, the species composition of biocrust 
community could be regulated by anthropogenic activities and environmental stressors 
across temporal and spatial scales (Belnap et al., 2016). 

In Morocco, a Northwest African arid and semiarid country, cyanobacteria are well 
studied in aquatic ecosystems (Loudiki et al., 2002; Douma et al., 2009). However, soil 
cyanobacteria of biocrusts have not yet been explored and require further attention, 
especially in mountains such as the High Atlas and the hyperarid and desert southern 
areas. Soil environments in high-altitude ecosystems provide habitats for numerous 
cyanobacteria despite being related to extreme environmental pressures, such as freezing 
and desiccation (Kastovská et al., 2005; Nemergut et al., 2007; Blanco et al., 2012). 

Biodiversity of soil cyanobacteria in high mountains biocrusts and their geographical 
distribution have received great attention worldwide (Řeháková et al., 2011). In 
Mediterranean dryland ecosystems, known by their fragility and vulnerability, many 
studies showed that biocrust cyanobacteria play a crucial role in their ecological 
functioning and improve both erosion protection and biofertilization of soils (Zancan et 
al., 2006; Maestre et al., 2011). 

Therefore, this work explored the soil cyanobacteria biodiversity in the high 
mountains of a Moroccan area (High Atlas of Marrakesh) along an altitudinal gradient, 
aiming to identify and isolate some interested taxa and to assess the effect of different 
environmental variables in the distribution of soil cyanobacteria. 
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Material and methods 

Study area 

The study was conducted in the Ourika watershed (31°N and 31°21’N, 7°30’W and 
7°60’W) located in the High Atlas Mountain, at 40 km south of Marrakesh city, 
Morocco (Fig. 1). The watershed covers an area of 576 km2 and has an altitude of 1070-
4000 m. Its bioclimate is semi-arid to sub-humid from the lower altitudinal to the higher 
mountain parts. Its average rainfall varies from 450 to more than 650 mm on the 
piedmont and from 800 to 1000 mm on the high summits. The vegetation cover of the 
basin is scattered and quite degraded and forests occupy only 35.6% of which 25% are 
open forests dominated by green oak, thuja and juniper. More than half of the basin area 
has no forest cover with 49.74% for spiny xerophytes and 13.86% for bare soil and 
crops (Fig. 1). The data on land use, vegetation type and cover in the Ourika basin were 
documented by Ouhammou (2005), Haroni et al. (2009), Meliho et al. (2016) and 
Nduwayo et al. (2017). 

This mountainous basin is very sparsely populated and the built-up area plus the river 
beds account for only 0.78%. Food crops occupy only 7% and cattle and goat breeding 
is the most dominant in some valleys. The pastoral activity and grazing are also 
developed especially in high altitude areas such as Oukaimeden. 

The study area is located in a natural mountainous zone from the granitic highlands 
of Oukaimeden (2634 m) to sedimentary Haouz arid plain (765 m). 

 
Sampling sites and soil sampling 

Five sampling sites located in different zones along an altitudinal and vegetation 
gradient (from a high mountain to arid steppe) were prospected. These sampling sites 
were selected based on different land use type including grassland, open forest, 
moderately dense forest, shrub land and steppe land (Fig. 1). Table 1 provides the 
sampling sites characteristics and their vegetation type. 

 
Table 1. Sampling sites characteristics 

Sampling sites Coordinates 
Altitude 

(m) 
Climate 

(Ouhammou, 2005) 
Nature of the 

substrate 

Vegetation cover 

(Haroni et al., 

2009) 

Land use 

(Nduwayo et al., 

2017) 

Site1: 
Oukaimeden 

N: 31°11.620’ 
W: 007°51.207’ 2634 Wet and humid 

Eruptive, 
metamorphic and 
ancient rocks of 

phanerozoic 

Spiny xerophytes, 
peeler, asylvatic 

zone 

Grassland, 
pasture land and 

bare land 

Site 2: 
Aleppo Pine 

forest 

N: 31°15, 754’ 
W:  007° 49.226’ 1565 Wet and humid 

Red sandstone of 
Permotrias 

Clear forest 
reforestation of 

Aleppo pine 
Forest land 

Site 3: 
Green Oak Forest 

(Quercus ilex) 

N: 31°18.565’ 
W: 007°45, 340’ 1111 

Semiarid to 
subhumid 

Schistose-type 
formation and 
conglomerates 

Green Oak forest Shrub land 

Site 4: 
Barbary thuja 

forest (Tetraclinis 
articulata) 

N: 31° 20.991’ 
W: 007°45.876’ 935 

Semiarid to 
subhumid 

Conglomerate, 
Permotrias sandstone, 

salt rocks, clay soil 

Dense vegetation, 
Thuja, red 
Juniperus, 

Oxycedrus, green 
oak 

Forest land 

Site 5: 
Jujube steppe 

(Ziziphus lotus) of 
Haouz 

N: 31°25.224’ 
W: 007°50.237’ 765 Arid Sedimentary substrate 

Steppe with 
Zizyphus lotus 

Steppe land and 
bare soil 
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Figure 1. Location of sampling sites in Ourika basin. S1: Oukaimeden; S2: Aleppo Pine Forest; 
S3: Green Oak Forest; S4: Thuja forest; S5: Haouz arid steppe. (The land use map of the 

Ourika basin is carried out by Nduwayo et al., 2017; modified figure) 
 
 
In each sampling site, we performed two soil samples during two campaigns 

(February 14th and May 4th of 2016). A composite biocrust samples (made up of number 
of smaller samples of 10 cm2 and 1-3 cm deep) were taken randomly with a sterile 
spatula. At each site, an area of 500–1000 m2 was explored to choose the representative 
points developed biocrusts, showing a range of colonization states, from early 
successional (lightly pigmented: light biocrusts) to late successional (darkly pigmented: 
dark biocrusts) (Belnap et al., 2008), avoiding those dominated by moss or lichen, as 
previously described by Garcia-Pichel et al. (2016). In total, 50 soil samples (5 sites × 
10 replicates) were collected in sterilized Petri-dishes (90 mm diameter) for 
cyanobacterial microscopy examination, culturing and isolation. A second composite 
sample, for physicochemical analysis, was taken from the upper bare surface layer (1-
3 cm) of soil according to Řeháková et al. (2011). This last sample was placed in clean 
polyethylene bags and kept at 4 °C until further analysis. 

 
Soil physico-chemical characteristics 

In the laboratory, the soil samples were sieved (< 2 mm) and air-dried at room 
temperature for physico-chemical analysis (El Khalil et al., 2013). All soil analyses 
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were conducted on the < 2 mm size fraction according to NF ISO 10390. A conductivity 
meter (Cond 1970i WTW GmbH, Weilheim, Germany) was used to measure the 
electrical conductivity. pH was assessed using a pH meter (pH 1970i WTW GmbH, 
Weilheim, Germany). The method of Anne (Aubert, 1978) was used to determinate total 
organic carbon. This method allows to evaluate the organic matter content of soil 
samples. Available phosphorus was measured by the Olsen method (Olsen et al., 1954). 
The content of ammoniacal nitrogen (N-NH4

+) was determined according to the norm 
instructions (AFNOR, 1975). Soil moisture was measured gravimetrically according to 
the standard method (AFNOR, 2000). The soil samples were oven-dried at 105 °C for 
48 h based on the oven drying method. The soil texture of samples was obtained using 
the classic method (Soltner, 2005). The soil chlorophyll a content was performed by 
boiling ethanol extraction after cleaning all vascular plants (ISO, 1992). 

 
Taxonomic identification of cyanobacteria 

The morphological identification of cyanobacterial taxa was carried out using both 
field and cultured material (Mansour and Shaaban, 2010). 

The representative subsamples of biocrusts, were selected, mixed together, and 
homogenized to form a composite sample (Muñoz-Martín et al., 2019). A suspension of 
each biocrust sample was prepared by dissolution of 1 g of mixed soil diluted 10 ml fold 
in sterilized distilled water. A few drops of this suspension were immediately examined 
using research light microscope (Motic BA210, China; 400× and 1000× magnification) 
to make a preliminary identification of the cyanobacteria present taxa. Then, they were 
identified using recent cyanobacteria monographs (Anagnostidis and Komarek, 1990; 
Komarek and Anagnostidis, 1998, 2005; Komarek, 2013). 

 
Strain isolation and culture conditions of cyanobacteria 

After sieving and grinding soil samples, a series of 5 dilutions ranged from 10-1 to 10-5 
were prepared. Under aseptic conditions, 1 ml of the soil suspension of each dilution was 
inoculated in triplicate on solid (1.5% agar) and then on liquid media. Z8 medium was 
used for the strain isolation and growth (Kotai, 1972). The cultures were maintained 
under controlled conditions (temperature 26 °C ± 1, light intensity 60 μmol.m-2.s-1, light – 
dark cycle of 15/9 with continuous aeration) for 8 to 12 days. After cyanobacteria growth, 
a series of successive transplants of the isolated strains onto new medium were made to 
obtain monoalgal and purified culture. Monoalgal strains were used for profound 
morphological identification of species under the light microscopy (Motic BA210, China) 
using the imaging software analysis (Motic Images + 2.0). 

 
Data analysis 

All soil parameters analysis was done in three replicates. The results are expressed as 
mean ± standard Error (SE). One-way analysis of variance (ANOVA) with the Tukey 
test was used to determine the differences between sampling sites. The significance of 
the results was compared at p < 0.05. 

A multivariate analysis was performed to identify correlations between different 
cyanobacteria taxa and soils properties using a Principal Component Analysis (PCA). In 
the data matrix, the individuals are the sampling sites; the variables are the 
cyanobacteria taxa and the average of physico-chemical parameters. A hierarchical 
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classification was made from the coordinates of individuals and variables to establish a 
soil typology and assess the degree of similarity of the investigated sites. 

The statistical analysis was performed by XLSTAT 2016 version 18.02.01.27444; 
Addinsoft, France. 

Results 

Soil physico-chemical parameters 

The comparison of soils physico-chemical parameters showed spatiotemporal 
variations and significant differences (p < 0.05) were observed between soils in 
different land uses (Table 2). The pH values were slightly acidic to neutral ranging 
between 6.49 and 7.90 and decreasing significantly (p < 0.05) with altitude. The low 
altitude sites (S3, S4, S5) have slightly neutral to alkaline values, while the grassland 
high altitudinal one (S1) has slightly acidic value. 

Electrical conductivity also showed a significant decreasing gradient (p < 0.05) with 
altitude. The highest values were registered in low lands, with 380 and 257.5 µS/cm in 
S3 and S5, respectively. While, the high land (S1) showed the minimal value 
(69.15 µS/cm). Indeed, the Oukaimeden grassland soil was significantly less 
mineralized (p < 0.05) compared to other soils. 

In all the sites, the soil moisture ranged from 3 to 8.9% with higher values and a 
relative stability in February campaign (8.45-8.9%), whereas it decreased in May 
campaign (up to 3%), especially at S2, S3 and S4. The soil moisture of grassland (S1) 
was significantly higher (p < 0.05) than the other land uses. 

During the two campaigns, the total organic carbon content varied from 2.16 to 
4.66% and showed a significant difference between different soils. Soils from lower 
forest and steppe lands (S3, S4, S5) have the highest concentration of total organic 
carbon. Ammonia nitrogen and available phosphorus contents were very low and fairly 
similar with often no significant difference between sites. The soil texture is clay in all 
sites, except sites 1 and 3 where it is silty clay and clay silt, respectively. 

 
Soil biotic indicator 

On May 4th, the soil algal biomass, assessed by chlorophyll a content, increased 
significantly (p < 0.05) along the altitudinal gradient, varying from 10.48 µg/g soil at 
site 5 to 31 µg/g soil at sites 1 and 2 (Fig. 2). Unlike the February campaign, the 
chlorophyll a concentration increased significantly (p < 0.05) in May and showed a 
clear spatial disparity with higher level measured at the two altitudinal sampling sites. 

 
Cyanobacterial diversity: identification and strain isolation 

In all studied sites, a total of 26 cyanobacteria taxa were identified (Table 3), 
belonging to 3 orders, 8 families and 9 genera (Fig. 3b). Oscillatoriales constitute the 
most diversified order with 84.62 of all taxa, followed by Chroococcales (11.54%) and 
Nostocales (3.84%) (Table 4). The three genera Leptolyngbya (7 taxa), Phormidium (6 
taxa), Pseudanabaena (6 taxa) are the most represented (Fig. 3c). In order of 
occurrence, the common species present in most soil crusts were Nostoc muscorum (5 
sites), Phormidium crassivaginatum (4 sites), Leptolyngbya faveolarum (3 sites); while 
Leptolyngbya sp 1 and Leptolyngbya sp 2 were represented in some specific soils (2 
sites). The highest number of taxa (12 taxa) were observed in the highly altitude station 
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(S1) (Fig. 3a). Based on the most updated Moroccan checklist of cyanobacteria 
(Douma, 2010), three species are reported for the first time in Morocco (Phormidium 
priestleyi, Phormidium crassivaginatum, Pseudanabaena minima) (Fig. 4). It should be 
noted that for many taxa (10 in total), morphological taxonomic identification was 
stopped at the genera level. Further modern identification techniques (polyphasic 
approach) remain necessary to accurately confirm the identity of these taxa. Six species 
of soil cyanobacteria were successfully isolated from the studied soils and culturing in 
laboratory. These species were Phormidium articulatum, Nostoc muscorum, Lyngbya sp 
Pseudanabaena sp1, Leptolyngbya sp1 and Synechocystis sp1 (Fig. 4). 

 

 

Figure 2. Chlorophyll a concentration (μg/g soil) in the studied soils. Data are 
means ± standard error (n = 3). Different letters indicate significant differences (p < 0.05 by 

Tukey’s HSD test) between sampled sites 
 
 

 

Figure 3. Species richness (a), spectrum families (b) and spectrum genera (c) of cyanobacteria 
in the studied soils
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Table 2. Physico-chemical characteristics of sampled soils 

Parameter 
Site 1 Site 2 Site 3 Site 4 Site 5 

F M F M F M F M F M 

pH 6.98±0.08c 6.49±0.085c 7.22±0.005bc 7.90±0.056a 7.80±0.05a 7.73±0.296a 7.47±0.03ab 7.29±0.014b 7.42±0.39abc 7.83±0.025a 

CE  120±10d 69.2±2.35d 73.15±0.15e 185.7±0.45a 380±6a 157.6±0b 139.4±0.75c 161.2±0.2b 257.5±7.5b 101.7±1.9c 

H  8.9±0.01a 7.7±0.06a 7.4±0.01c 3±0.14b 8.6±0.03b 4.4±0.09b 8.7±0.02b 3±0.06b 8.5±0.02c 8.7±0.05c 

TOC  3.02±0.15e 2.16±0.16e 3.28±0.43d 2.91±2.31c 3.33±1.33c 2.66±0.66d 4.66±0.66a 4.33±1.2a 4.16±1.01b 3.83±0.72b 

P-PO4 0.039±0ab 0.007±0.021c 0.039±0.004ab 0.006±0.012c 0.034±0.001b 0.004±0.003d 0.045±0.004a 0.034±0.039a 0.038±0.001ab 0.016±0.031b 

N-NH4
+  0.029±0.002a 0.040±0.001a 0.014±0.002b 0.033±0.001b 0.017±0.001b 0.032±0.001b 0.032±0.005a 0.025±0.001c 0.016±0b 0.022±0.001c 

Texture Silty clay Clay Clay silt  Clay Clay  

The values are denoted as mean ± standard error (n = 3). Different letters indicate significant differences (p < 0.05 by Tukey’s HSD test) between sampled sites. EC: 
Electrical conductivity in (µs/cm); H: humidity in (%); TOC: total organic carbon in (% C); N-NH4

+: Ammoniacal nitrogen in (%); P-PO4: available phosphorus in 
(mg/g soil). F: February; M: May 

 
 
Table 3. Inventory of cyanobacteria taxa in the study sites (F: February; M: May) 

Taxa 
S 1 S 2 S 3 S 4 S 5 

F M F M F M F M F M 

Order/Oscillatoriales 
F/Phormidiaceae 

          

Phormidium priestleyi Fri. (PPRI) X          

Phormidium crassivaginatum An. et Kom. (PCRA) X  X    X X  X 

Phormidium Kuetzingianum An. (PKUE) X          

Phormidium molle Gom. (PMOL) X X         

Phormidium articulatum Clau. (PART)     X X X X   

Phormidium paulsenianum (Boy.) Nov. (PPAU)         X  

F/Schizotrichaceae           

Schizothrix sp (Ssp)         X  

F/Pseudanabaenaceae           
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Pseudanabaena starmachii An. (PSTA) X          

Pseudanabaena minima An. (PMIN) X X         

Pseudanabaena moniliformis Kom. (PMON)   X        

Pseudanabaena balatonica Sche. And Kol. (PBAL)       X X   

Pseudanabaena galeata Böch. (PGAL)         X X 

Pseudanabaena sp 1 (Psp) X          

Leptolyngbya lurida (Gom.) An. et Kom. (Llur) X          

Leptolyngbya faveolarum (Rab.) An. et Kom. (LFAV) X X   X X X X   

Leptolyngbya tenuis (Gom.) An. et Kom. (LTEN)         X  

Leptolyngbya pseudovalderiana (Vor.) An. et Kom. (LPSE)         X X 

Leptolyngbya sp 1 (Lsp1) X X   X X     

Leptolyngbya sp 2 (Lsp2) X X X X       

Leptolyngbya sp 3 (Lsp3)   X        

F/Oscillatoriaceae           

Lyngbya sp (LYsp)         X X 

F/Gomontiellaceae           

Hormoscilla sp (Hsp)       X    

O/Nostocales 

F/Nostocaceae 
          

Nostoc muscorum Ag. (NMUS) X  X  X  X  X  

O/Chroococcales 

F/Chroococcaceae 
          

Chroococcus sp (Csp)   X        

F/Merismopediaceae           

Synechocystis sp 1 (Ssp1)       X    

Synechocystis sp 2 (Ssp2)   X        

Total of taxa/site 12 5 7 1 4 3 7 4 7 4 
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Table 4. Importance of taxonomic level of cyanobacteria in studied soils 

Order (O/) 
Taxonomic level 

Family Genera Species Total (%) 

O/Oscillatoriales 5 6 22 84.62 

O/Chroococcales 2 2 3 11.54 

O/Nostocales 1 1 1 3.84 

Total 8 9 26 100 

 
 

 

Figure 4. Microphotographs of identified cyanobacterial strains. 1: Phormidium priestleyi; 2: 
Phormidium Kuetzingianum; 3: Schizothrix sp; 4: Pseudanbaena minima; 5: Pseudanabaena 

balatonica; 6: Leptolyngbya faveolarum; 7: Lyngbya sp; 8: Nostoc muscorum; 9: Synechocystis 
sp 1; 10: Phormidium articulatum; 11: Phormidium crassivaginatum; 12: Leptolyngbya sp 1. 

Scale Bar = 10 μ 
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Multivariate analyses 

A principal component analysis (PCA) was performed on a data matrix consisting of 
8 variables (humidity, pH, conductivity, total organic carbon, available phosphorus, 
ammonia nitrogen, granulometry, chlorophyll a) and 26 individuals (taxa) distributed 
along the five studied sites (Fig. 5). The variables were mainly correlated with two axes 
(F1 and F2) in which 53.86% of the total variance in the data was found. 

 

 

Figure 5. Projection of variables (physicochemical parameters and cyanobacteria taxa) and 
sampling sites (in red) on the factorial level (1 x 2) 

 
 
The first axis F1 with 33.19% of total variance was strongly correlated on the 

positive side with ammonia nitrogen, chlorophyll a and altitude. The second axis F2 
with 20.67% was positively formed in correlation with humidity. The PCA analysis 
results revealed that the group of taxa Phormidium priestleyi (PPRI), Phormidium 
Kuetzingianum (PKUE), Phormidium molle (PMOL), Pseudanabaena starmachii 
(PSTA), Pseudanabaena minima (PMIN), Pseudanabaena sp1 (Psp), Leptolyngbya 
lurida (Llur), Leptolyngbya sp2 (Lsp2) and Leptolyngbya sp1 (Lsp1) showed the 
highest correlation to ammonia nitrogen (N-NH4

+), chlorophyll a (Chl a) and altitude. 
However, the group of taxa Phormidium paulsenianum (PPAU), Schizothrix sp (Ssp), 
Pseudanabaena galeata (PGAL), Leptolyngbya tenuis (LTEN), Leptolyngbya 
pseudovalderiana (LPSE) and Lyngbya sp (LYsp) has the highest correlation to 
humidity (HU). A third group of taxa Phormidium articulatum (PART), Phormidium 
crassivaginatum (PCRA), Pseudanabaena moniliformis (PMON), Synechocystis sp2 
(Ssp2), Chroococcus sp (Csp), Nostoc muscorum (NMUS), Leptolyngbya sp3 (Lsp3), 
Pseudanabaena balatonica (PBAL), Hormoscilla sp (Hsp), Synechocystis sp1 (Ssp1) 
and Leptolyngbya faveolarum (LFAV) has the highest association to pH, conductivity 
(EC), available phosphorus content (P-PO4

-), total organic carbon (COT) and 
granulometry. 
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Furthermore, cluster analysis was performed to separate the taxa into distinct groups 
based on environmental factors. Three groups of taxa could be distinguished from the 
dendrogram based on the hierarchical cluster (Fig. 6): 

I. Taxa with positive correlation to ammonia nitrogen, chlorophyll a and altitude; and 
with negative correlation to pH and total organic carbon. This first group is associated 
with the taxa of sites 1 and 2. 

II. Taxa with highest correlation to humidity. This second group is composed of the 
taxa from site 5. 

III. Taxa with positive correlation to pH, conductivity, available phosphorus content 
and granulometry. This third group brings together taxa from sites 3 and 4. 

The results of the data analysis revealed that nutrient content (ammonia nitrogen, 
available phosphorus), altitude, humidity, pH and conductivity were the main factors 
influencing the spatial distribution of cyanobacteria communities along the studied 
altitudinal gradient. 

 

 

Figure 6. Cluster dendrogram of cyanobacteria groups (a) and the sampling sites (b) based on 
physico-chemical parameters 

Discussion 

The biomass of BSCs was mainly created by cyanobacterial and microalgal taxa, 
which are important primary producers within soil crusts all around the world 
(Janatková et al., 2013). The species composition, abundance and distribution of 
cyanobacteria biocrusts were influenced by various ecological and edaphic factors 
(Davey and Rothery, 1993). All the physico-chemical analyses and biological data 
(Table 2) showed that the characteristics of the soils along the natural altitudinal 
transect (S5 to S1) were mainly influenced by the substrate type, topographic and 
climatic conditions, land use and vegetation cover (e.g. grassland, forest land, shrub 
land, steppe land). These environmental factors induce a spatial variability in the soil 
moisture, texture and chemical composition. Compared to forest and steppe land, the 
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soil of altitudinal grassland was slightly acidic, relatively wetter, weakly mineralized, 
and very poor in organic carbon and nutrients. 

The obtained results show that cyanobacteria taxa exist in all studied soils, but they 
reveal a significant presence, especially in altitudinal grassland soil (S1). These results 
are in agreement with certain studies confirming that this group of microorganisms has 
an extraordinary resistance to extreme conditions in high altitudes (Řeháková et al., 
2011). However, this observation is in contrast with other research, which suggest that 
cyanobacterial diversity is negatively correlated with acidity and altitude (Choudhary 
and Singh, 2013). 

It is known that various cyanobacteria have a large ecological distribution and seem 
to be frequent both in high and low altitude soils. Our results showed that many 
cyanobacteria are ubiquitous and were inventoried at least in four different sites. Among 
these taxa we found Phormidium crassivaginatum, Leptolyngbya faveolarum and 
Nostoc muscorum. The cyanobacterial distribution and diversity in soil are the result of 
the complex influence of substrate, soil properties, vegetation type and climatic 
conditions (Quesada et al., 1998). 

In this study, it was observed that the highest number of cyanobacteria was recorded 
in clay-silty soils (S1). This is consistent with the study of Kobbia et al. (1988) which 
shows that the clay soil has a high water retention and is suitable for the growth of 
cyanobacteria (Haider et al., 2017). The PCA analysis results revealed that humidity 
was among the main factors influencing the distribution of cyanobacterial communities 
along the studied altitudinal gradient. It was also noticed that the highest moisture value 
was measured in grassland soil (8.89%) which appears to be less affected by temporal 
variations of rainfall compared to other soil land uses. This result corroborates that of 
Niu et al. (2015) which showed that soil moisture condition was affected by different 
land uses and that the higher soil moisture content was exhibited by the grassland 
followed by cropland, forest land and shrub land. Our observations have confirmed that 
land use plays a key role in controlling spatial and temporal variations of soil moisture 
as well as the soil water dynamic. Therefore, water content in soil plays a very 
important role in the distribution and diversity of soil microalgae (Lin et al., 2013). This 
situation helps cyanobacteria to keep a longer period of metabolic activity and 
accumulate more biomass (Zhang et al., 2011). 

Furthermore, soil mineralization also influences distribution of soil cyanobacteria. In 
the studied altitudinal transect, the average values of conductivity were rather low 
ranging between 73.15 and 380 µS/cm. These values are smaller than those recorded in 
Iraq (233.8 µS/cm-3072 µS/cm) (Haider et al., 2017). It is known that salinity leads to a 
decrease in the growth of cyanobacteria, but its effect on growth inhibition varies from 
one species to another given their morphological and molecular diversity. 
Consequently, the distribution of cyanobacteria in various environments is not equal, 
due to their adaptability and tolerance to extreme conditions such as saline 
environments (Rejmánková et al., 2004). 

The studied soils were characterized by relatively low nitrogen, phosphorus and high 
organic matter content. Our results are similar to those of Zancan et al. (2006). Previous 
studies have shown that the concentration and quality of nutrients are probably more 
important in the blue-green-algal diversity. Vijayan and Ray (2015) showed that 
availability of phosphates and nitrates are the important factors that favor the abundance 
of cyanobacteria in ecosystems. In the forest land soils especially with dense vegetation 
(S4), the relatively high organic carbon content was related to the land use type, which 
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plays a very important role in the soil enrichment by the organic matter and litter 
(Kooch et al., 2008). Despite their high organic matter content, these forests soils have 
the lowest number of cyanobacterial taxa. This finding was in harmony with that 
obtained by Vijayan and Ray (2015), who reported that the vegetation density causes a 
decrease in light intensity. These results highlighted that soil light condition could be 
influenced by different land uses. Indeed, the light is an important factor that contributes 
to the cyanobacterial and microalgal abundance and distribution in natural environments 
(Řeháková et al., 2011). 

The obtained results show that cyanobacteria were found in all examined soils but 
they reveal a significant variation in their species richness. A comparative analysis of 
the total cyanobacteria richness showed a similarity with other works (Řeháková et al., 
2011; Al-Sodany et al., 2018). This survey highlighted the existence of 26 taxa, 
distributed on 3 orders and 9 genera; with 3 species reported for the first time in 
Morocco (Phormidium priestleyi, Phormidium crassivaginatum, Pseudanbaena 
minima). This richness is very important and constitutes a substantial addition to soil 
cyanobacteria inventories around the world (35 taxa in Eastern Himalayas of India 
(Choudhary and Singh, 2013); 31 taxa in High altitude at Taif city of Saudi Arabia (Al-
Sodany et al., 2018); 81 taxa in mountain tundras of the Polar and Subpolar Urals of 
Russia (Patova et al., 2018)). 

The Oscillatoriales constitute the most diversified order, followed by Chroococcales 
and Nostocales. This result is in accordance with the findings of Řeháková et al. (2011) 
who reported that the Oscillatoriales are generally more abundant in finer textured soils 
that contain relatively high concentrations of organic matter. In contrast, the order of 
Chroococcales may have increased with altitude because, as unicellular organisms with 
rapid growth rates, they do not require a stable substrate with a high organic matter 
content. Whereas, the Nostocales are usually thought to be able to colonize young 
undeveloped soils because of their ability to fix nitrogen, which might be the limiting 
nutrient (Kaštovská et al., 2005). 

In addition, the Nostocales, represented in this study by Nostoc muscorum, are found 
in all sites but have larger thallus in wet high mountain soil. This observation is 
consistent with that of Řeháková et al. (2011) who observed that Nostocales were 
predominated at high altitude. Indeed, they are better adapted to desiccation and cold 
conditions, due to their well-developed mucilaginous sheath. Nostoc species could also 
behave at high altitude because their biovolume is independent of the concentration of 
organic matter, unlike other species. Generally, this genus can usually colonize young 
undeveloped soils because of its ability to fix nitrogen (Whitton and Pott, 2012), which 
might be the limiting nutrient in these types of soils. 

Six strains were successfully isolated in culture of soils in nutrient media. 
Pseudanabaena and Lyngbya strains were known by their potential toxicity (Shimizu, 
2003; Olvera-Ramírez et al., 2010). However, the other isolated taxa can be considered 
by their high potential biotechnological value (Nostoc muscorum, Phormidium 
articulatum, Leptolyngbya sp and Synechocystis sp). In a recent work, Shariatmadari et 
al. (2013) showed that the application of the strains of Anabaena vaginicola and Nostoc 
sp increased the organic C and N content of the surface soil and enhanced plant growth 
and plant ion uptake; therefore, they are appropriate candidates for a good biofertilizer. 
Also, the work of Nonibala and Singh (2015) shows that Nostoc muscorum and 
Synechocystis sp have promising antifungal activity that can serve as promising 
biocontrol agents in current agricultural practices. Previous studies focusing on the role 
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of microalgae in the removal of heavy metals from the soil showed that some 
cyanobacteria taxa such as Stigonema sp, Phormidium molle, Leptolyngbya sp and 
Synechococcus sp were resistant to heavy metals and thus used for the removal of soil 
contaminated by heavy metals (Rahman et al., 2011). 

Conclusion 

This exploratory survey provides a first inventory and data ecology of the 
cyanobacterial assemblage of soil crusts in a Moroccan mountainous region. This study 
reveals the existence of a significant cyanobacterial diversity (26 taxa) in the soils of 
five sampling sites with different land use and vegetation cover along an altitudinal 
gradient. The studied soils were characterized by significant cyanobacteria richness, 
with the presence of cosmopolitan and ubiquitous taxa (such as Phormidium 
crassivaginatum, Leptolyngbya faveolarum, Nostoc muscorum and Schizothrix sp). 

Ultimately, the distribution of soil-cyanobacteria was mainly influenced by altitude, 
humidity and soils texture, land use and vegetation cover. Cyanobacteria composition 
and species richness were correlated to the soil physico-chemical characteristics 
especially nutrients content (ammonia nitrogen and available phosphorus), soils 
moisture, pH and conductivity. 

In this first study, the soil-cyanobacterial inventory was far from being exhaustive in 
relation to the existing potential. Further investigations are necessary using an 
experimental approach based on soil culture in nutrient media and identification taxa by 
molecular methods. More field surveys will be necessary to complete and evaluate the 
effects of others environmental factors on the diversity, distribution and ecological 
trends of cyanobacteria in Moroccan terrestrial environments. 
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Abstract. Straw from Bangladeshi indigenous rice (Oryza sativa L. ssp. indica) variety ‘Goria’ was 
incorporated into a gray soil to observe the phytotoxic effects on Echinochloa oryzicola. The residues of 
‘Goria’ caused inhibition on the growth and dry weight of E. oryzicola. The rate of ‘Goria’ straw 
incorporation was sequentially evaluated to observe autotoxicity in the cultivation of the same rice 
variety. An improvement was found on the growth and yield parameters of rice due to the straw 
incorporation into the soil. Aqueous methanol extracts of ‘Goria’ straw inhibited the seedling growth of 
Lepidium sativum L. and E. oryzicola, which suggested that this variety might contain phytotoxic 
substance(s). Two biologically active compounds, (-)-loliolide and 3β-hydroxy-5α,6α-epoxy-7-
megastigmen-9-one, were isolated using several chromatographic steps. The phytotoxic potential of these 
two compounds was assayed in vitro on the seedling growth of test flora to validate it. The inhibitory 
activity of 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one was greater than that of (-)-loliolide, as 
demonstrated by comparison of the I50 values. However, the two compounds synergistically suppressed 
the growth of L. sativum and E. oryzicola more strongly than the individual compounds. The results 
suggest that incorporation of allelopathic rice Goria-straw could help suppress E. oryzicola in rice to 
achieve non-herbicidal weed control. 
Keywords: allelochemicals, autotoxicity, inhibitory bioactivity, Echinochloa oryzicola, weed 
management 

Introduction 

Rice (Oryza sativa L. ssp. indica) is the primary crop of Bangladesh, covering 
approximately 75% of the total crop area (BBS, 2017). The dramatic increase in the use 
of agricultural chemicals has contributed considerably to increasing rice productivity 
worldwide and in Bangladesh in the last half century (Erisman et al., 2008). However, 
in Bangladesh, rice cultivation is seriously threatened by several factors and 
circumstances including pesticide and fertilizer use. The current trend in agriculture 
focuses on reducing the use of herbicides because of their adverse effects on nature. 
Anxiety about the potential connections between public health, environmental 
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conditions, and farming output exposes the rising demand to address the long-term 
sustainability of existing agricultural practices and determine which agricultural 
technologies will be safe and economically productive. 

Rice is heavily infested with several noxious weeds, including E. crus-galli 
(Kraehmer et al., 2016). In Bangladesh, E. oryzicola is one of the primary weeds, which 
is difficult to control because it is a mimic of rice and easily adapts to both the 
transplanted and direct-sowing rice growing environments. Several methods are used to 
control weeds. Depending on the weed types and critical period of weed competition, 
we must intelligently select and adopt different weed management techniques based on 
the available resources. Allelopathy is a phytotoxic inference in which a plant or plant 
residue releases phytochemicals exerting an impact (generally adverse) on the adjacent 
or successive plants (Yang and Kong, 2017; Kong et al., 2019). Using allelopathy in 
crop production, reducing synthetics and ensuing environmental degradation, and 
developing efficient methods for sustainable crop production and agroecological 
schemes are the primary motivations for research on allelopathy (Han et al., 2013). 

To develop herbicides, allelochemicals have been on the research interest of 
phytochemists recently (Chung et al., 2017). A tremendous opportunity is available to 
use rice residues as a source of bio-herbicides (Amb and Ahluwalia, 2016). Mulching or 
incorporation of allelopathic plant materials provides convenient weed management 
(Jabran et al., 2015) and reduces the adverse effects on an agroecosystem (Cheema et 
al., 2004). The adoption of mechanized agriculture has brought in leaving a significant 
amount of rice straw that is available for most rice farmers as organic material. Thus, 
we can use this rice straw for recycling in agricultural practices. Chung et al. (2001) and 
Xuan et al. (2005) describe suppression activities of rice residues on weeds including 
Echinochloa species. The content of phytotoxic compounds in rice straw is vast and 
manifold (Kong et al., 2006; Kato-Noguchi et al., 2012). Significant amounts of stubble 
remained in the fields after rice harvest also contain and release phytotoxins (Kong et 
al., 2006; Cao et al., 2008) and reduce soil erosion and effectively prohibit the growth of 
weeds (Ramakrishna et al., 2006). Furthermore, removal of straw from the field 
diminishes reserves of soil K and Si, whereas incorporation of the remaining plant parts 
into the soil deposits nutrients and assists in conserving soil nutrient resources for an 
extended period (Dobermann and Fairhurst, 2002). Thus, straw incorporation can 
increase soil fertility and improve soil organic matter content, which can influence the 
nutritional and physiological aspects of crop growth. Generally, rice straw is applied 
back into rice and vegetable fields as an organic substance, and particularly in 
greenhouse cropping. Rice straw mulching had a notable impact on controlling weed 
growth under zero tillage wheat (Triticum aestivum L.) in experimental field conditions 
following rice in Bangladesh (Rahman et al., 2005). Hence, weed prevention coupled 
with yield enhancements by rice straw mulching would benefit integrated weed 
management systems, while minimizing the effects of agrochemicals, which are an 
essential concern in current agricultural activities. Regrettably, Schreiber (1992), Lund 
et al. (1993) and Inderjit et al. (2004) conveyed that the incorporation of straw into the 
soil was the primary cause for the suppression of crop growth in the next season. 

Evolution of weed resistance against herbicides demands that new classes of 
herbicides are created with new modes of action that have not been previously exploited 
and that can be used in organic agriculture. Moreover, using synthetics for weed 
suppression also requires public acceptance (Dayan et al., 2009; Anwar et al., 2019). 
Allelochemicals can be familiarized as potential natural herbicides because of their 
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inhibitory activities on the emergence, growth, physiological response, and biochemical 
contents of receivers (Weir et al., 2004; Khanh et al., 2009), which ultimately 
manipulate the population structure and dynamics during secondary succession of flora, 
their vegetation pattern in communities, and farm management and output 
(Weidenhamer and Callaway, 2010). In agriculture, allelochemicals are considered as a 
supplement because they are less persistent and eco-friendly (Weston and Duke, 2003). 
Allelopathic substances such as momilactones A and B, form rice straw and their 
phytotoxic inference on weeds have been documented (Chung et al., 2001). Therefore, 
the present study was planned to consider the use of Bangladeshi indigenous rice straw 
for the control of weeds, to observe autotoxicity in rice, and to isolate and identify 
potential phytotoxic substances and determine their bioactivity on the growth of E. 
oryzicola. 

Materials and methods 

Plant materials 

The Bangladesh indigenous rice (Oryza sativa L. spp. indica) variety ‘Goria’ as 
allelopathic (Masum et al., 2016) were grown in pots (Wagner pot, 0.02 m2) from April 
to July 2016 in a glasshouse of the University of the Ryukyus for 120 days and then 
allowed to sundry in the glasshouse for an additional period (21 days). Seeds of L. 
sativum L. were purchased from the Green Field Project (Kumamoto, Japan), and seeds 
of Echinochloa crus-galli L. Beauv. var. oryzicola were collected from the rice field of 
the University of the Ryukyus, Japan. 

 
Pot studies 

Pot (Wagner pot, area 0.02 m2; height 19.7 cm; diameter 17.3 cm) studies were 
undertaken in a two-step procedure, with both steps conducted in a glasshouse at the 
University of the Ryukyus, Japan. The first step was to verify the effect of rice straw 
incorporation into the soil on E. oryzicola growth, and the second step was to observe 
rice growth. In the first step, each pot was filled with 4 kg of gray soil (coarse sand 
3.61%, fine sand 30.94%, silt 24.32%, and clay 32.84%; apparent density 0.90 g cm-3; 
pH 7.43; C 1.83% and N 0.14%; and in mg g-1 soil, HPO4

2- 0.44, K+ 0.75, Ca2+ 4.99, 
Mg2+ 0.70, SO4

2- 1.39, Fe3+ 0.64, Mn2+ 0.41, Zn2+ 0.47, Na2+ 1.01, Cu2+ 0.41, and Al2+ 
0.81). Soils with the chaff (1–2 cm) of ‘Goria’ rice at the rate of 0.5, 1.0, 1.5 and 
2.0 t ha-1 were completely incorporated in pots. The untreated pots contained soil only. 
The incorporated soils were moistened for 30 days to decompose appropriately. Two 
pre-germinated E. oryzicola seeds were placed in each pot. Weed-inhibition was 
determined from the difference of the growth parameters and dry weights of plants 
between treated and untreated pots. 

In the second step, each pot was filled as in the first step, and four treatments were 
applied: control, ‘Goria’ straw (2.0 t ha-1), commercial fertilizers, and ‘Goria’ straw 
(2.0 t ha-1) with commercial fertilizers. Residues were decomposed as previously 
described. Commercial fertilizers were applied at the rate of 0.063, 0.05, 0.025, 0.031, 
and 0.005 g kg-1 soil in the form of urea, triple superphosphate (TSP), muriate of 
potash (MOP), gypsum and zinc sulphate, respectively, one day before transplanting; 
urea was applied in three equal splits one day before transplanting and at 20 and 40 
DAT (days after transplanting). Twenty-five-day-old seedlings of Bangladesh 
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indigenous rice variety ‘Goria’ were transplanted at 1 seedling per pot. Growth and 
yield contributing parameters of rice were observed. After the harvest of the crop, the 
experimental soil core was carefully removed from the pot. About 200 g of soil 
samples were collected from the inner area of the core up to bottom layer at 5- cm 
intervals, air-dried, grounded, and the roots were separated by sieving with a 2.5-mesh 
sieve. 

 
Straw extract bioassay 

Dried straw (leaves and stems) of ‘Goria’ variety was blended and kept at -40 °C 
until used for extraction. Extraction was performed using a slight modification of the 
method developed by Kato-Noguchi et al. (2011). The powder (40 g) placed in a 1000-
mL flask containing 500 mL of 80% (v/v) aqueous methanol, and stirred for 48 h at 
room temperature. Extracts were filtered through Whatman No. 42 filter paper (Toyo, 
Tokyo, Japan). The residue was re-extracted with 500 mL of methanol and filtered 
following the above methods. Then, the two filtrates were mixed and evaporated to 
dryness in vacuo. 

An aliquot of the aqueous concentrate (0.001, 0.003, 0.01, 0.03, 0.1 and 0.3 g dry 
weight [DW] equivalent extract per mL final assay concentration) was evaporated to 
dryness on a rotary evaporator at 40 °C. Then, the dried sample was re-dissolved in cold 
methanol (0.2 mL), placed on a sheet of filter paper (no. 2) in a 3 cm Petri dish, 
desiccated in a draft chamber and then soaked in 0.8 mL of 0.05% (v/v) aqueous 
solution of Tween 20 (polyoxyethylene sorbitan monolaurate; Nacalai Tesque Inc., 
Kyoto, Japan) as a surfactant. For the control treatments, methanol (0.2 mL) was used 
and desiccated as described above. Ten uniform germinated seedlings of L. sativum or 
E. oryzicola were placed on the filter paper and then incubated at 25 °C in a dark 
incubator. The root and shoot lengths of the test species were determined after 48 h of 
incubation. The percentage of growth inhibition was calculated with respect to the 
control (without extracts) seedlings. 

 
Extraction of rice straw for purification of growth inhibitors 

Extracts were prepared using the method described by Kato-Noguchi et al. (2011) for 
isolating allelochemicals. A total of 2.4 kg of finely ground dry straw was extracted as 
described above. Then, the supernatant was concentrated under vacuum to prepare the 
aqueous concentrate (100 mL). This aqueous concentrate was adjusted to pH 7.0 and 
suspended in ethyl acetate and evaporated to obtain ethyl acetate extracts (12.4 g). The 
active ethyl acetate fraction was chromatographed on a column of silica gel (70 g, silica 
gel 60N, 70-230 mesh; ASTM, Kanto Chemical Co., Inc., Tokyo, Japan), eluting with a 
stepwise gradient of ethyl acetate (each step 10%, v/v; 150 mL) and methanol (300 mL) 
in n-hexane, affording 11 fractions. The inhibition effect of the collected fractions was 
scrutinized using the L. sativum growth bioassay according to the above procedure, and 
complete inhibition was observed in fractions attained by elution with 80% ethyl acetate 
in n-hexane. After drying, the concentrate (1.4 g) was filtered through a column of 
Sephadex LH-20 (60 g, GE Healthcare Bio-Sciences AB SE-75184; Uppsala, Sweden), 
eluting with aqueous methanol (20, 40, 60 and 80%, v/v; 150 mL each step) and 
methanol (300 mL). The most effective fraction was eluted with 60% aqueous methanol 
and subsequently concentrated until dryness. The concentrate (254 mg) was dissolved in 
20% aqueous methanol (v/v, 2 mL) and loaded onto a reverse-phase C18 Sep-Pak 
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cartridge (Waters Corporation, Milford, Massachusetts, USA) and purified with 
aqueous methanol (20, 40, 60, and 80%, v/v) and methanol (15 mL each step). The most 
effective fraction (20% aqueous methanol) concentrated until dryness. The concentrate 
(71 mg) was finally purified by C18 reversed-phase HPLC (COSMOSIL 5C18-AR-II; 
Nacalai Tesque, Inc., Kyoto, Japan), eluting with 50% aqueous methanol at a flow rate 
of 3 mL/min and detecting at 220 nm. Complete inhibition was detected for two peaks 
that eluted at 22.0 and 24.0 min as colorless substances. Mass spectrometry with 
electro-spray ionization (ESI-MS) analysis was conducted on a Waters mass 
spectrometer. NMR spectra were computed on a Bruker NMR spectrometer (500 MHz 
for 1H and 125 MHz for 13C), available at the Central Instrumental Center, University 
of the Ryukyus. All chemical shifts were reported relative to tetramethylsilane (TMS). 
Optical rotation was calculated in chloroform on a JASCO P-1010 polarimeter. There 
are two kinds of compounds were isolated and identified in this study. Soil nutrient 
contents were also measured where N and C by NC-220F (SUMIGRAPH Model, 
Sumika Analysis Services Ltd., Osaka, Japan) and rest nutrients by ICPE-9000 (ICP-
AES Multitype ICP Emission Spectrometer, SHIMADZU, Kyoto, Japan). 

 
Evaluation of biological activities of the compounds 

The isolated compounds were dissolved in methanol to make the concentrations of 
0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, 300 and 1000 μM for each compound, in addition 
to 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100 and 300 μM for a mixture of the two compounds 
at the ratio of 8:3, with the concentration the sum of the both phytochemicals. The 
biological activity against L. sativum and E. oryzicola seedlings was examined using the 
above procedure. 

 
Statistical analysis 

Linear regression was used to determine the relationship between the rates of 
materials (straw, extracts, and compounds) and their effects on the test plants, and 
Fisher’s Protected Least Significant Difference test was used for mean separations. The 
experimental designs were completely randomized with triplicates. The Type I error 
was set at 0.05 and 0.01 for all statistical comparisons. The I50 (concentration of 
approximately 50% inhibition of the growth rate) value in the assays was calculated 
from the regression equation of the concentration curves. 

Results 

Pot studies 

Residues of tested rice inhibited the growth parameters and dry matter of E. 
oryzicola at the highest amounts of 1.5 and 2 t ha-1, whereas less straw incorporation 
had no effect (Fig. 1). In the second step of the pot studies, the growth and yield 
contributing parameters of ‘Goria’ rice were not significantly different between 
commercial fertilizer application and the combination of straw incorporation with 
commercial fertilizer (Table 1). However, positive responses were observed in the 
parameters for the combination of straw incorporation and commercial fertilizers, 
except for panicle length (Fig. 2). Based on the results of soil analysis after harvest, 
numerically highest amount of plant nutrients remained under the combination of straw 
incorporation and commercial fertilizers (Table 2). 
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Figure 1. Effect of straw incorporation on growth and dry weight of E. oryzicola. Bars 
represent ± SD of values obtained from three biological replicates. Asterisks indicate significant 

differences between the control and treatment: *P < 0.01 
 
 
Table 1. Effect of allelopathic straw incorporation into the soil on growth and yield 
contributing parameters of Bangladesh indigenous rice variety ‘Goria’ 

Treatment 
Plant height 

(cm) 

Total tillers 
plant-1 

(Nos.) 

Effective 
tillers plant-1 

(Nos.) 

Panicle 

length (cm) 

Total grain 
plant-1 

(Nos.) 

Filled grain 
percentage 

plant-1 

Thousand 
seed weight 

(g) 

Control 87.67±2.52c 5.33±0.58c 2.67±0.58c 18.33±1.53b 49.26±7.76c 46.91±9.74c 17.98±0.21b 

Straw 2 t ha-1 109.00±3.61b 17.00±1.00b 4.00±1.00b 19.00±1.00b 72.83±2.72b 74.30±5.88b 18.26±0.18b 

Chemical Fertilizer 117.67±2.52a 25.67±1.53a 8.33±1.53a 20.73±0.64a 89.60±2.11a 96.03±2.36a 20.09±0.70a 

Chemical fertilizer +Straw 2 t ha-1 120.67±3.06a 26.33±2.08a 9.33±0.58a 20.50±0.50a 90.55±2.36a 96.96±2.14a 20.21±0.79a 

Means having similar letter(s) in a column are statistically similar and those having dissimilar letter(s) differ significantly at 0.01 
level of probability 

 
 

 

Figure 2. Effect of Bangladesh indigenous rice variety ‘Goria’ straw incorporation on same 
rice variety 
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Table 2. Effect of straw incorporation into the soil on plant nutrients in soil after rice 
harvest 

Treatment 

Plant nutrients 

C (%)  N HPO4
2- K+ 

Ca2+ 

(mg g-1 soil) 
SO4

2- Mg2+ Fe3+ Zn2+ 

Control 1.61±0.02 0.11±0.01 0.34±0.01 0.63±0.08 4.60±0.33 1.25±0.01 0.65±0.06 0.47±0.01  0.46±0.01 

Straw 2 t ha-1 1.77±0.12 0.13±0.01 0.42±0.13 0.74±0.08 5.01±0.34 1.38±0.15 0.70±0.06 0.64±0.30 0.47±0.03 

Chemical 
fertilizer 

1.87±0.06 0.14±0.01 0.36±0.02 0.67±0.09 4.72±0.19 1.40±0.04 0.63±0.07 0.47±0.01 0.45±0.01 

Chemical 
fertilizer 

+straw 2 t ha-1 
2.23±0.01 0.16±0.01 0.36±0.02 0.73±0.05 4.53±0.30 1.47±0.33 0.70±0.06 0.48±0.01 0.45±0.01 

 
 

Phytotoxic effects of aqueous methanol extracts 

High concentrations of the aqueous methanol extracts inhibited the growth of the test 
species; whereas with very low concentrations (0.01 g DW equivalent per mL), 
stimulation or no effect on test species was observed (Fig. 3A, B). At 0.3 g DW 
equivalent extract per mL of rice plants, the root growth of L. sativum and E. oryzicola 
was 3 and 5% compared with that of the control root, respectively. At the same 
concentration, the shoot growth of L. sativum and E. oryzicola was 6 and 29% of 
control shoot growth, respectively. The obtained results reveal that the rice straw of 
‘Goria’ may have potential growth inhibitory allelopathic substances. 

 

 

Figure 3. Effect of aqueous methanol-extract of rice straw on root and shoot growth of L. 
sativum (A) and E. oryzicola (B). Bars represent ± SD of values obtained from three biological 

replicates. Asterisks indicate significant differences between the control and treatment: 
*P < 0.05; **P < 0.01 

 
 

Structural identification of isolated compounds 

Two biologically active compounds were obtained from the repeated column 
chromatography of the aqueous methanol extracts of Bangladeshi rice straw variety 
‘Goria’. 

Compound 1 (3.8 mg) had a molecular formula of C11H16O3 (LR-ESI-MS m/z 197 
[M + H]+) and a specific rotation of [α]D

20 -68.8 (c 0.01, MeOH). The following were 
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obtained for NMR spectra: 1H-NMR (500 MHz, CD3OD) δ: 1.27 (3H, s, H-9), 1.47 
(3H, s, H-8), 1.53 (dd, J = 14.6 and 3.7 Hz, H-7), 1.78 (3H, s, H-10), 1.79 (dd, J = 13.5 
and 4.1 Hz, H-5), 1.98 (dt, J = 14.5 and 2.6 Hz, H-7), 2.46 (dt, J = 14.1 and 2.6 Hz, H-
5), 4.33 (m, H-6), 5.70 (s, H-3); and 13C-NMR (125 MHz, CD3OD) δ: 27.0 (C-10), 26.5 
(C-9), 30.6 (C-8), 35.9 (C-4), 45.6 (C-7), 47.3 (C-5), 66.8 (C-6), 86.7 (C-7a), 112.9 (C-
3), 171.9 (C-2), 182.4 (C-3a). These data were compared with the data reported by Park 
et al. (2004), and the compound was recognized as (-)-loliolide (Fig. 4). 

Compound 2 (1.5 mg) had a molecular formula of C13H20O3 (LR-ESI-MS m/z 225 
[M + H]+ and 247 [M + Na]+) and a specific rotation of [α]D

25 -10.6 (c 0.01, CHCl3). 
The following were obtained for NMR spectra: 1H-NMR (400 MHz, CDCl3) δ: 0.98 (s, 
H-11), 1.19 (s, H-12 and 13), 1.26 (m, H-2), 1.64 (dd, J = 14.7 and 1.7 Hz, H-4), 
1.65 (dd, J = 14.4 and 8.6 Hz, H-2), 2.28 (s, H-10), 2.39 (ddd, J = 14.4, 5.0 and 
1.6 Hz, H-4), 3.90 (m, H-3), 6.29 (d, J = 15.6 Hz, H-8), 7.03 (d, J = 15.6 Hz, H-7); and 
13C-NMR (100 MHz, CDCl3) δ: 19.9 (C-13), 25.0 (C-11), 28.3 (C-10), 29.3 (C-12), 
35.1 (C-1), 40.6 (C-4), 46.7 (C-2), 64.0 (C-3), 67.2 (C-5), 69.5 (C-6), 132.6 (C-8), 142.3 
(C-7), 197.4 (C-9). Therefore, the structure was 3β-hydroxy-5α,6α-epoxy-7-
megastigmen-9-one (Fig. 4), which corresponds with the data reported by Duan et al. 
(2002). 

 

 

Figure 4. Structures of isolated allelochemicals (-)-loliolide (Compound 1) and 3β-hydroxy-
5α,6α-epoxy-7-megastigmen-9-one (Compound 2) from the Bangladeshi indigenous rice straw 

var. ‘Goria’ 
 
 
The endogenous concentrations of (-)-loliolide and 3β-hydroxy-5α,6α-epoxy-7-

megastigmen-9-one were at least 8 and 3 µmol/kg, respectively, because 3.8 and 1.5 mg 
of the respective substances (MW 196 and 224, respectively) were isolated from 2.4 kg 
DW of rice straw. With decomposition of 1 kg of rice straw in 1 L of soil water, the 
concentration of (-)-loliolide and 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one would 
be 8 and 3 μM, respectively. 

 
Biological activity of compounds 

Both identified compounds showed concentration and species-depended biological 
activities on seedling growth of test species (Figs. 5A, B and 6A, B). The results 
demonstrated that significant inhibitory effects of (-)-loliolide began at concentrations 
as low as 10 µM on the root and shoot growth of L. sativum and at 10 and 30 µM on the 
root and shoot growth of E. oryzicola seedlings, respectively. However, significant 
inhibitory effects of 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one began at the 
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concentrations 0.3 µM on the root and shoot growth of L. sativum and 0.3 and 1 µM on 
the root and shoot growth of E. oryzicola seedlings, respectively. The mixture effect of 
the two compounds at concentrations as low as 0.03 and 0.1, and 1 µM showed 
significant inhibition of the root and shoot growth of L. sativum and E. oryzicola 
seedlings (Figs. 7 and 8). Additionally, the inhibitory effects increased with increasing 
concentrations of the compounds. The concentrations causing approximately 50% 
growth inhibition in the assay (defined as I50) for L. sativum roots and shoots were 28.23 
and 53.4, 1.26 and 2.14, and 0.26 and 0.33 μM for (-)-loliolide, 3β-hydroxy-5α,6α-
epoxy-7-megastigmen-9-one and their mixture, respectively. For E. oryzicola roots and 
shoots, the I50 values were 64.62 and 162.92, 43.28 and 137.64, and 2.31 and 17.86 μM 
for (-)-loliolide, 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one and their mixture, 
respectively (Table 3). 

 

 

Figure 5. Inhibition of root and shoot growth of L. sativum (A) and E. oryzicola (B) at different 
concentrations of (-)-loliolide. Bars represent ± SD of values obtained from three biological 

replicates. Asterisks indicate significant differences between the control and treatment: 
*P < 0.05; **P < 0.01 

 
 

 

Figure 6. Inhibition of root and shoot growth of L. sativum (A) and E. oryzicola (B) at different 
concentrations of 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one. Bars represent ± SD of values 
obtained from three biological replicates. Asterisks indicate significant differences between the 

control and treatment: *P < 0.05; **P < 0.01 
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Figure 7. Inhibition of root and shoot growth of L. sativum (A) and E. oryzicola (B) at different 
concentrations of (-)-loliolide and 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one. The 

concentration of 100 μM represents 25 μM (-)-loliolide and 25 μM 3β-hydroxy-5α,6α-epoxy-7-
megastigmen-9-one. Bars represent ± SD of values obtained from three biological replicates. 

Asterisks indicate significant differences between the control and treatment: *P < 0.05; **P < 0.01 
 
 
Table 3. Regression analyses of dose response curves for effects on L. sativum and E. 
oryzicola growth at different concentrations of the isolated compounds and their mixture 

Test species  Compound 
On root On shoot 

Regression equation r2 I50 (µM) Regression equation r2 I50 (µM) 

L. sativum 

1 y = -0.502x + 64.17 0.729 28.23 y = -0.403x + 71.50 0.916 53.40 

2 y = -13.54x + 67.03 0.949 1.26 y = -17.49x + 87.46 0.970 2.14 

Mixture y = -31.31x + 58.03 0.924 0.26 y = -21.41x + 57.14 0.644 0.33 

E. oryzicola 

1 y = -0.422x + 77.27 0.870 64.62 y = -0.202x + 82.91 0.932 162.92 

2 y = -0.467x + 70.21 0.946 43.28 y = -0.216x + 79.73 0.962 137.64 

Mixture y = -12.96x + 79.89 0.922 2.31  y = -0.919x + 66.41 0.840 17.86 

 
 

 

Figure 8. Effect of (-)-loliolide and 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one mixture at 
different concentrations on (A) L. sativum and (B) E. oryzicola seedlings 



Masum et al.: Allelochemicals from Bangladeshi rice straw 
- 5557 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5547-5560. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_55475560 
© 2020, ALÖKI Kft., Budapest, Hungary 

Discussion 

The results described here clearly shown that ‘Goria’ rice straw was very toxic to E. 
oryzicola with significant reductions in seedling growth and dry weight. These results 
indicate that decomposing rice straw contained inhibitory substances that can reduce the 
growth of weeds. Kong et al. (2006) found that the weed growth reduction in rice straw 
incorporated soils through release of allelochemicals. A sharp increase of rice growth 
and yield parameters was observed in the rice culture in pot studies. Therefore, no 
autotoxicity effect on the growth and yield parameters of rice was found due to the 
incorporation of rice residues. The rice plant may develop adaptive mechanisms to 
avoid a severe autotoxic effect due to the surplus impact of disintegrating rice residues 
(Chou, 1980). Xuan et al. (2005) reported that incorporation of allelopathic rice straw at 
1-2 t ha-1 decreased weed dry matter by about 70% and boosted rice yield by almost 
20% compared with the respective controls. According to Dobermann and Fairhurst 
(2002), incorporation of rice straw by shallow tillage at the 5-10 cm depth has beneficial 
effects on soil fertility in intensive rice-rice systems, which include increased soil 
aeration during fallow periods, more complete carbon (C) turnover (approximately 50% 
of the C with 30-40 days), minimized negative effects (e.g., phytotoxicity) of the 
products of anaerobic decomposition on early rice growth, amplified N mineralization 
and soil P release to the next crop, and lessened weed growth. Moreover, results of rice 
straw incorporation are very encouraging since it helps in buildup of organic carbon 
(Nagargade et al., 2018). The aqueous methanol extract of Bangladeshi indigenous rice 
‘Goria’ straw reduced the root and shoot growth of the test plant species, and with 
increases in the concentration of the extract, the inhibition increased. Xiao et al. (2020) 
demonstrated that allelopathic rice straw extract exerted inhibition effects on lettuce 
(Lactuca sativa Linn.) seed germination. Kawther et al. (2006) reported that rice straw 
extract potentially controlled E. crus-galli and E. colona. Anuar et al. (2015) also found 
that the radicle length of E. crus-galli was significantly reduced in the increased extract 
concentration of rice straw. In our studies, both stimulatory and inhibitory effects were 
found. Duke (2015) reported that allelopathic activity could have stimulatory results at a 
low concentration and an inhibitory effect at a high concentration depending on the 
allelopathic compounds. Inderjit and Duke (2003) also found different allelopathic 
responses for asymmetrical test plants due to the different selectivity of allelopathic 
substances. Grabarczyk et al. (2015) noted that (-)-loliolide inhibited the development 
of certain plants, and Islam et al. (2017) also found that loliolide reduced the seedling 
growth of E. crus-galli. Duan et al. (2002) isolated 3β-hydroxy-5α,6α-epoxy-7-
megastigmen-9-one from Saussurea medusa as an immunosuppressive constituent. 
Masum et al. (2018) found that 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one 
inhibited the radicle growth of E. crus-galli. Lu et al. (2011) isolated (-)-loliolide and 
3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one from Gracilaria lemaneiformis and 
described their allelopathic potential on the alga Skeletonema costatum. Growth 
inhibition of test species increased significantly with the mixture of the two compounds 
compared with the inhibition of the individual compounds. Chotsaeng et al. (2017) 
reported that allelopathic effects depend on the concentrations, the combination of 
phytotoxins and sensitivity of flora and suggested that allelopathic compound mixtures 
could collectively reach sufficiently high concentrations to be bioactive on weeds. 
Hence, verified allelochemicals could be leads for new herbicide innovation efforts 
(Kong et al., 2019). 
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Conclusion 

Bangladesh indigenous allelopathic rice ‘Goria’ straw incorporation into the soil 
gave inhibitory effects on the growth and dry weight of E. oryzicola but had no 
autotoxicity on the growth of rice variety. Isolated two biologically active compounds 
from straw extracts, (-)-loliolide and 3β-hydroxy-5α,6α-epoxy-7-megastigmen-9-one 
had a strong synergistic inhibitory effect on the growth of tested weed. Thus, our 
current work suggests that Bangladesh indigenous rice straw variety ‘Goria’ could be 
useful in multidisciplinary approaches for suppressing weeds and/or decreasing the 
synthetical quantities and for soil nutrient improvement. Overall, based on such studies, 
the use of rice residues for overcoming weeds problem in crop production might be 
considered as a noteworthy accomplishment for the retrieving of straw in rice growing 
countries such as Bangladesh, which will be displayed in reductions of the effects of 
environmental pollution. These results also provide fundamental information for 
developing natural herbicides. 
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Abstract. This paper attempts to assess the genetic diversity and demographic history of the Manchurian wapiti 
(MW) population in the Gaogesitai region of Inner Mongolia, Northeast China. To this end, a survey was 
conducted on 108 stool samples collected in the Gaogesitai region. Then, the mitochondrial cytochrome b and 
10 microsatellite loci were used to perform the species identification and individual identification, and 49 MW 
individuals were found. Besides, the cytochrome b, control region and microsatellites were also analyzed to 
obtain the genetic data of the MWs. The analysis found that the MW population in the Gaogesitai region 
experienced a recent bottleneck effect, but it did not have a significant impact on the subsequent rapid population 
growth; the population genetic diversity is at a medium level; gene exchange between individuals within the 
population is frequent, and there is no inbreeding; a high proportion (50%) of rare haplotypes in the population 
was detected. Thus, it is recommended to strengthen the protection and management of the MW population in 
this region to avoid a sharp decline in population genetic diversity. 
Keywords: genetic diversity, bottleneck, inbreeding, reintroduction, microsatellites, mitochondrial DNA, 
Cervus canadensis xanthopygus 

Introduction 

The Manchurian wapiti distributed in Northeast China is a Class II wild animal under 
special state protection in China (Wang, 1998) and also the main prey of the world's most 
endangered species, the Siberian Tiger (Panthera tigris altaica) and Northeast Leopard 
(Panthera pardus orientalis) (Li et al., 2001; Qi et al., 2015). Due to habitat fragmentation 
and illegal poaching, the abundance and distribution area of the MWs have been on a decline, 
and some small subpopulations in the isolated area have been formed (Xu et al., 2000; Zhang 
and Zhang, 2011; Zhou et al., 2015). The Wandashan area was once the highest density 
distribution area of the MWs in Heilongjiang Province (Chen et al., 1997), but the population 
in this area is now on the verge of extinction (Tian et al., 2019). Since the establishment of a 
nature reserve at the end of the twentieth century in the south of the Greater Khingan Range 
in the Gaogesitai region of Inner Mongolia, the MW population has been effectively 
protected. A 2007-2008 survey found that the average density of the MW in this area was 
1.1/km2, with a population of nearly a thousand (Zhang et al., 2009). In the past ten years, the 
number has been increasing, and it is currently the region with the highest population density 
of wild MWs (Zhang, 2016). Therefore, this area can provide important germplasm resources 
for the rejuvenation of the wild MW population and the reconstruction of historical 
distribution areas. 
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Population genetic diversity and demographic history are important indicators of species 
survival and utilization (Haig et al., 1990; Pinilla et al., 2018; Sinnett et al., 2018; Randone et 
al., 2019). Research on the conservation genetics of the MW mainly focused on the Wandashan 
region of Heilongjiang Province (Tian and Zhang, 2010; Tian et al., 2010, 2019; Zhang et al., 
2010). The MWs in the Gaogesitai region have been studied only in quantitative surveys, 
intestinal parasite detection, nutrition adaptation strategies, and habitat evaluation (Zhang et al., 
2009; Tao and Yan, 2014; Huang, 2015; Zhang, 2016). Therefore, using the mtDNA 
cytochrome b, control region and nuclear DNA microsatellite as molecular markers, this paper 
explores the genetic diversity and demographic history of the MW population in the Gaogesitai 
region of Inner Mongolia. This study shall provide basis for the scientific protection and 
management of the MWs. 

Materials and methods 

Survey area and sample collection 

Inner Mongolia Gaogesitai-Hanwula National Nature Reserve is located at the southern foot 
of the Greater Khingan Range, north of Alukeerqin Banner, Chifeng City, Inner Mongolia. It 
has geographical coordinates 44°41′03″-45°08′44″ N, 119°03′30″-119°39′08″ E, with a total 
area of 1,062.8 km2 (Fig. 1). The area belongs to the middle and low mountains and hilly valley 
terrain, with an altitude of 900-1500 m. It is in a middle temperate and semi-arid continental 
monsoon climate zone, with the annual average temperature of 3.8℃, the frost-free period of 
115 d, the annual precipitation 437.3 mm, the annual evaporation 1958.1 mm, and a long and 
cold winter. Winter is from December to February of the following year, with the average 
temperature of -7.5-15.0℃. January is the coldest, with the average temperature of -16℃, the 
extreme low temperature of -42℃. In winter, the average snow cover of 30 d, and the longest 
snow cover of 100 d. The reserve is located in the northeast, north China, and Inner Mongolia-
Xinjiang intersection area, as a typical forest-grassland interlaced zone. The diverse plant 
resources provide suitable habitat conditions for the MWs. 
 

Figure 1. Sampling location of the Manchurian wapiti in the Gaogesitai, Inner Mongolia, 
China 
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During the winter of 2017 and 2018, stools of wild MWs were collected from the entire 
area of the reserve as samples. The stools were found along the fresh footprint chain of 
the wapiti on the snow, and placed in a sealed bag for GPS (G120BD, UniStrong Inc., 
China) positioning. Then, another fresh footprint chain was selected for further sampling. 
A total of 108 stool samples were collected (Table A1), and stored frozen at -20℃. 

DNA extraction and species identification 

Stool DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, Germany) 
according to the operating manual. Select mitochondrial cytochrome b primer L14724: 
5 '-CGA GAT CTG AAA AAC CAT CGT TG-3'; H15149: 5 '-AAA CTG CAG CCC 
CTC AGA ATG ATA TTT GTC CTC A-3' (Kocher et al., 1989; Irwin et al., 1991) for 
PCR amplification of stool DNA. Amplification system 50 μl: 1 U/μl KOD FX Neo DNA 
polymerase (Toyobo, Japan) for 1 μl, 2 × Buffer for KOD FX Neo 25 μl, 2 mmol/L dNTPs 
10 μl, 10 μmol/L L14724, H15149 1.5 each μl, 10-30 ng/μl DNA 2 μl, and PCR grade 
water (Tiangen, China) 9 μl. Reaction conditions: pre-denaturation at 94°C for 2 min; 
denaturation at 98°C for 10, annealing at 59°C for 30 s, extension at 68°C for 30 s, 35 
cycles; then, extension at 68°C for 10 min, and storage at 4°C. The PCR products were 
sent to Shanghai Shengong Biological Company for purification and two-way 
sequencing. The SeqMan, MegAlign, and EditSeq programs in DNAStar software 
(DNAStar Inc., America) were used for splicing, alignment, and correction of the forward 
and reverse sequences. Finally, a Blast comparison was performed in the NCBI database 
to determine the species source of the stools. 

Individual identification and mitochondrial control region amplification 

10 pairs of microsatellite primers (T507, T530, T501, C143, T156, BM848, N, OCAM, 
DM45, ETH225) were obtained from published research results and adapted for application to 
wapiti (Tian et al., 2010; Zhang, 2010; Hu et al., 2018; Yang et al., 2019). The primers were 
used to identify the individual DNA of the MW stool, and the 5' end of the upstream primer in 
each microsatellite locus was fluorescently labeled (Table 1). Amplification system 20 μl: 1 
U/μl KOD FX Neo DNA polymerase (Toyobo, Japan) for 0.4 μl, 2 × Buffer for KOD FX Neo 
10 μl, 2 mmol/L dNTPs 4 μl, 10 μmol/L upstream and downstream primers 0.6 μl each, 10-30 
1 μl of ng/μl DNA 1 μl, and PCR grade water (Tiangen, China) 4 μl, while other reaction 
conditions were the same as the method of species identification. A multi-tube PCR 
amplification protocol was used, with 3 to 7 positive PCR amplifications per locus to determine 
the final genotype (Taberlet et al., 1996). The 10 loci were divided into two detection systems: 
T507, T530, T501, C143, and T156 loci; BM848, N, OCAM, DM45, and ETH225 loci. The 
mixed PCR products were scanned on the ABI 3730XL sequencer (Applied Biosystems Inc., 
America) and allele sizes were read. The software Excel microsatellite tool kit (Park, 2001) was 
used to find matching genotypes in the data. The principles for judging that different samples 
come from the same individual are: 1) The genotypes are the same at all loci; 2) Only one allele 
at one locus varies (Bellemain et al., 2005). When using primers L-Pro: CGT CAG TCT CAC 
CAT CAA CCC CCA AAG C; H-Phe: GGG AGA CTC ATC TAG GCA TTT TCA GTG 
(Douzery and Randi, 1997) to amplify the entire sequence of stool DNA mitochondrial control 
region of different individuals at the annealing temperature of 55℃, the amplification system 
and other amplification conditions are the same as the species identification method. All primer 
synthesis and sequencing were completed by Shanghai Biotech Biotechnology. 
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Table 1. Details of 10 microsatellite loci used for the study 

Locus Primer sequence (5'-3') Allele length (bp) Repeat type Annealing temperature (℃) 

T5071 
F: aggcagatgcttcaccatc 
R: tgtggagcacctcacacat 

144 - 176 4 56.6 

T5301 
F: gtcctcacagcagctctatg 

R: gcattctttagaactccaactg 
244 - 292 4 55 

T5012 
F: ctcctcattattaccctgtgaa 
R: acatgctttgaccaagacc 

238 - 262 4 55 

C1432 
F: aaggagtctttcagttttgaga 

R: ggttctgtctttgcttgttg 
152 - 164 4 54 

T1564 
F: tcttcctgacctgtgtcttg 

R: gatgaatacccagtcttgtctg 
135 - 207 4 56.5 

BM8482 
F: tggttggaaggaaaacttgg 
R: cctctgctcctcaagacac 

350 - 366 2 54.5 

N3 
F: tccagagaagcaaccaatag 
R: gtgtgccttaaacaacctgt 

282 - 290 4 56 

OCAM4 
F: cctgactataatgtacagatccctc 

R: gcagaatgactaggaaggatggca 
178 - 194 2 54 

DM454 
F: caccgtttcttacaatctca 

R: aggggtcaggttctcagtttctac 
440 - 460 2 55.5 

ETH2252 
F: gatcaccttgccactatttcct 
R: acatgacagccagctgctact 

133 - 185 2 56 

1Fam, 2Hex, 3Tamra, 4Rox 

 
 
Data analysis 

Clustal X 2.1 software (Larkin et al., 2007) was used to align the sequence of 
mitochondrial cytochrome b and control region in different individuals. DnaSP 5.10 
software (Librado and Rozas, 2009) was applied to calculate the number of mutation sites 
(S), number of haplotypes (H), haplotype diversity (Hd), and nucleotide diversity (Pi), 
calculate the Tajima's D and Fu's Fs in the detection of neutral selection, and performs a 
significant test. Network 4.6 (Bandelt et al., 1999) was used to construct a median-joining 
network, and analyze the evolutionary relationship between haplotypes. 

In addition, Microchecker 2.2.3 (van Oosterhout et al., 2004) was used to detect 
microsatellite loci for invalid alleles or allele deletions. Gimlet 1.3.3 (Valière, 2002) was 
to evaluate the individual identification probability P (ID) of 10 microsatellite loci. The 
software GenAlEx 6.0 (Peakall and Smouse, 2006) calculated the number of alleles (Na), 
the number of effective alleles (Ne), the observed heterozygosity (Ho), the expected 
heterozygosity (He), and the fixed coefficient (Fis). The Excel microsatellite tool kit (Park, 
2001) was applied to calculate the polymorphic information content (PIC). The software 
Genepop 4.0 (Raymond and Rousset, 1995) was to measure whether the population and 
each locus were in line with Hardy-Weinberg equilibrium, and also tested the linkage 
disequilibrium between each locus. The Markov chain method was used in the probability 
test, setting the parameters to 10,000 de-memorization, 20 batches, and 5,000 iterations. 
Hardy-Weinberg equilibrium and linkage disequilibrium tests all used the Bonferroni 
method to correct the significance. Bottleneck 1.2 (Piry et al., 1999) tested whether the 
population has recently experienced bottleneck effects. The Wilcoxon test was performed 
under a two-phase model (TPM) and a stepwise mutation model (SMM), and repeated 
1,000 times, of which TPM is considered the most suitable model for microsatellite 
analysis (Ellegren, 2004). This is because TPM selected 79% of the mutations to comply 
with SMM, and the coefficient of variation was 9% (Piry et al., 1999). Structure 2.3.4 
(Pritchard et al., 2000) was to analyze the genetic structure of the population, with the 
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parameters setting of Length of Burn-in Period 100,000, Number of MCMC Reps after 
Burn-in 10,000, K = 1-6, Number of Iterations 20. The calculation results were uploaded 
to Structure Harvester Web v0.6.94 (Earl and von Holdt, 2012) for analysis, and the 
grouping number K of population genetic structure was determined according to the 
maximum peak value of the Ln Pr (X|K) curve. 

Results 

Species identification and individual identification 

The amplification products (425 bp) of Mitochondrial cytochrome b were successfully 
obtained in 96 of 108 stool samples. The species identification results confirmed that all 
96 stool samples were from the MWs. The individual discrimination rate of 10 
microsatellite loci was very high. The probability that two random individuals have the 
same genotype is Prod (unbias) =1.219 × 10-10. Even in the case of full sibs, the 
probability of misjudgment Prod (sibs) is only 0.033% (Fig. 2). The results of individual 
identification showed that 96 stool samples belonged to 49 individuals. Ten microsatellite 
loci were detected by Microchecker, to find no invalid alleles or allele deletions. The 
Hardy-Weinberg equilibrium test showed that the 10 microsatellite loci and the entire 
population met the Hardy-Weinberg equilibrium, and the fixed coefficient Fis values did 
not significantly deviate from zero (Table 2). The probability value of linkage 
disequilibrium test was corrected by Bonferroni's method, which indicated no linkage 
disequilibrium among 10 microsatellite loci. 
 

Figure 2. Decrease in probability of identity, P (ID), for wapiti genotypes as more 
microsatellite loci were added 

 
 
Mitochondrial DNA sequence analysis 

A total of 4 mutation sites were found in 49 mitochondrial cytochrome b sequences 
(425 bp), including 3 transition sites and 1 transversion site. No insertion or deletion sites 
were found. The nucleotide base of the sequence was composed of A, T, C, and G, with 
the contents of 31.9%, 29.9%, 23.7%, and 14.6%, respectively. 4 haplotypes were 
detected. Among 49 individuals, the distribution frequencies of haplotypes Hap1-Hap4 
were 55.1%, 2.0%, 2.0%, and 40.8% (Table 3 and Fig. 3). 
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Table 2. Variability parameters for the 10 microsatellite loci used in 49 individuals of the 
Manchurian wapiti 

Locus Na Ne PIC Ho He Fis PHW 

T507 6 2.349 0.520 0.551 0.574 0.041 0.242 

T530 10 5.231 0.786 0.735 0.809 0.092 0.583 

T501 5 2.813 0.600 0.735 0.645 -0.140 0.777 

C143 4 1.415 0.261 0.347 0.293 -0.183 0.704 

T156 11 7.646 0.855 0.857 0.869 0.014 0.076 

BM848 7 3.515 0.679 0.714 0.716 0.002 0.745 

N 3 1.476 0.287 0.265 0.323 0.178 0.189 

OCAM 6 3.210 0.637 0.703 0.688 -0.022 0.575 

DM45 9 4.450 0.751 0.714 0.775 0.079 0.061 

ETH225 17 9.434 0.885 0.918 0.894 -0.027 0.595 

All 7.8 4.154 0.626 0.654 0.659 -0.040 0.407 

Na: number of alleles found; Ne: effective number of alleles; PIC: polymorphism information content; 
Ho: observed heterozygosity; He: expected heterozygosity; Fis: fixation index; PHW: probability of Hardy-
Weinberg equilibrium test 

 
 

Table 3. Genetic variability at the mitochondrial cytochrome b (cyt b) and control region (CR) 
in the Manchurian wapiti population 

 N S H Hd Pi (%) Tajima’s D Fu’s Fs 

Cyt b 49 4 4 0.540 ± 0.036 0.359 ± 0.106 1.601 2.169 

CR 27 28 4 0.385 ± 0.108 0.805 ± 0.243 0.510 10.573** 

N: number of animal individuals; S: number of variable sites; H: number of haplotypes; Hd: haplotype 
diversity; Pi: nucleotide diversity; significant of neutrality tests based on Tajima’s D and Fu’s Fs 
(*P < 0.05; **P < 0.01) 

 
 

Figure 3. The haplotype networks used the median-joining method at the mitochondrial 
cytochrome b (cyt b) and control region (CR) in the Manchurian wapiti population. The size of 
each circle represents the frequency of haplotypes. The nucleotide transitions and transversions 

are indicated by dashes 
 
 

Of the 49 individual samples, 27 obtained the complete sequence of mitochondrial 
control region (993 bp). A total of 28 mutation sites were found, including 25 
transformation sites, 2 transversion sites, and 1 insertion/deletion site. The contents of A, 
T, C, and G were 30.2%, 31.8%, 22.2%, and 15.8%, respectively. 4 haplotypes were 
detected. Among 27 individuals, the distribution frequencies of haplotypes Hap1-Hap4 
were 77.8%, 3.7%, 14.8%, and 3.7% (Table 3 and Fig. 3). 
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Genetic diversity 

The haplotype diversity index (Hd) of the mitochondrial cytochrome b sequence was 
0.540 ± 0.036, and the nucleotide diversity index (Pi) was 0.359 ± 0.106%. The Hd of the 
complete sequence in the mitochondrial control region was 0.385 ± 0.108, and the Pi was 
0.805 ± 0.243% (Table 3). Microsatellite data indicates that the average number of alleles 
(Na) in the population was 7.8 and the number of effective alleles (Ne) was 4.154, that is, 
the Ne at each locus is less than the Na (P <0.05). The 10 microsatellite loci had a PIC of 
0.626 (0.261-0.885). Except for loci C143 and N, the other 8 were highly polymorphic loci 
(PIC> 0.5). The expected heterozygosity (He) was 0.659 (0.293-0.894), and the average 
observed heterozygosity (Ho) was 0.654 (0.265-0.918) (Table 2). 

Demographic history 

The value of K at which ln Pr (X|K) is maximized is 1. For values K > 1 the ln Pr (X|K) 
dramatically decreases and the variance between independent run increases (Fig. 4). Based 
on this, there is no significant genetic differentiation in the MW population in the 
Gaogesitai region, and gene exchange between individuals is frequent. The microsatellite 
population bottleneck detection concluded that neither TPM model nor SMM model 
showed significant excess heterozygosity (P>0.05), and the allele frequency did not 
significantly deviate from the normal L-shaped distribution, detecting no bottleneck effect 
in the recent population. The neutrality test of mitochondrial cytochrome b and control 
region showed that both Tajima’s D and Fu’s Fs were non-significant positive values, and 
only the control region Fu ’s Fs value was significantly positive, which deviated from the 
neutrality hypothesis (P<0.01). The mtDNA test suggests that the MW population may 
have experienced a weak bottleneck effect recently (Table 3). Microsatellite data showed 
that there was no significant difference between the observed heterozygosity and expected 
heterozygosity of the population (P>0.05), and the fixed coefficient (Fis) was -0.040, which 
did not significantly deviate from zero (P> 0.05), and indicated that the population did not 
have close inbreeding (Table 2). 
 

Figure 4. Plot of the likelihood of each value of ln Pr (X|K) from twenty independent runs for 
K = 1-6 

 
 
Discussion 

The loss of genetic diversity can lead to a decline in the ability of animals to adapt to 
environmental changes and even the extinction of species. The genetic diversity of 
populations is an important part of endangered animal protection (Frankham et al., 2010). 
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Haplotype diversity (Hd) and nucleotide diversity (Pi) are key indicators to measure the 
degree of genetic variation of mtDNA in the population; taking into account the 
proportion of haplotypes in the population, the Pi value evaluates genetic diversity more 
accurately (Neigel and Avise, 1993; Ma et al., 2019). In this study, the Pi value (0.805%) 
of mitochondrial control region was significantly higher than that (0.359%) of 
cytochrome b. Many animals and plants, and humans generally have a polymorphism in 
the non-coding region of the gene that is higher than in the coding region (Crochet and 
Desmarais, 2000), mainly because the non-coding control region in the mitochondrial 
genome evolves faster and bears less selection pressure (Krojerová-Prokešová et al., 
2013; Zorigul et al., 2019). Microsatellite data showed that the average observed 
heterozygosity (Ho) and expected heterozygosity (He) of the population were 0.654 and 
0.659, respectively. Based on Pi values of mtDNA and He of microsatellites, the MWs 
were compared with other subspecies and major deer families, to find that the genetic 
diversity of the MW populations in the Gaogesitai region of Inner Mongolia is at a 
medium level (Table 4). Hap2 and Hap3 of mitochondrial cytochrome b, Hap2 and Hap4 
of the control region each have only one individual, and the proportion of rare haplotypes 
was as high as 50% (4/8) (Fig. 3). Therefore, it’s necessary to strengthen the protection 
and management of the WMs in this area, and especially for the rare haplotype 
individuals, they must be monitored to prevent a sharp decline in genetic diversity of the 
population. 
 

Table 4. Comparison of genetic variability at microsatellite loci and the mitochondrial DNA 
in the Cervus populations 

Species Region 
Microsatellite Control region Cytochrome b 

Author 
Ho He Hd Pi (%) Hd Pi (%) 

Cervus canadensis 
xanthopygus 

Gaogesitai Reserve, 
Inner Mongolia, China 

0.654 0.659 0.385 0.805 0.540 0.359 
Tian et al. (this 

study) 

Cervus hanglu 
yarkandensis 

Tarim Basin, Xinjing, 
China 

0.083 0.378 0.693 1.351 0.845 1.500 

Mahmut et al., 
2012; 

Tayerjan et al., 
2018 

Cervus elaphus 
elaphus 

Šumava National Park, 
Czech Republic 

0.401 0.405 0.511 1.270 - - 
Fickel et al., 

2012 

Cervus elaphus 
elaphus 

Bavarian Forest 
National Park, 

Germany 
0.416 0.459 0.385 0.974 - - 

Fickel et al., 
2012 

Cervus nippon 
mantchuricus 

Lazovsky and Sikhote-
Alin Reserve, 

Primorsky Krai, Russia 
0.617 0.710 0.446 0.836 0.285 0.649 

Krojerová-
Prokešová et al., 

2013 
Cervus canadensis 

sibiricus 
Tianshan Mountains, 

Xinjing, China 
0.767 0.713 0.669 0.464 0.567 0.216 Zhou, 2015 

Cervus canadensis 
wallichii 

Sangri County, Tibet, 
China 

0.519 0.719 - - 0.897 2.781 
Hu et al., 2018; 
Liu and Zhang, 

2011 
Cervus canadensis 

xanthopygus 
Wanda Mountains, 
Heilongjiang, China 

0.693 0.737 - - - - Tian et al., 2010 

Cervus elaphus 
elaphus 

Scotland and England, 
UK 

0.447 0.801 0.461 0.563 - - 
Hmwe et al., 

2006 
Cervus canadensis 

canadensis 
Rocky Mountain, 
Alberta, Canada 

- - 0.932 0.653 - - 
Speller et al., 

2014 

Cervus canadensis 
alashanicus 

Helan Mountains, 
Ningxia and Inner 
Mongolia, China 

- - - - 0.243 0.032 Qiao et al., 2019 

Cervus canadensis 
xanthopygus 

Muling Reserve, 
Heilongjiang, China 

0.663 0.712 - - 0.586 0.305 Liu, 2017 

The scientific name of the species referenced IUCN Red List of Threatened Species 2018 
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Landscape pattern and species’ migration ability are the most important factors affecting 
population genetic structure (Yuasa et al., 2007; Pérez-Espona et al., 2008). The MWs have 
high migration ability (Reinecke et al., 2014; Tian et al., 2019), and there are no obvious 
landscape barriers in the study area (Zhang, 2016), which ensures frequent gene 
communication between individuals, so there is no significant genetic differentiation in the 
population (Fig. 4). The historical bottleneck effect of the population was not detected based 
on microsatellite data, but the mtDNA detection showed that the MWs may have experienced 
a weaker bottleneck effect recently. The reason may be that maternal inherited mtDNA is 
more sensitive to population bottleneck effects than nuclear DNA (Krojerová-Prokešová et 
al., 2013). However, microsatellite data showed a significant lack of heterozygosity in the 
SMM model, which suggests that the population increased rapidly after the bottleneck event 
(Maruyama and Fuerst, 1985; Krojerová-Prokešová et al., 2013). The data of mitochondrial 
cytochrome b in this study showed that high haplotype diversity (Hd ≥ 0.5) and low nucleotide 
diversity (Pi < 0.5%) of the population (Table 3) are also considered to be results of rapid 
growth and mutation accumulation after bottleneck effects (Grant and Bowen, 1998; Yuasa 
et al., 2007). Based on the above, this study believes that the MW population in the Gaogesitai 
region of Inner Mongolia has experienced a recent bottleneck effect, followed by rapid 
population growth. Started in the 1950s, the number of wild MWs dropped sharply due to 
habitat destruction and over-harvesting in the Gaogesitai region; at the end of the 20th 
century, the population of the area reached a historical low. At the beginning of this century, 
especially the establishment of nature reserves taking the MW as the key protection object 
has helped to restore the MW population quickly (Zhang, 2009). Compared with the lowest 
point in history, the number of MW populations in the study area has increased by nearly 10 
times. It has become the highest density distribution area in Northeast China. This study also 
found that Hap3 and Hap4 in the mitochondrial control region were highly variant haplotypes, 
which are significantly different from other haplotypes (Fig. 3). Meanwhile, the control 
region sequence of the population showed low haplotype diversity (Hd < 0.5) and high 
nucleotide diversity (Pi ≥ 0.5%) (Table 3). Some studies believe that this is often caused by 
isolated populations coming into contact again (Grant and Bowen, 1998). It’s known that 
there are often incidents such as chaotic captivity, and semi-free-range MW individuals 
fleeing to the wild, and these escaped individuals in contact with wild populations and genetic 
fusion may lead to high variant haplotypes. It may also be that the number of individuals 
analyzed by the mitochondrial control region is small (27), resulting in a lower haplotype 
diversity in the population. 

Conclusion 

In summary, this study shows that the genetic diversity of the MW population in the 
Gaogesitai region of Inner Mongolia is at a medium level, and the recently weak bottleneck 
effect has no significant effect on the rapid population growth. Also, gene exchange is 
frequent among individuals, and inbreeding is not detected. The high proportion of rare 
haplotypes and highly mutated haplotypes in the population indicates that research areas 
should continue strengthening the protection and management of MW populations to avoid 
a sharp decline in population genetic diversity and genetic pollution. It is suggested that the 
individuals with rare haplotypes should be taken as the key point in monitoring and 
protection, and assess the field adaptability and diseases in the field. The reintroduction 
projects should be carrued out at the right time, so as to improve the gene exchange between 
individuals and accelerate the population restoration in other areas of Northeast China. 
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APPENDIX 

Table A1. GPS positions of 108 stool samples collected in the Gaogesitai region 

Sample number Latitude Longitude 

1 44°57'17.358"N 119°30'12.660"E 
2 44°57'11.232"N 119°30'09.744"E 
3 44°57'30.396"N 119°28'38.592"E 
4 44°57'24.222"N 119°28'43.158"E 
5 44°57'12.480"N 119°31'53.646"E 
6 44°57'31.842"N 119°28'37.722"E 
7 44°57'11.220"N 119°28'41.190"E 
8 44°57'09.048"N 119°28'42.378"E 
9 44°56'58.992"N 119°28'31.596"E 

10 44°57'03.174"N 119°28'32.202"E 
11 44°57'13.698"N 119°28'40.494"E 
12 45°00'28.302"N 119°32'00.078"E 
13 45°01'53.418"N 119°33'09.690"E 
14 45°00'27.108"N 119°31'59.208"E 
15 45°02'16.986"N 119°31'07.218"E 
16 45°02'16.890"N 119°31'07.308"E 
17 45°02'17.244"N 119°31'04.464"E 
18 45°02'17.484N 119°31'03.846"E 
19 45°02'18.906"N 119°31'01.206"E 
20 45°02'19.068"N 119°31'14.388"E 
21 45°01'42.288"N 119°32'52.020"E 
22 45°01'49.128"N 119°32'49.812"E 
23 45°01'39.216"N 119°32'51.006"E 
24 45°01'40.458"N 119°33'00.186"E 
25 45°01'32.286"N 119°33'02.364"E 
26 45°03'15.420"N 119°31'42.594"E 
27 45°03'15.042"N 119°31'41.748"E 
28 45°02'06.792"N 119°31'22.848"E 
29 45°02'09.252"N 119°31'11.892"E 
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30 45°02'08.928"N 119°31'10.824"E 
31 45°02'08.022"N 119°31'01.080"E 
32 45°01'34.746"N 119°30'36.918"E 
33 45°01'33.240"N 119°30'37.908"E 
34 45°01'27.708"N 119°30'41.898"E 
35 45°01'18.174"N 119°30'55.302"E 
36 45°01'18.504"N 119°30'57.900"E 
37 45°01'18.642"N 119°31'00.132"E 
38 45°01'18.702"N 119°31'01.878"E 
39 44°57'22.458"N 119°27'22.074"E 
40 44°56'31.806"N 119°27'25.578"E 
41 44°56'35.502"N 119°27'18.456"E 
42 44°56'53.976"N 119°27'19.104"E 
43 44°57'05.712"N 119°27'33.900"E 
44 44°57'15.834"N 119°27'35.268"E 
45 45°01'42.966"N 119°32'51.888"E 
46 45°01'55.512"N 119°32'39.858"E 
47 45°02'06.642"N 119°32'46.404"E 
48 45°02'06.552"N 119°32'46.788"E 
49 44°58'03.150"N 119°28'14.688"E 
50 44°58'05.604"N 119°28'21.840"E 
51 44°58'07.110"N 119°28'22.632"E 
52 44°58'12.696"N 119°28'26.682"E 
53 44°58'12.522"N 119°28'15.042"E 
54 44°58'10.068"N 119°28'14.994"E 
55 44°57'37.338"N 119°26'30.000"E 
56 44°57'36.378"N 119°26'33.150"E 
57 44°57'36.354"N 119°26'35.706"E 
58 44°57'35.394"N 119°26'40.098"E 
59 44°57'22.074"N 119°26'59.544"E 
60 44°57'19.734"N 119°27'11.136"E 
61 44°57'22.920"N 119°27'12.942"E 
62 45°03'30.078"N 119°32'31.230"E 
63 45°03'26.706"N 119°32'30.966"E 
64 45°03'18.780"N 119°32'32.796"E 
65 45°03'16.356"N 119°32'32.454"E 
66 45°03'14.370"N 119°32'34.524"E 
67 45°03'11.430"N 119°32'39.384"E 
68 45°03'11.514"N 119°32'47.256"E 
69 45°03'12.060"N 119°32'51.036"E 
70 45°03'19.818"N 119°32'50.850"E 
71 45°03'25.194"N 119°32'50.532"E 
72 45°03'26.394"N 119°32'43.068"E 
73 45°00'58.326"N 119°31'36.498"E 
74 45°01'07.266"N 119°31'19.884"E 
75 45°01'09.072"N 119°31'03.126"E 
76 45°01'13.164"N 119°31'00.150"E 
77 45°01'13.380"N 119°30'54.984"E 
78 45°01'16.488"N 119°31'00.360"E 
79 45°02'05.478"N 119°31'48.798"E 
80 45°02'08.778"N 119°31'56.544"E 
81 44°59'03.582"N 119°31'32.580"E 
82 44°59'03.720"N 119°31'31.590"E 
83 44°59'04.704"N 119°31'25.326"E 
84 44°59'04.572"N 119°31'21.870"E 
85 44°59'09.354"N 119°31'14.934"E 
86 44°59'18.438"N 119°31'09.984"E 
87 44°59'23.094"N 119°31'11.892"E 
88 44°58'44.988"N 119°26'03.402"E 
89 44°58'58.662"N 119°26'02.724"E 
90 44°59'00.222"N 119°26'03.816"E 
91 44°59'01.260"N 119°26'02.802"E 
92 44°59'19.806"N 119°26'19.692"E 
93 44°59'11.232"N 119°26'37.944"E 
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94 45°00'11.118"N 119°26'55.830"E 
95 44°57'23.394"N 119°27'40.614"E 
96 44°57'21.768"N 119°27'46.140"E 
97 44°57'26.436"N 119°28'20.694"E 
98 44°57'29.112"N 119°29'03.222"E 
99 44°57'44.682"N 119°28'12.600"E 

100 44°57'47.304"N 119°28'13.470"E 
101 44°58'02.616"N 119°28'12.720"E 
102 44°58'07.758"N 119°28'15.198"E 
103 44°58'08.376"N 119°28'15.612"E 
104 44°58'11.052"N 119°28'15.414"E 
105 44°58'10.896"N 119°28'11.616"E 
106 44°58'06.510"N 119°28'02.718"E 
107 44°58'05.424"N 119°28'01.236"E 
108 44°58'00.702"N 119°27'50.928"E 
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Abstract. Nitrogen (N) is an essential element for crop growth and for improving crop yield. A two-year 
field experiment was carried out in China to test the effects of silicate (Si) fertilizer with straw return on N 
use efficiency (NUE) and yield of spring maize. Four treatments were arranged in a randomized block 
design: SI+ST (straw return + 45 kg ha-1 Si), SI (no straw return + 45 kg ha-1 Si), ST (straw return + no Si) 
and C (no straw return + no Si). The results showed that the accumulation of dry matter and grain yield 
under SI were 6.5% and 8.8% higher, respectively than those under the C. The N uptake under SI increased 
by 15.6% compared with that under the C treatment. The N uptake of SI+ST increased by 7.6% compared 
to SI. The SI+ST resulted in a significant increase in the AEN, REN, and PFPN compared with SI. The 
above results show that the use of Si fertilizer combined with straw return significantly provides better N 
for maize growing stages and is recommended as an alternative method to simultaneously increase crop 
yield and NUE while reducing the use of chemical fertilizer to the environment. 
Keywords: crop residues, Si-based fertilizer, spring maize, N utilization, grain yield 

Introduction 

Nitrogen (N) is an essential nutrient for maize growth and is considered to be the main 
controlling factor for plant productivity after water deficiency (Lea and Azevedo, 2006). 
The high yield of the crop is associated with the application of a large amount of N 
fertilizers (Patel et al., 2017). The N use efficiency (NUE) of plants is the primary index 
used to determine nutrient uptake (Yang et al., 2003). It measures the ability of crops to 
accumulate and utilize nutrients for maximum yields (González-Fontes et al., 2017). NUE 
depends on the plant’s ability to take up nutrients efficiently from the soil but also depends 
on internal transport, storage, and remobilization (Prieto et al., 2017). Thus, it involves 
three major processes in plants: uptake, assimilation, and utilization of nutrients (Baligar 
et al., 2001; Reich et al., 2014). Cereal NUE in china was approximately 41%, and they're 
still the applying of excess N fertilizer, which has consequently resulted in low NUE 
(Omara et al., 2019). Many measures have been recommended to enhance plant NUE 
including proper management of rhizosphere processes (Zhu et al., 2010), the use 
endophytic bacteria (Prieto et al., 2017), conservation agriculture (Jat et al., 2012), 
through alteration of amino acid transport processes (Perchlik and Tegeder, 2017) and the 
use of split application of reduced nitrogen (Du et al., 2019b). Therefore, the best N 
fertilizer management practice has to be adopted to improve NUE in crops. Management 
of N is a complex task, and several approaches individually and in combination, have 
been engaged to manage its effectiveness (Sharma and Bali, 2018). 
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Silicon (Si) is the most abundant element on the earth’s surface, which has proved to 
have many beneficial effects for crops (Deshmukh et al., 2017). Si has been reported to 
have a significant effect on yield and modify growth in crops (Luz et al., 2008). Previous 
research has discovered that Si can stimulate various plants to take up more 
macronutrients and micronutrients (Ca, P, S, Mn, Zn, Cu, Cl, Fe) from the soil (Islam and 
Saha, 1969; Owino-Gerroh and Gascho, 2005; Greger et al., 2018). According to previous 
studies (Singh et al., 2006; Jugal and Ramani, 2017; Patel et al., 2017), the application of 
Si has a synergistic relationship with N in rice. Recent studies have shown that Silicon 
(Si) also influenced the nutrient uptake and accumulation in non-stressed crops (Greger 
et al., 2018). Si enhances NUE, P availability, and carbon turnover in wheat crops (Neu 
et al., 2017). Si application influenced the availability of N uptake, which enhances the 
increase of biomass and prevents N starvation in plants (Haddad et al., 2018). 

Crop straw is rich in plant nutrients such as nitrogen, phosphorus, and potassium, and 
many trace elements (Gao et al., 2009). Wang et al. (2019) reported that straw return 
remarkably increased N uptake and grain yield in maize-wheat rotation. The combination 
of organic and inorganic fertilizers enhanced the N uptake, the N use, and recovery from 
the soil in rice (Moe et al., 2017). Incorporation of straw into soil improved the NUE and 
carbon inputs (Eagle et al., 2001). Apart from the increased NUE, the use of wheat straw 
significantly increased the nitrogen agronomic efficiency (AEN), the nitrogen recovery 
efficiency (REN), the nitrogen physiological efficiency (PEN), and the nitrogen partial 
factor productivity (PFPN) (Hu and Zhang, 2017). Appropriate management of organic 
matter ensures conservation and provisions nutrients in a prolonged period in crop 
production (Watson et al., 2002). 

The enhancement of NUE in crops has been shown mainly by the application of Si or 
straw individually in previous researches. There is currently no research on Si combined 
with straw return on NUE in crops. We hypothesized that though apply Si could stimulate 
plants to take up more N from the soil, however, due to the fixation of silicon fertilizer in 
the soil, its effect only lasts for a short time. The straw can not only increase the nutrients 
in the soil but can also improve Si availability at the late stages of growth. Thus, meet 
crop needs and enhance plant growth and development in later stages and sustainably 
enhance grain yield. The main objective of the study was to investigate the effect of 
silicate fertilizer with straw on N uptake, remobilization, NUE, and yield in spring maize. 
The findings of the study could add to the development strategies that improve NUE and 
sustainably to enhance crop yield. 

Materials and Methods 

Experimental design and crop management 

Two field trials were established at Dong Fang Hong village (124 °31’E, 43 °55'), 
Nong’an County, Changchun city, Jilin Province in China, in the 2017 and 2018 growing 
seasons. The soil was Chernozem (soil classification is based on the Canadian system of 
soil classification) (Haynes, 1998) containing 27.96 and 25 g kg-1, 107.31 and 109.2 mg 
kg-1 alkaline nitrogen (N), 50.73 and 33.9 mg kg-1 available phosphorus (P), 163.59 and 
114.1 mg kg-1 available potassium (K), 350.19 and 357 mg kg-1 available silicon (Si), 
8.02 and 7.7 soil pH before maize planting at a soil depth 0-20 cm in 2017 and 2018, 
respectively. Spring maize is the maize grown during the spring season and are sensitive 
to climate change. 
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The experiments had a two-way factorial design in which 12000 kg ha-1 (J) of straw 
was returned to the field in one area, and the other area had no straw returned to the field 
(W). The Si treatments included the S0 treatment (0 kg ha-1, no Si fertilizer) and the S3 
treatment (45 kg ha-1 of Si fertilizer). There were four treatments: C (no Si fertilizer + no 
straw), SI (Si fertilizer + no straw), ST (no Si fertilizer + straw) and SI+ST (Si 
fertilizer + straw). The treatments were arranged in a randomized block design (RBD) 
with three replications. Sodium silicate (Na2SiO3) was used as Si fertilizer. The area of 
each plot was 35 m2. The maize variety Fumin 985 (produced by Jilin Fumin Seed Leaf 
Co., Ltd) was planted on May 7, 2017, and May 10, 2018, and then harvested on 
September 28, 2017, and October 2, 2018, respectively. The planting density was 
65000 plants ha-1. Macronutrients (nitrogen, phosphorus, and potassium) were applied in 
the experimental plots. The rate of N application was 240 kg ha-1 in each treatment, in 
which the base fertilizer accounted for 40% of the total N application rate, the topdressing 
fertilizer at the jointing stage accounted for 30% of the total N application rate, and the 
topdressing fertilizer at the heading stage accounted for 30% of the total N application 
rate. All plots were treated with phosphorus pentoxide (P2O5, 100 kg ha-1) and potassium 
oxide (K2O, 100 kg ha-1), which were applied once as the base fertilizers. The remainder 
of the management was based on the high standard of field production. 

Plant sampling and tissue nutrient analysis 

Three samples of fresh plants were collected from each plot at growth stages V6 (six 
leaves), V12 (twelve leaves), VT (tasseling), R2 (blister aging), R3 (milking) and R6 
(maturity) (June 29, July 18, July 27, August 22, September 7, and September 27 in 2017 
and July 15, July 24, August 2, August 23, September 11, and September 28 in 2018, 
respectively). Plant samples were divided into four components: stem (including the stem, 
leaf sheath, and bract leaf), leaf, cob, and grain. Plant samples were heated at a constant 
temperature in a blast oven at 105 °C for 30 min and dried to a uniform weight at 80 °C. 
Each plant piece was weighed to obtain its dry weight (DW). The total N content of the 
different plant organs was extracted by the Kjeldahl method. 

Grain yield and yield components 

At maize maturity, the yield was measured in each experimental plot with a 
representative area of 10 m2, and ten ears were selected according to the weight mean 
method to measure the grain number per ear and the 1000-grain weight. The economic 
yield was calculated by the air-dry weight (14% water content) of 10 grains in each plot. 

Calculations 

(Mi et al., 2003; Chen et al., 2014; Agegnehu et al., 2016; Du et al., 2016, 2019a; Deng 
et al., 2018). 

Nitrogen change and N remobilization 

To model the N uptake pattern, a logistic model was used to describe the progress of 
the plant N uptake as follows: 
 

 max

1 bt

N
N

ae
=

+  
(Eq.1) 
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(Eq.3) 

 
where is the N uptake in maize, Nmax (kg ha-1) is the asymptotic maximum N uptake by 
maize, and a and b are the constants to be determined. The time of the N uptake rate 
acceleration is t1, the time of the N uptake rate deceleration is t2, t2-t1 is the fast uptake 
duration of maize N. 

N accumulation amount in the plant, 
 
 NAA (kg ha-1) = Plant dry weight (kg ha-1) × Plant N content (%) (Eq.4) 
 

 
N remobilization amount (kg ha-1) = maximum N content during 

the growth period - N content at maturity 
(Eq.5) 

 

 
N remobilization efficiency (%) = (maximum Mg content during 

the growth period - Mg content at maturity) / maximum Mg 
content during the growth period × 100 

(Eq.6) 

 

 
Apparent contribution to grain by N remobilization (%) = 

(maximum N content during the growth period – N content at 
maturity)/grain N content at maturity × 100 

(Eq.7) 

 

Nitrogen use efficiency 

The AEN, REN, PEN, and PFPN were computed using the below formulas: 
 

 
YT

PFPN
FN

=
 

(Eq.8) 
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AEN
NA

=
 

(Eq.9) 

 

 
ANU
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(Eq.10) 

 

 
AY

PEN
ANU

=
 

(Eq.11) 

 
where, AEN is the increased maize grain yield (ΔY) over zero- N plots per unit area of 
fertilizer N applied (NA). REN is the increased total N uptake over zero-N plots (ΔNU). 
PFPN is the maize total grain yield (YT) per unit area of fertilizer N applied (FN) Kg of 
N per ha applied. PEN is the increased maize grain yield per unit area (ΔY) of increased 
N uptake over zero- N plots (ΔNU). 
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Statistical data analysis 

Total N accumulation (kg ha-1), remobilization amount (kg ha-1), remobilization 
efficiency (%), apparent transfer to the grain (%) and total dry matter accumulation 
(kg ha-1) at different growth stages and the grain yield and yield components were 
analyzed using SPSS Statistics 25.0 (SPSS, Inc., Chicago, IL, USA). Differences in mean 
C, SI, ST, and SI+ST treatments were tested for statistical significance by analysis of 
variance (ANOVA). One-way ANOVA was used to test for differences in mean C, SI, 
ST, and SI+ST during the maize growth. Two-way ANOVA was used to test for the 
effects of Si fertilizer, straw return, and their interaction of mean C, SI, ST, and SI+ST. 
In case of significant differences among the means, DUNCAN significant differences at 
P = 0.05 test was used. Figures were created in Origin Pro 8. Means and standard errors 
(S.E) from the statistical analysis were brought into Origin Pro 8, and diagrams were 
created using the line+ symbol and column graph tools. 

Results 

Maize grain yield components 

As shown in Table 1, the yield of Si-fertilized treatments was higher than that without 
silicate fertilizer. Compared with the C with an average yield of 11124 kg ha-1, the corn 
yield of SI treatment was higher, with an average yield of 11671 kg ha-1 in two years 
(Table 1). In both years, significant differences in grain number and 1000-grain weight 
observed between Si-fertilized treatments and treatments without Si fertilizer. The 
two-year average yield of the SI+ST treatment (11829 kg ha-1) was higher than that of the 
SI treatment (11671 kg ha-1) (Table 1). Averaged over two years, the crop productivity of 
SI increased by 4.8% on average compared with that of C (Table 1). 
 

Table 1. Showing variance analysis of grain number (per ear), 1000-grain weight (g), and 
yield (kg ha-1), and increased productivity of maize in two consecutive years of 2017-2018 

Year Treatment 
Grain Number 

(per Ear) 
1000-Grain Weight 

(g) 
Yield 

(kg ha-1) 
Increased 

Productivity (%) 

2017 

C 597±4c 300±11c 11196±359c - 

SI 597±14c 330±7a 11685±221a 4.4 

ST 635±5b 314±2b 11345±11b 1.3 

SI+ST 693±33a 330±4a 11881±107a 6.1 

2018 

C 329±6b 527±3c 11052±155c - 

SI 336±4ab 550±8a 11657±30a 5.3 

ST 333±21ab 542±62b 11067±24b 0.1 

SI+ST 346±4a 556±2a 11777±134a 6.4 

 
 
Total dry matter accumulation in maize 

Dry matter accumulation was affected by Si and straw applications over the two 
experimental years (Fig. 1). All the treatments showed a similar trend of total biomass 
accumulation in maize. At the V6 stage, the level of dry matter was low, and there were 
no differences among treatments; then, the biomass increased continuously with the age 
of the maize plant until maturity, and the differences between different treatments 
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gradually increased. At harvest time, the dry matter accumulation under the SI treatment 
increased by 6.1% on average compared to that under the C treatment. The total dry matter 
under the SI+ST treatment increased by 2.9% on average compared with that under the 
SI treatment. In both years, there was a significant difference between the straw 
application treatments and those with no straw. 
 

Figure 1. The seasonal total dry matter accumulation of Si evaluated for two years, 2017 and 
2018. Values are means with standard deviations shown by vertical bars (n=4). Bars with a 
different lowercase letter (s) in the same planting date indicate significant differences at P < 

0.05 among the treatments 
 
 
Total N uptake and total N uptake rate in spring maize 

N uptake in maize increased from the V6 stage to physiological maturity, and there 
were significant differences among the Si and straw treatments. The N uptake of the SI 
treatment was 15.9% higher than that of the C treatment at the maturity stage. The effect 
of the straw application on maize N uptake was significant (Fig. 2). The N uptake under 
the SI+ST treatment increased by 7.7% compared to that under SI treatment. During the 
period of the fast N uptake stage, the uptake rate under the SI treatment had a mean rate 
of 10.4% higher than that under the C treatment in both years. In comparison with the SI 
treatment, the SI+ST treatment showed a noticeable increase in N uptake by the crop. The 
uptake rate of SI+ST treatment had a mean rate of 3.8% higher than that of SI treatment, 
averaged over two years. 
 

Figure 2. The response of maize total plant N uptake for two years, 2017 and 2018. Each data 
point is the mean ± S.E. of three replications 
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N remobilization in spring maize 

The result showed that the remobilization of nitrogen in leaves and stems in two years 
under all treatments manifested the same tendency (SI+ST >SI>ST>C) (Table 2). 
Averaged over two years, the remobilization amount, the remobilization efficiency, and 
contribution to the grain under the SI treatment increased by 21%,4%, and 6.8%, 
respectively, compared to the conventional practice application (C). The remobilization 
amount, the remobilization efficiency, and the contribution to the grain under the plots 
treated with straw increased by 7.9%, 1.1%, and 3.6%, respectively, compared to that 
with no straw when averaged over two years. 
 

Table 2. Analysis of variance of the vegetative Si remobilization amount (mg kg-1), 
remobilization efficiency (%) and contribution to the grain (%) in two successive years (2017-
2018) 

 
N remobilization Amount 

(kg ha-1) 

N remobilization efficiency 

(%) 

Apparent contribution to 

grain N by N remobilization 

(%) 

2017 

 leaves stem total leaves stem total leaves stem total 

C 
31.7± 
0.53b 

15.5± 
0.95b 

47.2± 
0.66c 

41.2± 
1.29a 

50.6± 
0.66b 

44.4± 
1.62a 

29.6± 
0.15c 

19.3± 
0.21d 

48.9± 
0.41d 

SI 
40.3± 
0.43b 

17.9± 
0.27ab 

58.2± 
0.39b 

42.6± 
1.28b 

52.0± 
1.67c 

45.7± 
1.48c 

33.6± 
0.04b 

19.8± 
0.25b 

53.4± 
0.12b 

ST 
36.4± 
0.24b 

14.00± 
0.17c 

50.4± 
0.24d 

42.0± 
1.54a 

47.8± 
1.49a 

43.9± 
1.18b 

31.9± 
0.11b 

18.5± 
0.07c 

50.4± 
0.10c 

SI+ST 
44.1± 
0.03a 

17.4± 
0.45a 

61.5± 
0.21a 

43.1± 
0.41b 

52.4± 
1.19b 

46.1± 
1.17c 

34.6± 
0.20a 

20.3± 
0.34a 

54.9± 
0.23a 

2018 

C 
26.8± 
0.76c 

18.3± 
1.91c 

45.1± 
1.35c 

39.2± 
1.31a 

47.8± 
0.97a 

42.3± 
2.51a 

28.2± 
0.19c 

19.2± 
0.23c 

47.4± 
0.49c 

SI 
32.8± 
0.96ab 

22.8± 
1.87ab 

55.6± 
1.87a 

40.8± 
0.83c 

51.3± 
0.22b 

44.5± 
1.41c 

29.2± 
0.05b 

20.3± 
0.22b 

49.5± 
0.22b 

ST 
30.0± 
0.90b 

20.8± 
1.39bc 

50.8± 
1.82b 

38.7± 
0.40b 

51.1± 
0.25b 

43.0± 
2.57b 

28.8± 
0.04b 

20.0± 
0.25b 

48.8± 
0.10b 

SI+ST 
35.6± 
4.33a 

25.7± 
1.95a 

61.3± 
0.68a 

41.0± 
1.51a 

52.1± 
0.23c 

45.1± 
3.28d 

30.0± 
0.21a 

21.7± 
0.97a 

51.7± 
0.29a 

Anova          
F NS ** * ** ** ** ** ** ** 
S ** NS ** NS ** ** ** * ** 

FS NS NS NS * NS NS ** ** ** 
FSY * * NS NS NS NS ** ** ** 

Note: F: fertilizer, S: straw, F × S: fertilizer with straw, FSY: fertilizer × straw × year. NS, not significant 
(p-value>0.05); *, significant at (p-value<0.05); **, significant at (p-value<0.01) 

 
 
N use efficiency (NUE) in spring maize 

The data indicated that the AEN, REN, and PFPN were significantly increased with 
the Si fertilizer application (Table 3). Compared to the C treatment, the SI treatment 
resulted in increases in AEN, REN, and PFPN of 13.6%, 44.9%, and 4.9%, respectively, 
averaged over two years. The PEN under SI treatment decreased by 26.7% compared to 
that of the C treatment, averaged over two years. The AEN, REN, and PFPN of the SI+ST 
treatment increased by 3.6%, 17.6%, and 1.3%, respectively, compared to that under SI 
treatment. the PEN decreased under the SI+ST treatment by 13.5% when averaged in two 
years. 
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Table 3. Variance analysis of the N use efficiencies (Eq.8,9,10 and 11); - agronomic use 
efficiency (mg kg-1), recovery use efficiency (%), and physiological use efficiency (kg ha-1), 
and partial factor productivity of N (PFPN) in two consecutive years of 2017-2018 

 Treatments 

Agronomic N Use 

Efficiency (AEN) 

kg kg-1 

Recovery N Use 

Efficiency 

(REN) % 

Physiological N 

Use Efficiency 

(PEN) kg kg-1 

N partial factor 

productivity 

(PFPN) kg kg-1 

2017 

C 16.03±0.09c 26.99±0.25d 59.39±0.15a 46.65±0.37d 

SI 18.07±0.14ab 38.89±0.68b 46.46±0.26b 48.69±0.33b 

ST 16.65±0.04b 34.94±0.29c 47.65±014b 47.27±0.17c 

SI+ST 18.88±0.37a 46.29±0.19a 40.78±0.02c 49.50±1.29a 

2018 

C 15.78±0.07c 24.95±0.16d 63.23±0.03a 46.05±0.08c 

SI 18.30±0.18b 36.36±0.12b 50.32±0.22c 48.57±0.22b 

ST 15.85±0.23c 29.52±0.21c 53.68±0.17b 46.11±0.03c 

SI+ST 18.80±0.37a 42.28±0.02a 44.46±0.32d 49.07±0.004a 

Anova     

F ** ** ** ** 

S * ** ** ** 

F S NS NS ** * 

FSY NS * ** NS 

F: fertilizer, S: straw, F × S: fertilizer with straw, FSY: fertilizer × straw × year. NS, not significant (p-
value>0.05); *, significant at (p-value<0.05); **, significant at (p-value<0.01) 

 
 
Discussion 

Maize biomass yield, grain yield, and increased productivity 

Silicon (Si) is closely related to plant growth and yield owing to strengthen the 
physiological attributes of the maize (Kaya et al., 2006; Amin et al., 2016). Si has proved 
to enhance the photosynthesis process, improves the absorption of nutrients, and increases 
grain yield in maize (Xu et al., 2016). The results present in Table 1 illustrate that the 
maize grain and dry matter significantly influenced by Si application. The substantially 
higher grain yield (11685 kg ha-1 and 11657 kg ha-1) in 2017 and 2018 were recorded due 
to the basal application of Si, while the lower grain (11196 kg ha-1 and 11052 kg ha-1) 
were registered under the conventional practice. The treatment SI gave a 6.5% higher dry 
matter over C (Fig. 1). The result was consistent of the report by Xu et al. (2016), who 
found that the application of Si improved maize grain yield and dry matter accumulation. 

Huang et al. (2010) mentioned the application of organic fertilizer combined with 
inorganic fertilizer is a good fertilization practice for modifying soil quality and attaining 
optimum yield. Many reports have shown that straw return provides nutrients, and it's 
associated with improved biomass yield and grain yield (Zhang et al., 2009; Xu et al., 
2010; Wang et al., 2018). The findings from this trial demonstrate that the addition of Si 
fertilizer and straw increases grain yield and dry matter of maize in two years (Table 1). 
The significantly higher grain (11881 kg ha-1 and 11777 kg ha-1) in 2017 and 2018 were 
recorded due to the addition of organic matter by straw application (Christensen, 1986) 
under the SI+ST treatment. The treatment SI+ST gave a 2.9% higher dry matter over the 
SI treatment (Fig. 1). Our findings agree with Zhang et al. (2015), who have found that 
straw incorporation increased grain yield and biomass yield. Therefore, the application of 
Si with straw return should be considered an essential practice in maize farming for 
improving yield and promoting sustainable soil systems. 
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Total plant N uptake and uptake rate 

Cuong et al. (2017) noted that the application of Si at the level of 329 kg hm-2 with 
inorganic fertilizer would help in N uptake in rice. Si and N are said to have a synergistic 
effect, and Si can raise the optimum N rate in rice (Ho et al., 1980). Averaged over two 
years, the N uptake rate under the SI treatment increased by 10.4% than that under the C 
treatment (Table 4). We also found that the application of Si increased N uptake by 15.6% 
on average compared with the N uptake under the conventional practice (C) (Fig. 2). Our 
findings concerning the significant effect of Si to N uptake are broadly in line with Laîné 
et al. (2019). 
 

Table 4. Logistic equation characteristics (Eq.1,2 and 3) of the N uptake of the entire plant 
subjected to different Si and straw treatments in 2017 and 2018. t1: Time of total plant N uptake 
acceleration t2: Time of whole plant N uptake deceleration T: The fast uptake period of total 
plant N (d) 

Years Treatments Regression equation R2 
t1 

(day) 

t2 

(day) 
T (day) Uptake rate (kg ha-1d-1) 

2017 

C N=188.8/(1+60.1e-0.0714t) 0.9970* 38.9 75.8 36.9 2.95d 

SI N=220.6/(1+68.8e-0.0669t) 0.9981* 43.6 82.9 39.4 3.24b 

ST N=205.8/(`1+56.8e-0.0693t) 0.9940* 39.3 77.3 38.0 3.13c 

SI+ST N=236.6/(1+89.4e-0.0657t) 0.9989* 48.3 88.4 40.1 3.41a 

2018 

C N=164.8/(1+188.7e-0.0746t) 0.9901* 53.6 87.9 34.3 2.71d 

SI N=192.2/(1+336.6e-0.0714t) 0.9856* 63.1 99.9 36.9 3.01b 

ST N=174.6/(1+390.4e-0.0744t) 0.9872* 62.5 97.9 35.4 2.85c 

SI+ST N=213.4/(1+390.4e-0.069t) 0.9848* 67.4 105.6 38.2 3.23a 

*, significant at P<0.05; **, significant at P<0.01 

 
 

Appropriate incorporation of straw has a positive effect on N mineralization and 
probably N uptake by rice crop (Takahashi et al., 2003). Zhang et al. (2016) demonstrated 
that the use of compost plus inorganic fertilizer as a practical nutrient management 
approach to maintain N uptake, reduce N loss and, increase soil fertility. It is evident from 
our study that straw return significantly improved N uptake by crop (Table 4). The N 
uptake rate under the SI+ST treatment increased by 3.8% on average than that under the 
SI treatment. Similarly, in treatment with the straw application (SI+ST), N uptake was 
7.6% higher than that with no straw treatment (SI) (Fig. 2). Similar results have been 
reported by Hu and Zhang (2017) that straw incorporation improved N uptake and NUE 
in rice. 

Remobilization of N in spring maize 

During the vegetative phase, the leaves and stem are the sinks for N; later, during 
senescence or deficiency periods, this N is re-translocated for reuse in the developing 
grain, fruits, and even young leaves (Okumoto and Pilot, 2011; Hernandez-Apaolaza, 
2014). A balanced input of N and Si fertilizers showed an effect on agronomic indexes of 
rapeseed crops (Laîné et al., 2019). In this study, the remobilization amount, 
remobilization efficiency, and contribution to the grain under SI treatment increased by 
21%, 4%, and 6.8%, respectively, compared to that under C (Table 2). The increase of 
remobilization under SI treatment was probably due to the application of Si fertilizer 
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stimulated plants to take up more N (Neu et al., 2017) for remobilization. Our study 
corroborates with Detmann et al. (2012), who demonstrated that Si nutrition promoted N 
remobilization by stimulating amino acid remobilization from vegetative parts to the 
grains. Straw incorporation has the potential to affect agricultural management practices 
that improves soil nutrients (Zhou et al., 2018) as it is a readily available organic material 
which function to enhance soil fertility by releasing some nutrients such as N.P.K and 
others (Pathak et al., 2006). Organic matter applied in the form of liquid cattle manure 
increased N accumulation, distribution, and remobilization from leaves and stem to 
kernels (Dordas et al., 2008). In our study, straw application significantly affected the 
re-translocation of N (Table 2). The SI+ST treatment increased by 7.9%, 1.1%, and 3.6% 
of N remobilization amount, remobilization efficiency, and N contribution to the grain, 
respectively, compared with that of the SI treatment. This study supported previous 
reports Wang et al. (2017) that manure plus urea improved N accumulation and 
remobilization in wheat. 

Si fertilization under straw return improved the NUE of maize 

The Si nutrient modified nitrogen (N) use efficiency (NUE) in rice (Yogendra et al., 
2013; Cuong et al., 2017) and wheat (Yogendra et al., 2013). Higher NUE observed with 
the application of calcium silicate (Yogendra et al., 2013). This study has clearly shown 
a significant effect of Si fertilizer on the NUE of maize. In the plot that received 45 kg ha-1 
of sodium silicate, the agronomic N use efficiency (AEN), recovery N use efficiency 
(REN), and partial factor productivity of N (PFPN) was 13.6%, 44.9%, and 4.9%, 
respectively higher than that in the conventional practice plot (C). However, Si fertilizer 
under SI treatment decreased the physiological efficiency of N (PEN) in our results by 
26.7% than that under the C treatment (Table 3). The result shows that there was a 
synergistic effect between Si and N. This study was consistent with the results of Si and 
N fertilization in rice (Yogendra et al., 2014) and in wheat (Neu et al., 2017) that Si 
fertilizer enhances the NUE’s except for the PEN. Moreover, the PEN decreased with the 
addition of Si fertilizer, which was in harmony with the findings of (Awgchew et al., 
2017), who revealed a reduced PEN with increases of fertilizer. The main reason for this 
phenomenon may be that the amount of nitrogen absorbed by the leaves and stems on the 
ground is much higher than that of the control, which reduces the yield of grain per unit 
of nitrogen. 

Straw return and appropriate tillage approach significantly enhanced grain yield and 
NUE in winter wheat (Jin et al., 2017). The inorganic fertilizer, coupled with organic 
fertilizer, increases N uptake in rice by improving soil properties and NUE (Iqbal et al., 
2019). In this study, as expected, the Si fertilizer and straw application had a significant 
effect on NUE. The AEN, REN, and PFPN of the SI+ST treatment were 3.6%, 17.6%, 
and 1.3% higher than that of SI treatment (Table 3). The increased NUE by straw was 
probably attributed to the improved organic matter status since straw served as N source 
(Kongchum et al., 2007). These results agree with the findings of previous studies that 
straw return significantly increased NUE (Eagle et al., 2000). Thus, retention of Si 
fertilizer plus straw return can be an option practice to improve NUE in agricultural 
production. 
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Conclusion 

The use of silicon fertilizer can not only improve the N uptake and the N uptake rate 
of maize, but also promote the remobilization of nitrogen and the apparent contribution 
to grain N, and ultimately improve the yield. In comparison to the sole Si fertilizer 
application, the application of silicon fertilizer with straw return can further enhance the 
above effects, and at the same time, improve agronomic use efficiency, recovery use 
efficiency, and N partial factor productivity. There is sufficient evidence to support the 
claim that Si fertilizer combined with straw was of great advantage not only at improving 
NUE and crop yield but also reducing the effect of fertilizer on the environment, thus 
attaining the goals of sustainable agriculture. In further studies, long term experiments on 
Si fertilizer with straw return should be conducted to get more data that can provide 
comprehensive results on the integration of Si fertilizer and straw return on N nutrient. In 
addition, more studies should focus on how straw materials can be used to replace the use 
of Si fertilizer. 
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Abstract. High temperature (HT), considered a daily average temperature (Tave) ≥ 30 °C or a daily 
maximum temperature (Tmax) ≥ 35 °C, during the heading-flowering period affects single-season rice 
production in Jiangxi Province, southeast China, and the temporal and spatial changes of HT are not yet 
clear in this province. Here, the meteorological data of 85 national weather stations from 1981 to 2017 
were used to explore the temporal and spatial changes of HT. In addition, the effects of HT during the 
heading-flowering period on yield and spikelet fertility of single-season rice were investigated. Our 
results showed that HT in single-season rice occurred every year from 1981 to 2017. Tave, Tmax, and HT 
hazard events (HT for ≥ three consecutive days) increased after 2003, with severe HT (HT for ≥ eight 
consecutive days) increasing significantly. In addition, a greater number of HT hazard events were mainly 
distributed in the middle and northeast area of Jiangxi. HT mainly occurred from July 11 to August 10, 
and severe HT occurred more frequently from July 21 to July 31. It is worth noting that there were strong 
negative correlations between spikelet fertility and Tave, days of Tave ≥ 30 °C, and days of Tmax ≥ 35 °C. 
Thus, these results should be considered for establishing effective strategies to mitigate rice HT hazard 
under global climate change. 
Keywords: rice, high temperature, flowering, spikelet fertility, sowing date 

Introduction 

Rice (Oryza sativa L.) is the staple food source for more than half of the world’s 
population. Recently, extreme high temperature (HT) events frequently affect rice 
production (Kim et al., 2013; Espe et al., 2017). HT beyond the critical threshold 
(Tave ≥ 30 °C or Tmax ≥ 35 °C) during the growth period, especially during the heading-
flowering period, leads to poor fertilization and reduced spikelet fertility, which 
drastically reduces rice yield (Jagadish et al., 2010; Madan et al., 2012; Chaturvedi et 
al., 2017; Zhao et al., 2018; Stuerz and Asch, 2019). Rice grain yield could decline by 
10% for each 1 °C increase in the nighttime temperature (Peng et al., 2004). Globally, 
the average surface temperature has increased by 0.85 °C from 1880 to 2012 (IPCC, 
2013). The frequency or intensity of HT events will likely continue to increase, which 
could lead to the higher vulnerability of rice (Van Oort et al., 2018). Thus, current 
research should be focused on reducing the loss of rice yield under HT events (Ray et 
al., 2015; Wang et al., 2016). 

Jiangxi is one of the most important two-season rice producing provinces in 
southeast China, as it can deliver rice to the country year-round. In recent years, due to 
urbanization and the shortage of the rural labor force, the production area of two-season 
rice has been decreasing, whereas the production area of single-season rice in Jiangxi 
has exceeded 460,000 hectares and is expected to increase in the future. However, HTs 
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caused by the Pacific sub-tropical high during the heading-flowering period from July 
to August every year in Jiangxi tend to occur frequently, which can easily lead to HT 
hazard causing a huge loss of single-season rice yield (Huang et al., 2017). Therefore, 
improving HT resistance of single-season rice has received increasing attention. 

HT is not conducive to rice production, but taking effective defense measures can 
reduce HT hazard (Khan et al., 2019). Previous studies have shown that the selection of 
heat-resistant varieties (Prasad et al., 2006; Jagadish et al., 2010), improvement of field 
management (Yang et al., 2015; Tang et al., 2019), and application of exogenous 
substances (Mohammed et al., 2009; Fahad et al., 2016; Wu et al., 2017) can effectively 
mitigate the negative effects of HT on rice growth and development. In addition, 
avoiding HT during the heading-flowering period, by varying flowering times, is 
another effective method against HT hazard. Rice with an early-morning flowering 
(EMF) trait could avoid HT-induced sterility during anthesis by flowering at a cooler 
temperature in the early morning (Ishimaru et al., 2010). It has been reported that EMF 
rice with a quantitative trait locus (QTL) named qEMF3 mitigated heat-induced spikelet 
sterility under elevated temperature by completing flower opening before the air 
temperature reached 35 °C during the day (Hirabayashi et al., 2015). 

Previous studies have been conducted on rice HT hazard in Jiangxi. By investigating 
the temperature data of 74 meteorological stations in Jiangxi from June to August from 
1961 to 2010, Yang et al. (2012) showed that the annual frequency of occurrence of rice 
heat stress decreased from 1961 to 1982, while increased significantly from 1983 to 
2010. Moreover, Huang et al. (2017) indicated that the changes of intensity of HT 
hazard events were significant, the higher hazard events for rice heat stress were mainly 
detected in the middle and northeast area of Jiangxi. However, the temporal and spatial 
changes of HT hazard affecting single-season rice in Jiangxi were still not well 
analyzed. 

In the present study, we used meteorological data of 85 national weather stations 
from July to August 1981 to 2017 to (1) comprehensively investigate temporal and 
spatial changes of HT hazard affecting single-season rice during the heading-flowering 
period in Jiangxi Province, (2) study the effects of HT on yield and spikelet fertility of 
single-season rice, and (3) find the highest risk period to avoid HT hazard. Thus, the 
overall objective of this study is to provide the scientific support for the high- and 
stable-yield cultivation and HT resistance of single-season rice under global warming. 

Material and methods 

Data collection 

Jiangxi Province (latitude: 24°29′ N‒30°05′ N, longitude: 113°34′ E–118°29′ E) 
located in southeast China is dominated by a humid subtropical monsoon climate; thus, 
the climate is mild with abundant sunshine and rainfall. Moreover, the four seasons are 
evident and there is a long frost-free period (240–307 days), making Jiangxi conducive 
to the cultivation of crops. The average annual temperature, average annual 
precipitation, and average annual illumination time are 16.5–19.8 °C, 1,436–1,956 mm, 
and 1,327–1,927 h, respectively (Huang et al., 2017). In Jiangxi, rice can be grown as 
either double cropping (early or late rice) or single cropping (single-season rice). The 
HTs in summer (from June to August) are likely to trigger heat stress response of early 
rice during the grain filling period and single-season rice during the heading-flowering 
period. 
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The meteorological data of daily average temperature (Tave) and daily maximum 
temperature (Tmax) of 85 national weather stations (Fig. 1) from July 11, 1981 to August 
31, 2017, in Jiangxi Province were provided by the Jiangxi Meteorological Bureau. The 
agricultural data of single-season rice yield in seven representative regional trial sites 
(Fuliang, Anyi, Nanchang, Fuzhou, Pingxiang, Ji’an, and Huichang) (Fig. 1) over 
13 years (2004–2016) were collected from the Department of Agriculture of Jiangxi 
Province. 

 

 

Figure 1. Distribution of 85 national weather stations in Jiangxi Province, southeast China 
 
 

Analytical methods 

Temperature anomalies 

The daily Tave and Tmax data from July 11, 1981 to August 31, 2017, were compiled 
to analyze the temporal and spatial changes of temperature, temperature anomaly (the 
difference between an observed temperature and the average temperature), and 
accumulative anomaly (sum of the anomalies). Within the calculated temperature 
anomalies, the low, medium, and high anomalies were separated, where a low 
temperature anomaly was considered ≤ -0.50 °C, a medium temperature anomaly was -
0.5–0.5 °C, and a high anomaly was ≥ 0.50 °C. 

 
HT hazard 

Tave ≥ 30 °C or Tmax ≥ 35 °C were considered the threshold for HT (Jagadish et al., 
2010; Madan et al., 2012), and HT for three to four consecutive days was defined as 
slight HT hazard, five to seven consecutive days for moderate HT hazard, and ≥ eight 
consecutive days for severe HT hazard. Furthermore, the temporal and spatial changes 
of the number of stations recording the occurrence of HT hazard; the number of slight, 
moderate, and severe HT hazard; the number of HT days; and the greatest number of 
consecutive HT days at 85 national weather stations from 1981 to 2017 were analyzed. 

 
Measures of single-season rice yield 

Based on the changes in temperature, the changes in the annual yield of single-
season rice (effective panicles, total grains per panicle, filled grains per panicle, spikelet 
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fertility, 1000-grain weight, and yield) (Prasad et al., 2006) were analyzed to screen for 
effective traits for the identification of HT hazard during the heading-flowering period. 

 
Statistical analysis 

Excel2010, Matlab 2010a, and ArcGIS10.2 software (Huang et al., 2017) were used 
to analyze data and draw graphs. The correlations between meteorological parameters 
and rice yield were conducted by using SPSS 17.0 (Yang et al., 2015). The significance 
was determined using the least significant difference (LSD) test at P < 0.05 or P < 0.01, 
which was calculated using SPSS 17.0. 

Results 

Temporal changes of temperature anomalies 

The temporal changes of Tave and Tmax anomalies show a consistent trend (Fig. 2a and 
b). The temperature anomalies and accumulative anomalies could be divided into three 
periods: normal temperature (1981‒1992), low temperature (1993‒2002), and HT 
(2003‒2017). During the normal temperature period, the temperature anomalies and 
accumulative anomalies were relatively stable with 11 medium anomalies (-0.5–0.5 °C) of 
Tave and six medium anomalies of Tmax. During this period, the average anomaly of Tave and 
Tmax were 0.04 °C and 0.18 °C, respectively. During the low temperature period, the 
accumulative anomalies showed a downward trend with six low anomalies (≤ -0.50 °C) of 
Tave and seven low anomalies of Tmax; the average anomaly of Tave and Tmax during this 
period was -0.60 °C and -0.91 °C, respectively. During HT period, the accumulative 
anomalies showed an upward trend with six high anomalies (≥ 0.50 °C) of Tave and seven 
high anomalies of Tmax, and the average anomaly of Tave and Tmax were 0.37 °C and 0.47 °C, 
respectively. The increasing occurrence of temperature anomalies during the current HT 
period indicated that the Tave and Tmax have generally risen since 2003 (P ˂ 0.05). 

 

 

Figure 2. Temporal changes of Tave (a), and Tmax (b) anomalies from 1981 to 2017†. †Tave: daily 
average temperature; Tmax: daily maximum temperature. Accumulative anomaly is the 

accumulation of anomalies 
 
 

Spatial distribution of temperature anomalies 

The spatial distribution of Tave anomalies is consistent with that of the Tmax anomalies 
(Fig. 3a and b). The temperature anomalies were spatially divided into low anomaly zone, 
medium anomaly zone, and high anomaly zone. The medium anomaly zone (-0.5–0.5 °C) 
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covered most of the province with 45 stations of Tave and 49 stations of Tmax. The average 
anomaly of Tave and Tmax in this zone were 0.47 °C and 0.11 °C, respectively. Fifteen 
stations of Tave and 19 stations of Tmax belonged to the low anomaly zone (≤ -0.50 °C), 
and the average anomaly of Tave and Tmax in this zone were -1.21 °C and -0.87 °C, 
respectively. The high anomaly zone (≥ 0.50 °C) was primarily located in the middle and 
northeast of the province with 25 stations of Tave and 17 stations of Tmax, and the average 
anomaly of Tave and Tmax in this zone were 0.74 °C and 0.70 °C, respectively. 

 

 

Figure 3. Spatial distribution of Tave (a), and Tmax (b) anomalies from 1981 to 2017†. †Tave: daily 
average temperature; Tmax: daily maximum temperature 

 
 

Changes of daily temperature 

The changes of daily Tave and Tmax are similar, showing a trend of increasing first and 
then decreasing (Fig. 4). The Tave and Tmax were 29.3 °C and 34.5 °C from July 11 to 
August 10, and 28.0 °C and 33.0 °C from August 11 to August 31 from 1981‒2017, 
indicating that Tave and Tmax in mid-July to early-August were higher than that in mid- 
to late-August. The data presented in Figure 4 also indicate that the temperatures of four 
consecutive days on July 22–25 were the highest (Tave ≥ 29.6 °C, Tmax ≥ 34.9 °C), 
especially the Tmax of three consecutive days from July 23–25, which exceeded 35 °C. 
Thus, it is necessary to attend to the effects of HT on heading and flowering in single-
season rice from July 22 to July 25 each year. 

 
Temporal changes of the number of stations recording the occurrence of HT hazard 

Many stations showed record of slight and moderate HT hazards each year, but no 
severe HT hazard events occurred in 1997 and 1999. In 1997, the number of stations 
recording the occurrence of HT hazard events was the lowest, with only 31 stations 
recording HT hazard events. In contrast, the slight, moderate, and severe HT hazard 
events occurred at all 85 stations in 2003 (Fig. 5). During the normal temperature period 
(1981‒1992), the average number of stations recording the occurrence of slight, 
moderate, and severe HT hazard events was 80.92 stations, 73.75 stations, and 56.50 
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stations, respectively. The average number of stations recording HT hazard events was 
73.80 stations showing slight HT, 60.10 stations with moderate HT, 31.50 stations 
showing severe HT during the low temperature period (1993‒2002), and 84.67 stations 
showing slight, 81.13 stations recording moderate, 62.80 stations recording severe 
during the HT period (2003‒2017). The above results indicate that the number of 
stations recording the occurrence of slight, moderate, and severe HT hazard events have 
increased since 2003 (P ˂ 0.05). 

 

 

Figure 4. Changes of daily temperature†. †Tave: daily average temperature; Tmax: daily 
maximum temperature 

 
 

 

Figure 5. Temporal changes of the number of stations recording the occurrence of slight, 
moderate, and severe HT hazard events from 1981 to 2017†. †HT: high temperature. Tave: daily 
average temperature; Tmax: daily maximum temperature. Tave ≥ 30 °C or Tmax ≥ 35 °C for three 
to four days is considered a slight HT hazard, five to seven consecutive days for moderate HT 

hazard, ≥ eight consecutive days for severe HT hazard 
 
 

Temporal changes of the number of HT hazard events 

Over the past 37 years (1981‒2017), HT hazard occurred every year in this province. 
The number of slight HT hazards was the highest (95.59), followed by moderate HT 
hazards (79.19), and severe HT hazards (72.45). In 1997, the total number of HT hazard 
events was the lowest, with only 33 recorded HT hazard events. In contrast, the number 
of HT hazard events in 2006 was the highest, reaching 405 (Fig. 6). During the normal 
temperature period (1981‒1992), the average number of HT hazard events of slight, 
moderate, and severe HT hazards was 84.08, 82.17, and 68.23, respectively. The 
average number of HT hazard events for slight, moderate, and severe HT hazard events 
was 89.40, 65.70, and 41.90 during the low temperature period (1993‒2002), and 
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108.93, 85.80, and 93.73 during the HT period (2003‒2017), respectively. This 
indicates that the number of slight, moderate, and severe HT hazard events has 
increased since 2003, with severe HT hazard events increasing significantly (P ˂ 0.05). 

 

 

Figure 6. Temporal changes of the number of HT hazard events from 1981 to 2017†. †HT: high 
temperature. Tave: daily average temperature; Tmax: daily maximum temperature. Tave ≥ 30 °C or 

Tmax ≥ 35 °C for three to four days is considered a slight HT hazard, five to seven consecutive 
days for moderate HT hazard, ≥ eight consecutive days for severe HT hazard 

 
 

Temporal distribution of the number of HT hazard events 

Figure 7 shows that slight, moderate, and severe HT hazard events occurred in every 
time period (i.e., every ten days) from July 11 to August 31 in the past 37 years. The 
overall number of slight HT hazard events was the highest (128.97), followed by 
moderate HT hazards (96.35), and severe HT hazards (62.14). HT hazard events 
primarily occurred from July 11 to August 10, and the number of HT hazard events 
during the time period was 211.70, accounting for 73.65% of the total number of events. 
Therefore, during the heading-flowering period of rice, which falls from July 11 to 
August 10, the hot weather should be attended to avoid HT hazard. The fewest slight, 
moderate, and severe HT hazard events (33.95) occurred from August 11 to August 20, 
and the greatest number of HT hazard events (74.32) appeared from July 21 to July 31. 
The number of severe HT hazard events from July 21 to July 31 was 28.16, accounting 
for 45.32% of the total severe HT hazard events, indicating that this area is prone to 
severe HT hazard events from July 21 to July 31. 

 

 

Figure 7. Distribution of the number of HT hazard events of temporal periods (every ten days) †. 
†HT: high temperature. Tave: daily average temperature; Tmax: daily maximum temperature. 
Tave ≥ 30 °C or Tmax ≥ 35 °C for three to four days is considered a slight HT hazard, five to 

seven consecutive days for moderate HT hazard, ≥ eight consecutive days for severe HT hazard 
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Spatial distribution of the number of HT hazard events 

The east, south, and west of Jiangxi Province are surrounded by mountains, and the 
north is flat, forming a large open basin that is tilted to the north. The spatial 
distribution of the number of HT hazard events is closely related to the topography, with 
more HT hazard events in plains and basins and fewer in mountains (Fig. 8). The spatial 
distribution of the total number of HT hazard events and the number of slight, moderate, 
and severe HT hazards (Fig. 8a–d) are similar, meaning that the area with a high 
frequency of HT hazard events is mainly distributed in the middle and northeast of this 
province. The total number of HT hazard events in the high frequency area was 
155‒174. The number of slight, moderate, and severe HT hazard events in the middle 
and northeast of the province were 78‒86, 52‒59, and 27‒33, respectively. Thus, special 
attention should be paid to areas with a greater tendency to have HT hazard events 
during the heading-flowering period from July 11 to August 10 in single-season rice. 

 

 

Figure 8. Spatial distribution of the number of slight (a), moderate (b), severe (c), and total (d) 
HT hazard events from 1981 to 2017†. † HT: high temperature. Tave: daily average temperature; 

Tmax: daily maximum temperature. Tave ≥ 30 °C or Tmax ≥ 35 °C for three to four days is 
considered a slight HT hazard, five to seven consecutive days for moderate HT hazard, ≥ eight 

consecutive days for severe HT hazard 
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Temporal changes of the number of HT days and the greatest number of consecutive 

HT days 

The temporal changes of the number of HT days of Tave ≥ 30 °C is consistent with 
that of Tmax ≥ 35 °C (Fig. 9a and b). During the normal temperature period 
(1981‒1992), the average number of HT days of Tave and Tmax were 16.14 d and 
21.36 d, respectively. The average number of HT days was 11.74 d (Tave) and 15.08 d 
(Tmax) during the low temperature period (1993‒2002), and 20.08 d (Tave) and 25.67 d 
(Tmax) during the HT period (2003‒2017). The number of HT days of Tave and Tmax in 
1997 was the lowest, with only 1.35 d and 3.78 d, and the number of HT days in 2003 
was the highest, reaching 32.31 d and 36.44 d, respectively. After 2003, the number of 
HT days showed an overall increase (P ˂ 0.05). 

The temporal changes of the greatest number of consecutive days of Tave ≥ 30 °C and 
Tmax ≥ 35 °C is similar (Fig. 9a and b). During the normal temperature period 
(1981‒1992), the greatest number of consecutive days of Tave and Tmax were 7.88 d and 
9.70 d on average, respectively. The average number of days was 5.18 d (Tave) and 
6.38 d (Tmax) during the low temperature period (1993‒2002), and 9.19 d (Tave) and 
10.98 d (Tmax) during the HT period (2003‒2017). The data presented in Figure 9 also 
shows that the greatest number of consecutive days of Tave and Tmax in 1997 was the 
lowest, with only 0.71 d and 1.80 d, and the greatest number of consecutive days in 
2003 was the highest, reaching 18.22 d and 20.94 d, respectively. Overall, the number 
of HT days showed an increase since 2003 (P ˂ 0.05). 

 

 

Figure 9. Temporal changes of the number of HT days (a), and the greatest number of 
consecutive HT days (b) from 1981 to 2017†. †HT: high temperature. Tave: daily average 

temperature; Tmax: daily maximum temperature. The number of HT days is the number of days 
of Tave ≥ 30 °C or Tmax ≥ 35 °C. The greatest number of consecutive HT days is the number of 

consecutive days of Tave ≥ 30 °C or Tmax ≥ 35 °C 
 
 

Spatial distribution of the number of HT days and the greatest number of consecutive 

HT days 

Figure 10 shows that the spatial distribution of the number of HT days of 
Tave ≥ 30 °C and Tmax ≥ 35 °C is consistent with that of the greatest number of 
consecutive HT days. The number of HT days and the greatest number of consecutive 
days of Tave ≥ 30 °C were 16.67 d and 7.72 d, respectively (Fig. 10a and b). The number 
of HT days and the greatest number of consecutive days of Tmax ≥ 35 °C were 21.49 d 
and 9.35 d, respectively (Fig. 10c and d). The number of HT days (≥ 21 days of 
Tave ≥ 30 °C or ≥ 24 days of Tmax ≥ 35 °C) and the greatest number of consecutive days 
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(≥ nine days of Tave ≥ 30 °C or ≥ 10.5 days of Tmax ≥ 35 °C) were mainly distributed in 
the middle and northeast area of this province. 

 

 

Figure 10. Spatial distribution of the number of days of Tave ≥ 30 °C (a), the greatest number of 
consecutive days of Tave ≥ 30 °C (b), the number of days of Tmax ≥ 35 °C (c), and the greatest 

number of consecutive days of Tmax ≥ 35 °C (d) from 1981 to 2017†. †HT: high temperature. Tave: 
daily average temperature; Tmax: daily maximum temperature 

 
 

Relationship between spikelet fertility and temperature, number of HT days 

To screen for rice agricultural traits related (data collected from 2004 to 2016) to the 
identification of HT hazard, the changes of temperature and measures of single-season 
rice yield were investigated (Table 1). A correlation was identified between measures of 
yield and temperature as well as measures of yield and the number of HT days. The 
relationships between spikelet fertility, temperature, and number of HT days were 
analyzed. As shown in Figure 11a–d, there were strong negative correlations between 
spikelet fertility and Tave (P = 0.033; Fig. 11a), spikelet fertility and the number of days 
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of Tave ≥ 30 °C (P = 0.020; Fig. 11c), and spikelet fertility and the number of days of 
Tmax ≥ 35 °C (P = 0.005; Fig. 11d). However, spikelet fertility was not correlated with 
Tmax (P = 0.303; Fig. 11b), and the number of consecutive HT days (not listed in this 
table). Thus, in addition to meteorological factors (temperature, number of HT days), 
spikelet fertility can also be used as an effective trait for the identification of HT hazard 
in single-season rice. 

Discussion 

Because of its geographical location and climate, Jiangxi is prone to HT hazard 
events. In this study, we found that HT hazard during the heading-flowering period in 
single-season rice occurred every year from 1981 to 2017 in Jiangxi. Moreover, air 
temperature (Tave and Tmax) has generally increased since 2003, and the number of 
slight, moderate, and severe HT hazard events has increased since 2003, with severe HT 
showing a significant increase (P ˂ 0.05). In addition, a greater number of HT hazard 
events of single-season rice was primarily distributed in the middle and northeast area 
of Jiangxi, which is consistent with the results of Huang et al. (2017). 

 

 

Figure 11. Correlations between spikelet fertility and Tave (a), Tmax (b), number of days of 
Tave ≥ 30 °C (c), and number of days of Tmax ≥ 35 °C (d)†. †HT: high temperature. Tave: daily 

average temperature; Tmax: daily maximum temperature 
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Table 1. Changes of temperature data and measures of single-season rice yield from 2004 to 
2016 

Year 
Tave 

(°C) 

Tmax 

(°C) 

Number of 

days of 
Tave ≥ 30 °C (d) 

Number of 

days of 
Tmax ≥ 35 °C (d) 

Varieties 

Effective 

panicles 
(m-2) 

Total 

grains per 
panicle 

Filled 

grains per 
panicle 

Spikelet 

fertility 
(%) 

1000-grain 

weight (g) 

Actual 

yield 
(kg·hm-2) 

2004 29.5 38.1 14.3 17.9 Shanyou 63 16.9 129.6 99.8 77.0 28.3 7536.0 

2005 29.6 38.1 16.4 19.0 Shanyou 63 15.5 140.2 107.7 76.8 29.1 7065.5 

2006 29.6 37.7 15.0 16.9 II you 838 14.7 133.9 112.4 83.9 28.1 7151.1 

2007 30.7 38.8 21.5 25.6 II you 838 14.7 152.3 117.1 76.9 29.6 7037.1 

2008 29.7 38.6 14.9 17.1 II you 838 14.9 144.5 124.6 86.2 30.6 5233.3 

2009 29.7 38.6 15.6 16.1 II you 838 15.9 123.0 108.1 87.9 30.7 7941.6 

2010 30.1 39.5 16.9 20.2 II you 1308 15.0 175.7 139.8 79.6 27.5 8249.6 

2011 29.6 38.5 14.0 17.5 II you 1308 15.4 170.4 143.5 84.2 28.1 8672.6 

2012 29.4 37.8 14.4 16.4 Y liangyou 1 16.4 158.3 136.9 86.5 26.1 5512.9 

2013 30.6 39.8 21.5 21.4 Y liangyou 1 17.5 156.4 125.4 80.2 25.6 8387.9 

2014 29.2 38.3 12.4 18.8 Y liangyou 1 17.4 155.4 133.8 86.1 26.0 8718.9 

2015 29.0 38.0 10.1 14.0 Y liangyou 1 17.6 157.9 138.9 88.0 26.3 8924.3 

2016 30.0 39.3 16.7 18.8 Y liangyou 1 16.5 158.5 129.2 81.5 25.9 8765.4 

HT: high temperature. Tave: average temperature; Tmax: maximum temperature; rice data of single-
season rice yield in seven representative regional trials, and temperature data were recorded by 15 
national weather stations near the trials in Jiangxi Province; the data in 2017 is not available 

 
 
Rice spikelets are highly susceptible to HT exposure during the heading-flowering 

period. HTs greater than 35 °C leads to poor anther dehiscence, low pollen production 
and pollen viability, and reduced pollen germination rate on the rice stigma, which 
dramatically reduces spikelet fertility (Jagadish et al., 2010; Zhao et al., 2018; Shi et al., 
2018). There was no significant relationship between maximum temperature and 
spikelets per m2 (Peng et al., 2004). Spikelet fertility was reduced by 2.4% (°C day)-1 
above a threshold of 33 °C (Jagadish et al., 2007). A controlled rice experiment 
conducted during meiosis, with six temperatures (31, 33, 35, 37, 39, and 41 °C) and 
three durations (1, 3, and 5 d), showed that temperatures below 33 °C had no significant 
effect on spikelet fertility, but with the increase of temperature and its duration, the 
spikelet fertility decreased gradually; the daily relative spikelet fertility could be 
expressed in terms of temperature (Shi et al., 2008). In our study, spikelet fertility was 
negatively correlated to Tave (P ˂ 0.05) but not to Tmax (P > 0.05) under natural 
conditions in Jiangxi. Spikelet fertility was negatively correlated to the number of days 
of Tave ≥ 30 °C (P ˂ 0.05) and the number of days of Tmax ≥ 35 °C (P ˂ 0.01). Thus, in 
turn, spikelet fertility can be regarded as a morphological trait to evaluate HT hazard 
during the heading-flowering period (Prasad et al., 2006; Jagadish et al., 2010). 

HT is not conducive to rice heading and flowering; therefore, measures to protect 
rice from HT stress should be taken. For example, heat-resistant rice varieties can be 
selected and/or exogenous substances can be sprayed on foliage to effectively protect 
rice against HT hazard. Based on decreases in spikelet fertility under HT, previous 
studies have shown that the cultivars ‘N22’ (O. sativa ssp. indica rice from India) and 
‘IR64’ (O. sativa indica rice from the Philippines) are heat-tolerant cultivars (Prasad et 
al., 2006; Jagadish et al., 2010). The exogenous application of plant growth regulators 
(ascorbic acid, alpha-tocopherol, brassinosteroids, methyl jasmonates, and triazoles), 6-
benzylaminopurine, boron, and abscisic acid during the flowering period of rice affected 
by HT has also been shown to have a substantial effect on cell membrane stability, 
sugar metabolism, pollen viability, and spikelet fertility (Fahad et al., 2016; Wu et al., 



Yang et al.: Temporal and spatial changes of high temperature hazard affecting single-season rice in Jiangxi Province, Southeast 
China 

- 5603 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5591-5605. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_55915605 
© 2020, ALÖKI Kft., Budapest, Hungary 

2017; Shahid et al., 2018; Islam et al., 2018). In addition, avoiding HT is another 
effective method to reduce HT hazard. Rice with an early-morning flowering trait could 
allow for rice to avoid the hottest times of the day by blooming at a cooler temperature 
in the early morning (Ishimaru et al., 2010). Early-morning flowering rice exposed to 
elevated temperature could complete flowering before the air temperature reaches 35 °C 
during the day, which can effectively mitigate heat-induced spikelet sterility 
(Hirabayashi et al., 2015). In accordance with the characteristics of historical HT, 
optimization of sowing date can enhance rice production by avoiding HT stress during 
the critical period (Khan et al., 2019). In our results, HT hazard events mainly occurred 
from July 11 to August 10, and severe HT hazard events occurred more frequently from 
July 21 to July 31 in Jiangxi Province. Furthermore, our data highlight that the 
temperatures of four consecutive days on July 22–25 were the highest (Tave ≥ 29.6 °C, 
Tmax ≥ 34.9 °C). Thus, it is necessary to consider defense measures, such as avoiding 
HT, selecting heat-resistant varieties, or spraying rice foliage with exogenous 
substances, during the heading-flowering period of rice. 

Conclusions 

In this paper, we show that HT hazard events (HT for ≥ three consecutive days) in 
single-season rice occurred every year from 1981 to 2017, while increased after 2003. 
HT mainly occurred from July 11 to August 10, and occurred more frequently from July 
21 to July 31. In addition, a greater number of HT hazard events was mainly distributed 
in the middle and northeast area of Jiangxi. It is worth noting that there were strong 
negative correlations between spikelet fertility and Tave, days of Tave ≥ 30 °C, and days 
of Tmax ≥ 35 °C. Thus, the results of this study highlight the need for a greater 
understanding of how to mitigate rice HT hazard. Future studies should be considered to 
establish a refined regional plan for the optimal sowing dates of different maturity rice 
varieties under global warming. 
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Abstract. The current research work represents the first calcareous nannofossil biostratigraphic record of 
the upper Eocene Rashrashiyah Formation in northern Saudi Arabia. The Rashrashiyah Formation is an 
Eocene carbonate sedimentary unit, exposed adjacent to the Jordanian border, and yielded rich and diverse 
nannofossil assemblages. The Rashrashiyah Formation overlies the Paleogene rocks of the Umm Wu’al 
Formation and is unconformably topped by the Neogene (Miocene) Sirhan Formation. Our nannofossil 
biostratigraphic data recognized 44 species belonging to 21 genera. These taxa indicate a Priabonian age 
based on the presence of Chiasmolithus oamaruensis, and the recognition of bioevents in concordance with 
the global Priabonian zonations. Three comparable major zones and zonal boundaries (CP14b/CP15, NP18, 
and CNE17) were recognized in the study section indicative of a late Eocene age. The Base common (Bc) 
of Reticulofenestra erbae was detected at the same level as the top of Chiasmolithus grandis, supporting 
the bioevent reliability in the Tethys realm. A single and more isolated occurrence of Isthmolithus recurvus 
was observed within Zones CP15 and NP18 at the maximum increase abundance of R. erbae. Our 
calcareous nannofossil biostratigraphy from the Rashrashiyah Formation has coincided with the assignment 
for units 2 and 3 of the Wadi Esh-Shallalah Formation in Qa’ Faydat ad Dahikiya in the eastern desert 
Jordan. 
Keywords: paleoecology, zonation, Arabia, bioevents, Paleogene 

Introduction 

Calcareous nannofossils are one of the major calcified phytoplankton that appeared 
and flourished in the marine photic zone since late Triassic (Gardin et al., 2012). They 
serve as excellent age biomarkers with wide-range correlation and sensitive indicators to 
trophic changes in the photic zone (Aubry, 1992; Perch-Nielsen, 1985). The Eocene 
epoch is one of the most significant geological times because it is characterized by a 
transition from a pronounced global warming to a significant large-scale glaciation 
(Miller et al., 1991; Pagani et al., 2005; Zachos et al., 2001). The late Eocene, therefore, 
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represents a crucial climatic event of a major shift from a green-house world to the 
inception of the ice-house world in the early Oligocene when temperature and sea level 
played a major role in the distribution of marine microfossils (Miller et al., 2008; Pälike 
et al., 2006; Villa et al., 2008). This climatic shift, consequently, caused a profound 
decline in the diversity of calcareous nannofossils toward the early Oligocene (Aubry, 
1992; Bown et al., 1991, 2004) and increased provincialism (i.e., different frequencies of 
taxa), between low- to high-latitude regions since the late Eocene (Aubry, 1992; Bahrawi 
and Elhag, 2016). 

One of the major obstacles in understanding the late Eocene dynamics is that the 
Bartonian/Priabonian boundary is still to be determined, although several attempts have 
utilized calcareous nannofossil biostratigraphy (Agnini et al., 2011; Cotton et al., 2017; 
Farouk et al., 2015; Strougo et al., 2013). The upper Eocene carbonate sections of marine 
origin are widely distributed in Jordan (Bender, 1968; Farouk et al., 2015; Mustafa and 
Zalmout, 2002; Zalmout et al., 2000), Syria (Krasheninnikov et al., 1996), and Egypt 
(Strougo et al., 2013), and the very rare outcrops in Saudi Arabia have never been 
investigated thoroughly. During a routine geological survey in northern Saudi Arabia, a 
chalky exposed section, that crops out to ~10 m, was investigated. This section belongs 
to the Rashrashiyah Formation, located ~20 km south the Saudi-Jordanian boarders, and 
is overlain by the Sirhan Formation (text Fig. 1). Initial and tentative dating reports using 
echinoids and foraminifera support a late Eocene age (Meissner et al., 1990). 

The aim of this study is: 1) to perform detailed calcareous nannofossil biostratigraphy 
which presents the first upper Eocene biostratigraphic record from Saudi Arabia, and 2) 
correlate local Saudi Eocene bioevents with local-regional calcareous nannofossil 
biostratigraphic records from Egypt and Jordan (Farouk et al., 2015; Strougo et al., 2013). 

Materials and methods 

Geological settings of the study area 

The Sirhan Basin, also known as Azraq-Sirhan Basin (Graben/Depression/Trough), is 
a large scale regional synclinal structure bounds by two major faults in the northern part 
of the Arabian Peninsula (Fig. 1). It runs for several hundred kilometers from the Eastern 
Desert of Jordan through northern Saudi Arabia (Bahrawi and Elhag, 2019; Powers et al., 
1966). The northwest-southeast oriented basin is a classical Neo-Tethyan model in origin 
that paleogeographically bounding the northern portion of the Arabian Carbonate 
Platform. As a part of the Syrian Arc System (Guiraud et al., 2001), the basin was initiated 
as early as Late Cretaceous by major marine transgression associated with severe 
compression stresses and faulting; this has resulted in the deposition and accumulation of 
a thick belt of carbonate and mixed sediments stretching east-west for at least 300 km in 
the north part of the Arabian Peninsula (Al-Rawi, 2014; Elhag and Bahrawi, 2019). 
During the Early Paleogene, the Sirhan Basin was affected by the Al-Jawf Rifting event 
which continued to accommodate carbonate sediments and to subside in response to 
loading along its major axis (Guiraud et al., 2001). 

The development of this basin came into a halt by the end of the Alpine Orogeny tectonic 
event (latest Eocene-Early Oligocene) which is marked by a major drop in sea-level and 
the collision of Arabia with Eurasia. Subsurface data shows that the Sirhan basin has 
accommodated over 6 kilometers of sediments from the Paleozoic through the Neogene 
(Al-Rawi, 2014). Within the Sirhan Basin, Cretaceous and Tertiary sediments are exposed, 
while most of the Mesozoic and Paleozoic are deeply buried (Guiraud et al., 2001). 
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Figure 1. Map showing the geology and paleogeography around the studied section located 
near the Saudi-Jordanian boarders. (A) Geological map modified after Wallace et al. (1994). 
(B) Paleogeographical map modified of the Eocene 38 Ma created with TSCreator (Version 

7.4) (https://engineering.purdue.edu/Stratigraphy/tscreator) 
 
 
The Rashrashiyah Formation of Meissner et al. (1990) is part of the Cretaceous-

Paleogene sedimentary sequence that was accommodated during the development of the 
Sirhan Basin (trough) in north Saudi Arabia. This formation is partially exposed within 
the eastern flank of the basin close and around 31°28´N and 37°17´E. The total thickness 
of this formation from subsurface data is estimated to be 75 m near Al Qurayyat Water 
well, however, the top two-thirds of it stretch out along isolated scarps and hills in the 
Rashrashiyah area. Lithologically, it is composed of grayish-white, massive chalk and 
calcareous bituminous claystone (marl), and minor crystalline limestone beds. The lower 
part of the formation is dominated by gypsiferous chalk, while the middle part is 
composed of light-brown, calcareous claystone and hard crystalline echinoidal limestone, 
and the upper part is grayish-white, calcareous claystone (Halawani, 2001; Meissner et 
al., 1990). The base of the formation overlaps the top of the Jirani Member of the Umm 
Wu’al Formation. The top boundaries of the formation mark a clear contact with the base 
of the Sirhan Formation, where a major unconformity separates its irregular eroded most 
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younger beds (and the whole Oligocene) from the Miocene and younger strata (Meissner 
et al., 1990). 

The topmost exposed 10 meters of the section, below the clastic Sirhan Formation, 
were investigated and sampled in this study (Fig. 2). The cliff-forming part of the section 
is mostly marly and argillaceous limestones (Fig. 2). Apparently, all the Oligocene 
section was subjected to erosion. As mentioned earlier, the age of the Rashrashiyah Fm. 
was tentatively determined to employ echnoides and foraminifera data to the late Eocene 
(Elhag et al., 2017; Meissner et al., 1990). 

 

 

Figure 2. Lithology of the studied section representing the upper part of the Rashrashiyah 
Formation and the base of the Sirhan Formation. Letters A-F represents sampling levels 

 
 

Ground survey and identification settings 

Representative rock samples from the Rashrashiyah Formation were obtained every 
one-meter interval throughout the section as possible (Fig. 2). Six samples were given a 
prefix A-F and smear slides were prepared from freshly broken pieces of chalk based on 
standard techniques (Perch-Nielsen, 1985). Semi-quantitatively, at least 300 specimens 
were counted on random fields of view under Ziess Axiolab A1 at a magnification of 
1000×. To detect rare and important biomarkers, two additional long traverses of each 
slide were scanned to find rare taxa. Data containing raw count were converted into 
percentages to detect fluctuations in abundances (see Appendix A). The zonations of 
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Martini (1971), Okada and Bukry (1980), and Agnini et al. (2014) were applied for 
detailed calcareous nannofossil biostratigraphy. Biozone boundaries were defined and 
followed after Agnini et al. (2014). 

Identification of Paleogene calcareous nannofossil assemblages is based on the 
taxonomy of Perch-Nielsen (1985), Bown and Dunkley Jones (2012) and Fornaciari et al. 
(2010). The state of preservation of calcareous nannofossil was qualitatively evaluated 
as: good, moderate, or poor, in which the former shows little dissolution and/or 
overgrowth and the identification to the species level was achieved, while the latter has a 
severe effect of dissolution and/or overgrowth and identification was hardly possible to 
the generic/species level. The raw count was transformed into abundance codes via 
Bugwin© Software in which Abundant (A) was assigned for 11-100 species, Common 
(C) for 6-10 species, Few (F) for 3-5 species, and Rare (R) for 1-2 species. Species list 
mentioned in this study is found in Appendix B, while raw count, and percentages are 
found in Appendix A. 

Results 

Calcareous nannofossils are rich and highly diverse. 21 genera and 44 species were 
identified in the Rashrashiyah Formation in Samples A-F (Table 1). The overall state of 
preservation showed a pattern up section ranging between good in the lower part of the 
section (Sample A) to poor up section (Sample F), while it is moderate in the middle of 
the studied section (Sample D) (Table 1). Species richness showed a similar pattern in 
being high in Sample A (39 species) and gradually declined toward the top of the section 
in Sample F (27 species, Table 1). 

Zone NP18 of Martini (1971), and Zone CNE17 of Agnini et al. (2014), while two 
zones CP14b and CP15 of Okada and Bukry (1980) of the upper Eocene were recognized. 
Zone NP18, which is defined from the base of Chiasmolithus oamaruensis to the base of 
Isthmolithus recurvus (Martini, 1971), has a thickness of 9 m covering the entire studied 
interval due to the presence of C. oamaruensis and R. bisecta > 10 µm (Table 1). The 
presence of C. oamaruensis suggests an early Priabonian age, according to Berggren et 
al. (1995), for the Rashrashiyah Fm. The most common species that characterize this zone 
are: Chiasmolithus grandis, Chiasmolithus oamaruensis, Coccolithus formosus, 
Coccolithus pelagicus, Cyclicargolithus floridanus, Discoaster barbadiensis, D. 
saipanensis, R. bisecta, Reticulofenestra erbae, and Reticulofenestra reticulata. 

Within Zone NP18, additional bioevents were recognized in samples A-F (0-9 m 
thickness). At the base of the section, C. grandis showed a rare abundance, where at 
Sample B (1 m) it marked the top event that defined the CP14b-CP15 boundary of Okada 
and Bukry (1980) (Fig. 3). At the same level as the top event of C. grandis, 
Reticulofenestra erbae substantially increased its abundance to constitute 6-8% of the 
total assemblage (Fig. 3). The increase in R. erbae abundance began one sample above 
the base of the section and continued to Sample F (9 m), where species richness declined 
to 27 species (Fig. 3). Therefore, samples A-F lies within Zone CNE17 of Agnini et al. 
(2014) owing to the common interval of R. erbae. In Sample E (4 m), a rare occurrence 
(2 species/slide) of Isthmolithus recurvus is observed with no presence in the following 
Sample F (9 m) (Table 1; Fig. 3). The rare isolated single occurrence of Isthmolithus 
recurvus cannot confidently be utilized to mark Zone NP19 (Martini, 1971), hence, 
Sample F still lies within Zone NP18 and therefore CNE17 (Agnini et al., 2014). 
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Table 1. Range chart of the Upper Eocene sampled calcareous nannofossils from the top 
10 m of the Rashrashiyah Formation in NW Saudi Arabia 

Sample F E D C B A 

Height (m) 9 4 3 2 1 0 

Martini (1971) NP18 

Okada and Bukry (1980) CP15 CP14b 

Agnini et al. (2014) CNE17 

Diversity 27 33 33 29 36 39 

Preservation P M-P M G M-G G 

Group Abundance C A VA  VA  VA  VA  

Blackites cf. morionum          R  C  

Blackites spinosus F  C  A  F  F  F  

Braarudosphaera bigelowii  R  R          

Chiasmolithus grandis          R  R  

Chiasmolithus oamaruensis    R  R    R  F 

Clausicoccus subdistichtus  F  C  C  C  A  R  

Coccolithus eopelagicus  C  R  R  R  R  A 

Coccolithus pelagicus  A  A  A  A  A  F  

Cruciplacolithus cruciformis   R  R    F  A  

Cyclicargolithus floridanus < 5  A  A  A  A  A  A  

Cyclicargolithus floridanus  A  A  A  A  A  F  

Discoaster barbadiensis  F  F  F  F  F  A  

Discoaster saipanensis  F  F  A C  C  R  

Discoaster tanii  R  R  R      R  

Coccolithus formosus C  C  R  C  C  C  

Helicosphaera bramlettii  C  C  C  C  R    

Helicosphaera compacta  F  R  F  R  R  R  

Helicosphaera reticulata    R  R  F      

Helicosphaera wilcoxii   R  F        

Hughesius tasmaniae            C  

Isthmolithus recurvus    R          

Lanternithus minutus  C  F  F  C  F  F  

Neococcolithes dubius      F  R  R  F  

Pedinocyclus gibbsiae F  F  C  F  C    

Pontosphaera exilis         F  F  

Pontosphaera panarium       R  R  R  

Pontosphaera multipora    R  R  R  F  C  

Reticulofenestra bisecta  A  R  F    C  F  

Reticulofenestra daviesii  R  F  R  F  F  F  

Reticulofenestra cf. daviesii         F  R  

Reticulofenestra umbilica  F  F C  C  C  A  

Sphenolithus cf. furcatolithoides    R  F  C  R  F  

Sphenolithus moriformis  F  F  R  F  F  R  

Sphenolithus predistentus?    R        R  

Sphenolithus spiniger            R  

Thoracosphaera spp.  R  R  R  F  R  C  

Zygrablithus bijugatus  C  F  C  F  F  C  

VA = Very Abundant, A = abundant, C = Common, F = Few, R = Rare, G = Good, M = Moderate, 
P = Poor 
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Figure 3. Major calcareous nannofossil percentage (%) events detected in this study within the 
upper Eocene Rashrashiyah Formation in northern Saudi Arabia compared to the global 

zonation of Martini (1971), Okada and Bukry (1980) and Agnini et al. (2014). The dashed red 
line represents the bioevents of C. grandis, and the Base common (Bc) of R. erbae 

Discussion 

Upper Eocene nannofossil bioevents in northern Saudi Arabia 

Calcareous nannofossils are an excellent group of microfossils for biostratigraphic and 
global correlation studies (Agnini et al., 2014; Raffi et al., 2016). This is due to their high 
rates of speciation since their first appearance in the late Triassic (Gardin et al., 2012). In 
the late Eocene, calcareous nannofossils have shown profound provincialism (Aubry, 
1992; Wei and Wise, 1990) as a response to the expansion of the Antarctica ice sheet 
(Miller et al., 1991; Zachos et al., 2001). This provincialism caused some upper Eocene 
nannofossil biomarkers to be unreliable for biostratigraphy and the global correlation 
between low- and high-latitude regions (Agnini et al., 2011; Wei and Wise, 1989, 1990; 
Fioroni et al., 2012). This has greatly affected the recognition of some Martini (1971) and 
Okada and Bukry (1980) zones throughout global localities (Perch-Nielsen, 1985), hence, 
no formal identification of Global Stratotype Section Point (GSSP) has been found 
(Agnini et al., 2011). Our section spans Zone NP18 of Martini (1971) and is correlated 
with the middle and upper part of the upper Eocene Wadi Esh-Shallalah Formation 
section (Farouk et al., 2015) in Jordan, 26 Km NW of the Rashrashiyah Formation section 
studied in this report. Here we discuss the occurrence of the biomarker species observed 
in northern Saudi Arabia and their possible correlation regionally and globally. 

 
Top of Chiasmolithus grandis 

The extinct Chiasmolithus genus was found to occupy high-latitude regions between 
the middle Eocene-Oligocene timeframe (Wei and Wise, 1989). The top of C. grandis 
was detected in Sample B slightly above the base of the section (Fig. 4) and primarily 



Aljahdali et al.: Upper Eocene calcareous nannofossil biostratigraphy: a new preliminary Priabonian record from northern Saudi 
Arabia 
- 5614 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5607-5625. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_56075625 
© 2020, ALÖKI Kft., Budapest, Hungary 

points out to the CP14b/CP15 boundary of Okada and Bukry (1980) zonation. This 
bioevent lies within Zone NP18 of Martini (1971) and Zone CNE17 of Agnini et al. 
(2014) due to the presence of rare-few C. oamaruensis and the Base common (Bc) of R. 
erbae (Fig. 4) just above the base of the section (Fig. 4). Chiasmolithus grandis and C. 
oamaruensis were found to overlap within the studied portion of the Rashrashiyah 
Formation (Figs. 3 and 4). This behavior in overlapping is documented in Egypt (Strougo 
et al., 2013) and in Jordan (Farouk et al., 2015), Italian Alano section (Agnini et al., 2011), 
and the Ocean Drilling Program (ODP) in the Indian Ocean (Fioroni et al., 2015). 
Chiasmolithus grandis exhibited a sharp top event, whereas C. oamaruensis was found 
to be within < 1% of the total assemblage with sporadic occurrence toward up section 
(Fig. 3) similar to local and regional observations (Farouk et al., 2015; Strougo et al., 
2013). Additionally, the top of C. grandis was also observed at the same stratigraphic 
level of the Bc of R. erbae (Fig. 4). 

 

 

Figure 4. Calcareous nannofossils bioevents of the studied portion of the Rashrashyiah 
Formation from northern Saudi Arabia aligned with Eocene nannoplanktonic zonation 

 
 

Base common (Bc) of Reticulofenestra erbae 

Fornaciari et al. (2010) described two new significant middle-late Eocene biomarkers 
species, R. erbae and R. isabellae, that Agnini et al. (2014) utilized in their recent 
Paleogene zonation. Reticulofenestra erbae is differentiated from R. isabellae by size in 
which the latter is ≥ 12 µm (Fornaciari et al., 2010). Reticulofenestra erbae showed few 
abundances in sample A (Table 1), but substantially increased reached to 6-8% of the 
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total assemblage, between samples B-F, within Zone NP18 (Martini, 1971) and base of 
Zone CP15 (Okada and Bukry 1980) (Fig. 4). The increase of R. erbae started at the level 
of sample B and continued upward throughout the rest of the studied section (Figs. 3 and 
4), hence, we could not observe the Top common (Tc). The Bc of R. erbae coincides with 
the top of C. grandis (Fig. 4) in our section. Agnini et al. (2014) have shown that the top 
of C. grandis lies slightly above the Bc of R. erbae in the North Atlantic (ODP Site 1052). 
This earlier top event of C. grandis in our study (Fig. 4) could be related to sampling 
resolution or diachrony in C. grandis (Agnini et al., 2014; Fioroni et al., 2015). Overall, 
the distribution pattern of R. erbae with the recognizable increase abundance greatly 
validates the Bc R. erbae usefulness in northern Saudi Arabia. 

Recent integrated biostratigraphic studies from local and regional sections in Jordan 
and Egypt have shown the presence of both R. erbae and R. isabellae together within 
Martini (1971) Zones NP17-18 (Farouk et al., 2015; Strougo et al., 2013). However, the 
two biomarker species have been observed well-spaced in time, both in deep-sea cores 
and land-based section (Agnini et al., 2014; Fornaciari et al., 2010). In this study, the 
overlapping of both species has not been detected, furthermore, even their base events did 
not coincide together herein. Reticulofenestra isabellae appeared later in Zones CNE19 
(Agnini et al., 2014) and NP19/20 of Martini (1971). Morphometric measurements of 
random medium to large placolith (R. erbae and R. reticulata) species throughout the 
section were carried out to observe the size pattern and scrutinize the section for the 
presence of R. isabellae (Fig. 5). Within the designated study area; which is only 26 km 
SE of the Jordanian Qa’ Faydat ad Dahikiya (Farouk et al., 2015), only R. erbae is found, 
following the description criteria of Fornaciari et al. (2010), ranging in size between 8-10 
µm (Fig. 5), while the presence of R. isabellae was not recorded. Therefore, the presence 
of R. isabellae in previous local studies is possibly misidentified and/or miscalibrated in 
size with large specimens of R. erbae. 

 
The single isolated occurrence of Isthmolithus recurvus 

The base of I. recurvus is a bioevent utilized in the zonations of Martini (1971) and 
Okada and Bukry (1980) for the late Eocene. Biogeographic studies of this taxon have 
shown its preference and inclination toward cool-water and high-latitude regions (Wei 
and Wise, 1989, 1990); while it is rare with discontinuous occurrence in low-latitudes 
areas (Agnini et al., 2014; Farouk et al., 2015; Strougo et al., 2013; Wei and Wise, 1990; 
Fioroni et al., 2015) and our section in northern Saudi Arabia. Isthmolithus recurvus has 
first appeared in sample F with only 2 species (0.6%; Fig. 3). No I. recurvus was detected 
at sample E (Fig. 4). This taxon showed two distinct bioevents in the Mediterranean 
region (Fornaciari et al., 2010). The first appearance is short, more isolated occurrence 
termed ‘spike’ which probably here lies within Zones NP18 (Martini, 1971), CP15 
(Okada and Bukry, 1980) and CNE17 (Agnini et al., 2014) (Fig. 4), whereas the second 
bioevent seems to be the lowest common occurrence (Fornaciari et al., 2010) that 
confidently used for base Zone NP19 of Martini (1971). 

The earlier occurrence “spike” has also been observed in deep-sea cores Agnini et al., 
2014; Fornaciari et al., 2010; Fioroni et al., 2015; Villa et al., 2008) which reflects a more 
consistent occurrence outside the Mediterranean region. The single isolated occurrence 
of I. recurvus observed in our section was found to coincide with the maximum increase 
in R. erbae (Figs. 3 and 4). Owing to the unsampled interval of ~5 m (Fig. 4), that was 
hindered to collect in the field due to mineralized (dolomitized rocks), concerns about the 
usefulness/correlation of this short occurrence remains unclear in northern Saudi Arabia 
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despite the fact of producibility of the bioevent globally (Agnini et al., 2014; Fornaciari 
et al., 2010). Besides, sample E the from the top section, where species richness declined 
down to 27 species and preservation became moderate to poor, shows no I. recurvus or 
R. isabellae, indicating that the top of the studied section still lies within Zone NP18 
(Martini, 1971) or Zone CNE17 (Agnini et al., 2014). 

 

 

Figure 5. Morphometric measurements of the largest Reticulofenestra erbae/R. reticulata 
within CNE 17 Zone, from the upper part of the Rashrashiayh Formation section in northern 

Saudi Arabia 
 
 
Side views of Isthmolithus recurvus from Egyptian and Jordanian sampled sections 

appeared near the base of Zone NP18 with rare occurrences (Farouk et al., 2015; Strougo 
et al., 2013). The calcareous nannofossil assemblage of the Rashrashiyah Formation in 
northern Saudi Arabia shows no side views of I. recurvus, only overgrown planer view 
of I. recurvus specimens were only observed in sample E (Plate 1). 

 
The decline in diversity and preservation: tectonism, eustacy, and regional correlation 

It is evident that a major drop in species richness accompanied by the deterioration in 
preservation took place toward the top of the studied section (Fig. 5). This drop in the 
species richness at the top of the Rashrashiyah Formation is a quite similar case reported 
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from Zones NP17-18 of the Wadi Esh-Shallalah Formation section across the borders in 
Jordan. Below the top of the studied Saudi section, it seems that a tremendous amount of 
nannofossil fragmentation increased (Plate 2). During the late Eocene, the northern part of 
the Arabian Peninsula, as part of the Alpine Orogeny and the Syrian Arc Belt (Bosworth et 
al., 1999; Guiraud and Bosworth, 1999), witnessed severe compressional events with 
crustal shortening within the NW-SE direction. These compressional events produced 
significant topographical changes causing different depositional and erosional processes 
during the rest of the Eocene and later Paleogene and Neogene systems. Moreover, the 
presence of shallow-marine planktic foraminifera in the earliest Oligocene of the 
correlatable Jordanian section (Farouk et al., 2015) suggests that the basin, including our 
formation, was subjected to large changes in sea level. 

 

 

Plate 1. Polarized and plain-light micrographs  of calcareous nannofossil taxa identified in 
AlRashrashiyah Formation in northern Saudi Arabia. 1. Blackites spinosus, sample A. 2. 

Chiasmolithus oamaruensis, sample A, 3. Cyclicargolithus floridanus, sample A, 4. 
Neococcolithes dubius, sample A, 5. Cyclococcolithina protoannula, sample A, 6. Discoaster 

saipanensis, sample B, 7. Coccolithus formosus, sample A, 8. Reticulofenestra umbilicus, sample 
D, 9. Chiasmolithus grandis, sample A, 10. Coccolithus eopelagicus, sample C, 11. Discoaster 

barbadiensis, sample E, 12. Reticulofenestra bisecta, sample A, 13. Reticulofenestra erbae, 
sample B, 14. Reticulofenestra reticulata, sample C, 15-16. Isthmolithus recurvus, Sample E, 17. 

Helicosphaera compacta, sample A, 18. Discoaster tanii, sample B, 19. Pontosphaera exilis, 
sample A, 20. Pontosphaera multipora, sample B. (magnification of 1000×, scale bar 5 microns 

for all images as in A) 
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Plate 2. Polarized views (magnification of 1000×, scale bar 20 microns) showing the degree of 
fragmentations (red arrows) toward up section from Samples B-F 

Conclusions 

The studied part of the Rashrashiyah Formation is the only surface section to reveal a 
high diversity of well-preserved calcareous nannofossils at its base but deteriorate toward 
the top of the section. Three calcareous nannofossil zones of global zonations were 
recognized and all indicate an early Priabonian age based on the rare and sporadic 
occurrence of C. oamaruensis of Zone NP18. The Base common (Bc) of R. erbae is 
documented here with a common increase from 6-8% of the total assemblage and the 
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section lies within Zone CNE17. The sharp top event of C. grandis was detected, at the 
same level of Bc of R. erbae, and subdivided CP14b/CP15 zones. A single and more 
isolated occurrence of I. recurvus was observed parallel with the maximum increase of 
R. erbae. This isolated single occurrence, due to sampling resolution, cannot be 
compared/correlated with those sections in the Mediterranean and deep-sea cores. 
Reticulofenestra isabellae, a biomarker species found in accordance with the Lowest 
Common Occurrence (LCO) of I. recurvus, has not been observed, hence, the 
Rashrashiyah Formation section tentatively lies within Zone NP18/CNE17. Although the 
side view of I. recurvus specimens was recorded in Egyptian and Jordanian sections to 
originate at the base of NP18, only planner view specimens were observed in northern 
Saudi Arabia. The investigated calcareous nannofossil record at the Rashrashiyah 
Formation section is partially correlatable with the adjacent Jordanian Wadi Esh-
Shallalah Formation section in Qa’ Faydat Ad Dahikiya. The decline in species richness 
toward the top of our studied section is also comparable with Wadi Esh-Shallalah 
Formation, which reflects major tectonic activity originated during the late Eocene. The 
studied stratigraphic interval from the Rashrashiyah Formation, so far, is the only Eocene 
section to reveal calcareous nannofossils, recorded for the first time in Saudi Arabia. 
Hence, this report represents part of a larger ongoing investigation attempting to code the 
Paleogene sediments in Saudi Arabia with the global nannoplankton and foraminiferal 
zonation. The ongoing research plans to intergrade benthic and planktic foraminifera for 
more robust age determination and biostratigraphical correlation with local and regional 
sections. Reconstructions of Paleogene climate change and global sea-level via integrated 
stable isotope signature are needed from expanded outcrop sections in northern Saudi 
Arabia. 
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APPENDIX 

Appendix A: Raw range chart and percentage counts.  

Sample F E D C B A 

Height (m) 9 4 3 2 1 0 

Martini (1971) NP18 

Okada and Bukry (1980) CP15 CP14b 

Agnini et al. (2014) CNE17 

Diversity 27 33 33 29 36 39 

Preservation P M-P M G M-G G 

Group Abundance C A VA  VA  VA  VA  

Blackites cf. morionum          R  C  

Blackites spinosus F  C  A  F  F  F  

Braarudosphaera bigelowii  R  R          

Chiasmolithus grandis          R  R  

Chiasmolithus oamaruensis    R  R    R  F 

Clausicoccus subdistichtus  F  C  C  C  A  R  

Coccolithus eopelagicus  C  R  R  R  R  A 

Coccolithus pelagicus  A  A  A  A  A  F  

Cruciplacolithus cruciformis   R  R    F  A  

Cyclicargolithus floridanus < 5  A  A  A  A  A  A  

Cyclicargolithus floridanus  A  A  A  A  A  F  

Discoaster barbadiensis  F  F  F  F  F  A  

Discoaster saipanensis  F  F  A C  C  R  

Discoaster tanii  R  R  R      R  

Coccolithus formosus C  C  R  C  C  C  

Helicosphaera bramlettii  C  C  C  C  R    

Helicosphaera compacta  F  R  F  R  R  R  

Helicosphaera reticulata    R  R  F      

Helicosphaera wilcoxii   R  F        

Hughesius tasmaniae            C  

Isthmolithus recurvus    R          

Lanternithus minutus  C  F  F  C  F  F  

Neococcolithes dubius      F  R  R  F  

Pedinocyclus gibbsiae F  F  C  F  C    

Pontosphaera exilis         F  F  

Pontosphaera panarium       R  R  R  

Pontosphaera multipora    R  R  R  F  C  

Reticulofenestra bisecta  A  R  F    C  F  

Reticulofenestra daviesii  R  F  R  F  F  F  
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Reticulofenestra cf. daviesii         F  R  

Reticulofenestra dictyoda  F  C  A  C  C  F  

Reticulofenestra hillae  R    R  F  F  A  

Reticulofenestra lockeri  F  C  F  F  A  R  

Reticulofenestra reticulata  A  A  A  A  A  A  

Reticulofenestra spp. (< 3)  R  A  A  A  A  F  

Reticulofenestra erbae A  A  A  A  A  F  

Reticulofenestra umbilica  F  F  C  C  C  A  

Sphenolithus cf. furcatolithoides    R  F  C  R  F  

Sphenolithus moriformis  F  F  R  F  F  R  

Sphenolithus predistentus?    R        R  

Sphenolithus spiniger            R  

Thoracosphaera spp.  R  R  R  F  R  C  

Zygrablithus bijugatus  C  F  C  F  F  C  

 
 

Row count 

Reticulofenestra daviesii  2 3 2 4 3 4 

Reticulofenestra dictyoda  4 7 13 6 8 5 

Reticulofenestra hillae  1 0 2 3 3 4 

Reticulofenestra lockeri  3 10 5 5 11 4 

Reticulofenestra reticulata  16 19 13 15 14 20 

Reticulofenestra erbae  12 26 20 12 20 5 

Reticulofenestra spp. (< 3)  2 21 19 27 50 76 

Reticulofenestra umbilica  3 4 7 10 6 7 

Sphenolithus moriformis  4 5 2 3 3 4 

Sphenolithus predistentus  0 1 3 6 1 7 

Sphenolithus spiniger  0 0 0 0 0 2 

Thoracosphaera spp.  2 2 1 5 2 2 

Zygrablithus bijugatus  7 4 8 5 5 2 

Blackites spinosus  3 6 11 4 5 11 

Blackites morionum  0 0 0 0 1 2 

Reticulofenestra cf. daviesii  0 0 0 0 3 10 

Discoaster 5-ray knob  0 0 0 0 3 0 

Helicosphaera bramlettii  7 6 10 9 1 0 

Helicosphaera wilcoxii  0 1 3 0 0 0 

Braarudosphaera bigelowii  2 1 0 0 0 0 

Isthmolithus recurvus  0 2 0 0 0 0 

Species richness 27 33 33 29 36 39 

 
 

Count percentage 

Discoaster tanii  0.333333 0.662252 0.311526 0 0 0.278552 

Ericsonia formosa  2.333333 2.317881 0.623053 2.95082 2.523659 1.114206 

Helicosphaera compacta  1.666667 0.331126 0.934579 0.327869 0.630915 0.557103 
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Helicosphaera reticulata  0 0.331126 0.623053 0.983607 0 0.278552 

Hughesius tasmaniae  0 0 0 0 0 0.278552 

Lanternithus minutus  2.333333 1.324503 1.246106 1.967213 0.946372 0.835655 

Neococcolithes dubius  0 0 0.934579 0.655738 0.630915 0.835655 

Cyclococcolithina protoannula 1.333333 0.993377 2.492212 1.639344 2.208202 2.506964 

Pontosphaera exilis  0 0 0 0 1.26183 1.671309 

Pontosphaera panarium  0 0 0 0.327869 0.315457 1.392758 

Pontosphaera multipora  0 0.331126 0.623053 0.655738 1.577287 1.114206 

Reticulofenestra bisecta  17.66667 0.662252 1.246106 0 2.208202 1.949861 

Reticulofenestra daviesii  0.666667 0.993377 0.623053 1.311475 0.946372 1.114206 

Reticulofenestra dictyoda  1.333333 2.317881 4.049844 1.967213 2.523659 1.392758 

Reticulofenestra hillae  0.333333 0 0.623053 0.983607 0.946372 1.114206 

Reticulofenestra lockeri  1 3.311258 1.557632 1.639344 3.470032 1.114206 

Reticulofenestra reticulata  5.333333 6.291391 4.049844 4.918033 4.416404 5.571031 

Reticulofenestra erbae  4 8.609272 6.23053 3.934426 6.309148 1.392758 

Reticulofenestra spp. (< 3)  0.666667 6.953642 5.919003 8.852459 15.77287 21.16992 

Reticulofenestra umbilica  1 1.324503 2.180685 3.278689 1.892744 1.949861 

Sphenolithus moriformis  1.333333 1.655629 0.623053 0.983607 0.946372 1.114206 

Sphenolithus predistentus  0 0.331126 0.934579 1.967213 0.315457 1.949861 

Sphenolithus spiniger  0 0 0 0 0 0.557103 

Thoracosphaera spp.  0.666667 0.662252 0.311526 1.639344 0.630915 0.557103 

Zygrablithus bijugatus  2.333333 1.324503 2.492212 1.639344 1.577287 0.557103 

Blackites spinosus  1 1.986755 3.426791 1.311475 1.577287 3.064067 

Blackites cf. morionum  0 0 0 0 0.315457 0.557103 

Reticulofenestra cf. daviesii  0 0 0 0 0.946372 2.785515 

Discoaster 5-ray knob  0 0 0 0 0.946372 0 

Helicosphaera bramlettii  2.333333 1.986755 3.115265 2.95082 0.315457 0 

Helicosphaera wilcoxii  0 0.331126 0.934579 0 0 0 

Braarudosphaera bigelowii  0.666667 0.331126 0 0 0 0 

Isthmolithus recurvus  0 0.662252 0 0 0 0 

 
 

Appendix B. Species list recorded in the Rashrashiyah Formation. Taxa are alphabetically 
arranged with references 

Blackites morionum (Deflandre in Deflandre & Fert,1954) Varol, 1989 
Blackites spinosus (Deflandre & Fert, 1954) Hay & Towe, 1962 
Braarudosphaera bigelowii (Gran & Braarud 1935) Deflandre, 1947 
Chiasmolithus grandis (Bramlette & Riedel, 1954) Radomski, 1968 
Chiasmolithus oamaruensis (Deflandre, 1954) Hay et al., 1966 
Clausicoccus subdistichus (Roth & Hay in Hay et al., 1967) Prins, 1979 
Coccolithus eopelagicus (Bramlette & Riedel, 1954) Bramlette & Sullivan, 1961 
Coccolithus pelagicus (Wallich 1877) Schiller, 1930 
Cruciplacolithus cruciformis (Hay & Towe, 1962) Roth, 1970 
Cyclicargolithus floridanus (Roth & Hay, in Hay et al., 1967) Bukry, 1971 
Cyclicargolithus floridanus < 5 µm (Roth & Hay, in Hay et al., 1967) Bukry, 1971 
Cyclococcolithina protoannula Gartner 1971 
Coccolithus formosus (Kamptner, 1963) Wise, 1973 
Discoaster barbadiensis Tan, 1927 
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Discoaster deflandrei Bramlette & Riedel, 1954 
Discoaster saipanensis Bramlette & Riedel, 1954 
Discoaster tanii Bramlette & Wilcoxon 1967 
Helicosphaera bramlettei (Müller, 1970) Jafar & Martini, 1975 
Helicosphaera compacta Bramlette & Wilcoxon, 1967 
Helicosphaera reticulata Bramlette & Wilcoxon, 1967 
Helicosphaera wilcoxii (Gartner, 1971) Jafar & Martini, 1975 
Hughesius tasmaniae (Edwards and Perch-Nielsen, 1975) de Kaenel and Villa, 1996 
Isthmolithus recurvus Deflandre in Deflandre and Fert, 1954 
Lanternithus minutus Stradner, 1962 
Neococcolithes dubius (Deflandre in Deflandre and Fert, 1954) Black, 1967 
Pontosphaera exilis (Bramlette & Sullivan, 1961) Romein, 1979 
Pontosphaera multipora (Kamptner, 1948 ex Deflandre in Deflandre & Fert, 1954) Roth, 1970 
Pontosphaera panarium (Deflandre in Deflandre & Fert, 1954) Aubry, 1986 
Reticulofenestra bisecta (Hay, Mohler and Wade, 1966) Roth, 1970 
Reticulofenestra daviesii (Haq, 1968) Haq, 1971 
Reticulofenestra cf. daviesii (Haq, 1968) Haq, 1971 
Reticulofenestra dictyoda (Deflandre in Deflandre & Fert, 1954) Stradner in Stradner & Edwards, 1968 
Reticulofenestra erbae (Fornaciari et al., 2010) Bown & Newsam 2017 
Reticulofenestra hillae Bukry & Percival, 1971 
Reticulofenestra lockeri Müller, 1970 
Reticulofenestra reticulata (Gartner & Smith, 1967) Roth & Thierstein, 1972 
Reticulofenestra spp. (< 3 µm) Hay, Mohler & Wade, 1966 
Reticulofenestra umbilica (Levin, 1965) Martini & Ritzkowski, 1968 
Sphenolithus cf. furcatolithoides Locker, 1967 
Sphenolithus moriformis (Brönnimann & Stradner, 1960) Bramlette & Wilcoxon, 1967 
Sphenolithus predistentus? Bramlette & Wilcoxon, 1967 
Sphenolithus spiniger Bukry, 1971 
Thoracosphaera spp. Kamptner 1927 
Zygrablithus bijugatus (Deflandre in Deflandre and Fert, 1954) Deflandre, 1959 
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Abstract. Current information on land use/land cover change and its future evolution is required to 
support land management planning and policymaking in most developing countries experiencing 
deforestation and land degradation. Here, we explore the land use/land cover change occurring between 
1987 and 2019 in the Mambasa sector, located in the Democratic Republic of Congo, and used the 
cellular automata model to predict the 2035 land use/land cover. The results have shown that during the 
last 32 years, dense forest has lost approximately 5121.54 ha, while secondary forest, fallow land and 
fields and, built-up area have gained 1786.23 ha, 3140.46 ha and 194.85 ha respectively. The predicted 
land use/land cover for the year 2035 revealed that dense and secondary forests will continue to 
experience a decrease of 3.85% and 13.65% respectively, while built-up area and fallow land and fields 
will experience an increase of 6.9% and 34.25% respectively. However, the study revealed that the 
unsustainable agriculture system combined with wood energy and artisanal logging have led to land 
use/land cover change in Mambasa. To reduce deforestation in the region, it would be necessary to 
improve agricultural production system, diversify the income and provide others timber product sources. 
Keywords: land cover, CA-ANN model, remote sensing, Mambasa 

Introduction 

For centuries, human beings have been destroying the natural resources in order to 
satisfy their food needs through agricultural activities (Houghton, 1994). It is true that, 
for several years, the increase of human populations leads to the increase of the demand 
in natural resources, resulting in land degradation (Wondie et al., 2011). 

Ouedraogo et al. (2010) has reported that, in tropical regions, the conversion of the 
natural forest areas to farmlands for the purpose of satisfying the increasing human 
population demand for natural resources makes agricultural activities one of the main 
causes of land degradation. Currently, land use/land cover change has been known for 
their negative effects on the survival of humankind. Indeed, in most cases, Land use/ 
land cover change strongly impacts crucial aspects of the functioning of the Earth 
(Lambin et al., 2001), especially with regard to their negative consequences on climate 
change (Song et al., 2018; Fan, 2015; Salazar et al., 2015; Houghton et al., 2017), 
degradation of soil (Alemu, 2015), global biogeochemical cycles such as carbon, 
nitrogen and water quality (Jain et al., 2013; Copeland et al., 1996; Schönhart et al., 
2018; Le Maire et al., 2014; Spera et al., 2016; Sterling et al., 2013) as well as 
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biodiversity loss (Haines-Young, 2009; Mantyka-Pringle et al., 2015; Wanger et al., 
2010). Consequently, land use/land cover change has become one of the key 
environmental issues, specifically in tropical regions where deforestation is taking place 
at a rapid rate (Scholes and Van Breemen, 1997). Thus, performing studies on land use/ 
land cover change issues in these regions is important to reduce their negative 
consequences on humankind, and to assure the long-term persistence of natural 
resources. 

According to Lambin et al. (2001), land cover points to the actual biophysical 
attributes of the Earth’s surface (vegetation type, presence of water, rocks) whereas land 
use refers to the way in which the land cover is used. Thus, for numerous applications 
such as vegetation and farmland monitoring, analysis of the Earth’s surface and 
atmosphere interactions, information on the current status of the land use/land cover is 
necessary (Townshend, 1992). Therefore, for the purpose of establishing sustainable 
land use policy with regard to natural resources, understanding the dynamics of the 
landscape is most important for development planners to suggest some good strategies 
to the current land-use for better management of natural resources and, to avoid some 
future unwanted negative consequences on humankind. In this context of spatiotemporal 
analysis, remote sensing technology can play a leading role in the frame of land 
use/land cover change monitoring. 

Remotely sensed data, especially landsat images, have been extensively used in the 
frame of modeling land use/land cover change for different purposes (Ranagala et al., 
2019; Song et al., 2018; Han et al., 2015; Simwanda et al., 2018; Rogan and Chen, 
2004; Wu et al., 2006; Zhuravleva et al., 2013; Potapov et al., 2012; Chen et al., 2018). 
Indeed, for several decades, remote sensing combined with field measurements have 
been used with success to monitor the loss of forest cover all over the world (Defries et 
al., 2006). In addition, remote sensing technology possesses not only the capability to 
capture land use/land cover change information using different change detection 
techniques (Roy et al., 2002), but also, the ability to offer spatial information and 
repeated coverage of large areas (Lillesand et al., 2004). 

Among numerous tools used for the purpose of modelling and predicting land 
use/land cover change, the Markov chain has not only been proved to be one of the 
powerful tools, but also delivered accurate results in the frame of land use/land change 
prediction (Halmy et al., 2015; Agarwal et al., 2002). Being a stochastic model, the 
Markov chain approach predicts the future evolution of one system based on the state of 
the initial time (Sinha and Kimar, 2013; Muller and Middleton, 1994). Numerous 
studies have used the Markov Cellular automata (CA) approach to predict land use/land 
cover change (Basse et al., 2014; Saputra et al., 2019; Li and Yeh, 2002; Nouri et al., 
2014; Kumar et al., 2014; Mubea et al., 2010; Rendana et al., 2015). From these studies, 
it has been shown that Markov chain constitutes one of the most essential tools for land 
use planning and environmental change research over different regions of the world. 
The use of both stochastic Markov techniques and the cellular automata model seems to 
predict land use change better than the regression based models (Ye and Bai, 2008; 
Pontius and Malanson, 2005). 

There are numerous tools used to model and predict land use/land cover change, but 
it seems that no research has been carried out to examine the land use/land cover change 
of the Mambasa sector, even though this region, located in amongst forested areas of the 
Democratic Republic of Congo, where pressures on forests are ever increasing, still 
experience accelerated land degradation, biodiversity loss, and climate change. And yet, 
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accurate and current information on land use/land cover change is important to provide 
valuable information to decision-makers for elaborating good policies and strategies of 
sustainable forest management in Mambasa. Indeed, the assessment of the landscape 
dynamic due to human activities can provide the status of each land use/land cover type 
and its recent evolution so that further decision making processes can be initiated to 
undertake sustainable land use management Thus, the objectives of this study are (i) to 
analyze the spatio-temporal change of land use/land cover change of Mambasa sector 
from the year 1987 to 2019 and, (ii) to predict the future land use/land cover of the year 
2035 using CA-ANN model. 

Materials and methods 

Study area 

This study was conducted in Mambasa, an administrative sector of the Democratic 
Republic of Congo. It is located between 1°7′0′′-1°29′0′′N in latitude and 28°53′0′′- 
29°7′0′′E in longitude (Fig. 1). Its total land area is estimated at 45669.24 ha, entirely 
located in the Congolese central basin. The region is dominated by dense rainforest and 
equatorial climate. This climate is characterized by two dry seasons, notably the long 
dry season (between January and February) and the small dry season (between June and 
August). Over the two last decades, Mambasa has experienced considerable population 
growth that has negatively impacted its natural resources. Consequently, careful 
assessment of land use/land cover change is required to help decision makers for the 
purpose of elaborating sustainable land management planning of natural resources. 

 

 

Figure 1. Location of Mambasa sector in the Democratic Republic of Congo 
 
 

Data collection 

According to the Landsat Worldwide Reference System (WRS), Mambasa is located 
at the Path and Row position of 174 and 59, respectively. Thus, Landsat images of the 
year 1987, 2003 and 2019, were freely downloaded from the website of the US 
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Geological Survey National Center for Earth Resources Observation and Science 
(http://glovis.usgs.gov/), in order to extract crucial information on land use/land cover 
change in the Mambasa sector. In addition, as it requires to better know the region 
before performing supervised classification, field observations were carried out during 
March 2019 for the purpose of understanding the characteristics of each land use/land 
cover category. Thus, for each land use/land cover class, 150 training reference points 
were collected using the GPS receiver. The three landsat images were acquired in 
March and February because of cloud free images or clear sky during that period 
(Table 1). Indeed, using satellite images acquired almost in the same period remains an 
important advantage of land use/land cover change study. This removes the effects of 
change in season when investigating year-to-year change, and also minimizes the 
discrepancies in reflectance caused by seasonal vegetation fluxes, climatic differences 
and sun angle differences (Singh, 1989). 

 
Table 1. Characteristics of remotely sensed data used for the study 

Sensors Acquisition date Spatial resolution Path/row Band combination Source 

LT05 March 1987 30 m 174/59 5, 4, 3 http://glovis.usgs.gov/. 

LE07  February 2003 30 m 174/59 5, 4, 3 http://glovis.usgs.gov/. 

LC08 March 2019 30 m 174/59 6, 5, 4 http://glovis.usgs.gov/. 

 
 

Land use/land cover classification and change detection 

After performing the image preprocessing (radiometric calibration and atmospheric 
correction using the FLAASH method), we then carried out supervised classification of 
the 1987, 2003 and 2019 satellite images following the Yangambi vegetation 
classification system. Firstly, field data was collected for each land use/land cover class 
in order to identify the spectral signature of each one (Fig. 2). In addition, using the 
maximum likelihood algorithm, satellite images were classified into four categories, 
namely dense forest, fallow land and fields, secondary forest and built-up area. In fact, 
the maximum likelihood algorithm is a parametric decision whose rule is based on the 
probability that has a certain pixel belonging to a certain category. It has been reported 
that this algorithm provides the higher classification accuracy in land use/land cover 
study (Vadrevu, 2013). Ultimately, post-classification operations were applied to 
improve the classified images. For our research, different software were applied as each 
one has its strength in certain operations needed for analysis. All image processing 
(image preprocessing and classification, change detection and accuracy assessment) 
were performed in ENVI 5.3 software and QGIS, while ArcGIS 10.1 was used to 
produce the final map. 

To describe land cover change occurring between 1987 and 2019, the transition 
matrix method was applied. The transition matrix corresponds to a squared matrix 
describing changes occurring on different elements of a system during a certain period 
(Bell, 1974). Cells of matrix contain values of the variable which changed the state from 
initial time to final time. Values of column and rows represent the proportion of an area 
occupied by each land cover class at the corresponding time. 

Figure 3 shows the overall workflow of the study, including all the different steps 
from data collection to the production of the predicted land use/cover map. 
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Figure 2. Location of training reference points collected during the field survey in the 
Mambasa sector 

 
 

 

Figure 3. Schematic diagram of the research approach 
 

Prediction of future land use/land cover change 

 Data collection 

Landsat 5  Landsat 7  Landsat 8  

Data preprocessing (Including radiometric and atmospheric correction) 

Select training samples and classify images using maximum likelihood algorithm 

Accuracy assessment 

LULC Maps of year 1986, 2003 and 2019 

Preparing explanatory variables 

(Slope and distance from main road) 

 Predicting of future LULC of the year 2035 using 

CA-ANN model 

Predicting of future LULC of the year 2019 using 

CA-ANN model 

LULC Map of the year 2035  

LULC change Maps of 

year 1986-2003 and 

2003-2019 

 

Validation of the model from 

predicted image and classified 

image of the year 2019 
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For the purpose of predicting land use/land cover change in the Mambasa sector, 
MOLUSCE plugin imbedded in QGIS software was used. The cellular automata (CA) 
model was then applied, and the artificial neural network (ANN) algorithm was used in 
the model. Indeed, Jogun (2019) has stated that the use of the machine learning 
algorithm such as ANN to predict land cover change, is better than other methods like 
linear regression. Thus, two explanatory variables namely slope and distance from main 
roads in the Mambasa sector, were used in order to predict the future change. Firstly, 
the 1987 and 2003 classified images were used to predict the 2019 land use/land cover. 
Then, the three map comparison method was performed for the validation of the 
prediction results. As the validation results have shown high accuracy, the 2035 land 
use/land cover was predicted by means of 2003 and 2019 classified images. 

Figure 4 describes the structure of the CA-ANN model. Neurons in the input layers 
are considered as a set of cellular attributes, which are explanatory variables (slope and 
distance from main roads). It was reported that these variables explained the land 
use/land cover change probabilities. In the output layer, a neuron relates to a land 
use/land cover category. Each neuron value in the output layer represented the transition 
probability from the existing class to the corresponding land use class. 

 

 

Figure 4. Processing architecture of ANN-CA model 
 
 

Accuracy assessment 

To use a land use/land cover map, it is crucial to know the accuracy of the map 
(Plourde and Congalton, 2003; Smits et al., 1999). Thus, accuracy assessment for the 
1987, 2003 and 2019 maps was performed to appreciate the quality of information 
resulting from the image classification process. The confusion matrix method, which is 
the most common approach for appreciating image classification accuracy, was applied 
(Congalton, 1991). In this article, the reference data (ground truth points) were collected 
in March 2019 to perform the accuracy assessment of the 2019 classified image, while 
Google earth was used to carry out accuracy assessment for the 1986 and 2035 
classified images. We then compared the observed pixels (ground truth points) of every 
land use/land cover class to the map pixel. The results were generated into the confusion 
matrix in order to assess the 1987, 2003 and 2019 final land use/land cover map 
accuracy. The overall user’s and producer’s accuracies were calculated from the 
confusion matrix. According to Pontius and Millones (2011), the producer’s accuracy is 
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used for determining how well an image is classified. In addition, the Kappa coefficient, 
one of the most statistic parameter for assessing image classification accuracy, was also 
computed (Rosenfield and Fitzpatrick-Lins, 1986). 

Therefore, the overall accuracy of classification for the 1987, 2003 and 2019 map are 
88.16% (kappa value 0.85), 89.16% (kappa value 0.86) and 93.6% (kappa value 0.91), 
respectively. As noted by (Weng, 2002), the minimum level for accuracy assessment in 
identification of land use/ land cover categories in the field of remote sensing should be 
at least 85%. 

Results 

Accuracy assessment of satellite image classification 

The land use/land cover classification was successfully carried out with a high 
accuracy level. The overall accuracy of the 2019, 2003 and 1987 maps are 93.6% 
(kappa value 0.91), 89.15% (kappa value 0.86) and 88.16% (kappa value 0.85), 
respectively. 

For the 2019 map, error matrix has been presented in Table 2. 159 of 170 field 
samples were correctly classified. The main confusion was observed between dense 
forest and secondary forest, with four validation points on secondary forest classified as 
dense forest, while two validation points on dense forest were classified as secondary 
forest. In addition, two validation points in secondary forest were classified as fallow 
land and field, while one validation point in the built-up area was classified as 
secondary forest. 

For the 2003 map, error matrix has been presented in Table 3. A total of 218 
reference points were checked against Google Earth image.196 of 218 validation 
samples were correctly classified. The main confusion was observed between dense 
forest and secondary forest, with seven validation points on secondary forest classified 
as dense forest, while six validation points in dense forest were classified as secondary 
forest. In addition, one validation point in secondary forest was classified as fallow land 
and field, while two validation points in fallow land were classified as secondary forest. 
Three validation points in fallow land were classified as built-up area, and three 
validation points in the built-up area were classified as fallow land and fields. 

 
Table 2. Error matrix of land cover map produced by supervised classification of 2019 
image 

Number of pixels Reference data 
User’s accuracy (%) 

Classified image DF SF FF BA Row total 

DF 61 2 0 0 63 96.3 

SF 4 42 2 0 46 91.3 

FF 0 0 34 2 39 92.3 

BA 0 1 0 22 24 91.7 

Column total 65 45 36 24   

Producer’s accuracy (%) 93.9 93.3 94.7 91.7   

Overall accuracy: 93.6, Kappa statistic: 0.91 
Table 3. Error matrix of land cover map produced by supervised classification of 2003 
image 
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Number of pixels Reference data  

Classified image  DF SF FF BA Row total User’s accuracy (%) 
DF 68 6 0 0 74 91.9 

SF 7 52 1 0 60 86.7 

FF 0 2 48 3 53 90.6 

BA 0 0 3 28 31 90.3 

Column total 75 60 52 31   

Producer’s accuracy (%) 90.7 86.7 92.3 90.3   

Overall accuracy: 89.16, Kappa statistic: 0.86 
DF: dense forest, SF: secondary forest, FF: fallow land and fields, BA: built-up area 

 
 

Spatial and temporal changes in land use/land cover 

Summary statistics of Land use/land cover change for the Mambasa sector for the 
years 1987, 2003 and 2019 developed from supervised classification are listed in 
Table 4. 

 
Table 4. Evolution of land use/cover in Mambasa sector from 1987 to 2019 

Land use/cover 
classes 

Spatial area coverage 
Annual rate 

of change 

1987 2003 2019 1987-2019 

Area (ha) % Area (ha) % Area (ha) % ha/year 

Built-up area 
Fallow land and fields 

Secondary forest 
Dense forest  

302.76 
2763.99 
3753.54 

38848.95 

0.66 
6.05 
8.22 

85.07 

412.02 
4149.36 
5804.01 

35303.85 

0.9 
9.09 

12.71 
77.3 

 497.61 
 5904.45 
 5539.77 
33727.41 

1.09 
12.93 
12.13 
73.85 

6.09 
98.14 
55.82 

-160.05 

Total 45669.24 100 45669.24 100 45669.24 100  

 
 
During our survey, Mambasa sector’s landscape was classified into four land 

cover/land use types including dense forest, Secondary forest, Fallow land and fields, 
and built-up area (Fig. 5). On the basis of analysis carried out in 1987, it was noted that 
approximately 85.07%, 8.22%, 6.05% and 0.66% of the total area subject to analysis 
were calculated as dense forest, Secondary forest, Fallow land and fields, and built-up 
areas, respectively; while, in 2003, around 77.3%, 12.71%, 9.09% and 0.9% of the total 
area was calculated as dense forest, Secondary forest, Fallow land and fields, and built-
up areas, respectively. In 2019, 73.85%, 12.13%, 12.93% and 1.09% were classified as 
dense forest, Secondary forest, Fallow land and fields, and built-up areas, respectively. 
Consequently, the land use/land cover change from 1987 to 2019 have shown an 
increasing in Secondary forest, Fallow land and fields, and built-up areas, by 
1786.23 ha, 3140.46 ha, and 194.85 ha respectively; while in the same period dense 
forest underwent significant negative change. Indeed, dense forest land has strongly 
declined in the same period. Approximately 160.05 ha of dense forests were converted 
every year into other land use/land cover categories during the study period. However, 
the main change during the study period in the Mambasa sector was observed in the 
area converted from dense forest into Fallow land and fields. 
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Figure 5. Land use/land cover map for the year (a) 1987, (b) 2003 and (c) 2019 

 
 

Transition among land use/land cover types from 1987 to 2019 

From the transitional probability matrix, it is easy to understand the trend in land 
use/land cover change occurring in the Mambasa sector during the study period. 
Indeed, the transitional probability matrix shows the probability of each cell of a 
certain land use/land cover type to be transformed into other types. Using the 
Markovian approach, the transitional probability matrix between the years 1987 to 
2003, 2003 to 2019, and 1987 to 2019 has been performed in the MOLUSCE plugin. 
From Table 5, it can be revealed that, between 1987 and 2003, the probability of each 
land use/land cover category to be converted into fallow land and fields was higher 
than any other transition (third column). Moreover, it should be noted that, the 
conversion from dense forests to secondary forests is seen firstly as a conversion of 
dense forest into fallow land and fields; but when this land use/land cover class 
(fallow land and fields) is abandoned, it progresses into secondary forest by the 
natural process of vegetation succession. In addition, the no conversion from built -up 
area into dense forest was represented by zero values between 1987 and 2003, while, 
from 2003 to 2019, zero values represent no conversion of dense forest into built -up 
area. Figure 6 represents the change maps that shows the transformation from one 
land use/land cover class to the others during 1987 to 2019. From the change maps, it 
was shown that the major part of the Mambasa landscape was converted into fallow 
land and fields. A total of 37426.05 ha of our study area did not change between 1987 
and 2019. Among them, 33495.56 ha persisted as dense forest, 2356.01 ha as 
secondary forest, 1381.44 ha as fallow land and fields and 192.95 ha as built-up area. 
On the other hand, around 3325.47 ha, 1117.80 ha, and 81.26 ha of our study area 
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were converted from dense forest, secondary forest, and built-up area respectively into 
fallow land and fields during 1987 to 2019. 

 
Table 5. Transition matrix of land use/cover changes in Mambasa sector from 1987 to 2019 

 

Land cover category 

To 

From 
Built-up area Fallow & fields Secondary forest Dense forest 

1987-2003 

Built-up area 0.7155 0.1813 0.1031 0.0000 

Fallow and fields 0.0440 0.4007 0.5314 0.0239 

Secondary forest 0.0112 0.2032 0.6717 0.1139 

Dense forest 0.0008  0.0573 0.0459 0.8960 

2003-2019 

Built-up area 0.8746 0.0799 0.0443 0.0011 

Fallow and fields 0.01997 0.9290 0.0292 0.0216 

Secondary forest 0.0092 0.1809 0.7377 0.0722 

Dense forest 0.0000 0.0274 0.0317 0.9409 

1987-2019 

Built-up area 0.6373 0.2684 0.0859 0.0083 

Fallow and fields 0.0559 0.4998 0.4251 0.0193 

Secondary forest 0.0280 0.2978 0.6277 0.0465 

Dense forest 0.0012 0.0856 0.0510 0.8622 

 
 

 

Figure 6. LULC transformation of Mambasa sector during (a) 1987 to 2003, (b) during 2003 to 
2019 and (c) during 1987 to 2019 

Prediction of the future land use change 2035 

After performing the change detection analysis, the next step of this study was 
focused at forecasting the future land use/land cover for the year 2035. Thus, the 
simulated map of 2035 as shown in Figure 7 was carried out using two spatial drivers 
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including slope and distance from main roads. Firstly, the land use/land cover for the 
year 2019 was predicted by using both land use/land cover maps of the year 1987 and 
2003, by means of the Cellular automata Artificial Neural Network (CA-ANN) 
algorithm. Then, the three map comparison method was applied to validate the 
prediction results. It has been demonstrated that the model, by its strong performance 
measured by the percentage of component agreement at 97.3%, was able to predict the 
future land use/land cover change almost correctly. After the validation of the model, 
the land use/land cover for the year 2035 was predicted from the year 2003 to 2019. In 
2035, Mambasa sector will have an increase in Fallow land and fields (34.25% ha) and 
built-up area (6.9% h), while dense and secondary forest will lose 3.85% and 13.65% 
respectively (Table 6). 

 
Table 6. Summary of LULC change statistics between 2019 and 2035 

LULC classes 
Area in hectare 

Area change from 2019 to 2035 in (%) 
2019 2035 

Built-up area 
Fallow & fields 
Secondary forest 

Dense forest 

497.61 
5904.45 
5539.77 

33727.41 

531.90 
7926.48 
4783.50 

32427.36 

6.9 
34.25 
-13.65 
-3.85 

 
 

 

Figure 7. Predicted LULC for the year 2035 

Discussion 

Land use/land cover change from the year 1987 to 2019 and future prediction of 2035 

The present study aimed to assess the land use/land cover change in the Mambasa 
sector from 1987 to 2019, and predict the spatio temporal change by 2035 using the 
Cellular automata Artificial Neural Network (CA-ANN) algorithm. The results revealed 
significant change in Mambasa’s landscape during the study period. Indeed, Mambasa’s 
landscape was classified into four categories namely dense forest, secondary forest, 
built-up areas as well as fallows and fields. During the last 32 years, dense forest has 
approximately lost 5121.54 ha, while secondary forest, fallow land and fields, built-up 
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area have gained 1786.23 ha, 3140.46 ha and 194.85 ha respectively. The ratio of dense 
forest in the landscape declined from 85.07% in 1987, to 73.85% in 2019. Thus, the 
annual rate of deforestation observed in dense forest was estimated at 0.41. This rate is 
well above the national average, estimated between 0.2 and 0.3% over the last three 
decades (UN-REDD, 2012; de Wasseige et al., 2014). As for secondary forest, its area 
has also increased during the last three decades, from 3753.54 ha in 1987 to 5539.77 ha 
in 2019. Note that most of its area comes from dense forest that has been converted into 
fallow land and fields and, after being abandoned, it evolved to secondary forest 
through the natural process of succession vegetation. Fallow land and fields showed a 
positive evolution following the acquisition of areas mainly lost in dense and secondary 
forests, respectively 3325.47 ha and 1117.8 ha. Its proportion in the landscape increased 
from 6.05% in 1987, to 12.93% in 2019. This can be explained by the expansion of 
agricultural activities in this region and the increase of population in the region 
(Table 7). As reported by (Aweto, 2012), in the humid and sub-humid tropics, several 
hundred million people depend on agriculture system based on shifting cultivation or 
rotational bush fallowing for their livelihood. Indeed, agriculture system in Mambasa is 
based on shifting cultivation that consists in clearing primary or secondary forest to 
install fields. These fields can be cultivated for one or two years before soil fertility is 
exhausted. The field is then abandoned and the farmers move on to clear a new field 
elsewhere in the forest. Bamba (2010) has stated that, agriculture of DRC based on the 
slash-and-burn agriculture system has always been practiced for several decades. In 
addition, (Mpoyi et al., 2013) noted that the agriculture system in this region is based on 
unimproved varieties and unsustainable practices of soil fertility management. 
Consequently, several hectares of forest are lost every year for the benefit of crop land. 
Our results corroborate the findings of (Ngabinzeke et al., 2016) that reported that the 
expansion of slash-and-burn agriculture in the region is leading to a conversion of 
natural habitats. According to the study, significant changes occurred during a period of 
one year in the area under study. Forest and savanna areas declined by 6.5 ha (86.6 to 
80.1 ha) while agricultural areas (cleared land and seasonal crops) increased from 7.3 ha 
to 21.8 ha. Similar results were obtained in a study conducted in the Kongo central 
province. In this study, it has been reported that fallow land and fields increased from 
22.72% in 1960 to 54.61% in 2005; while forest land, the landscape’s matrix in 1960, 
declined from 49.95% of the total area of landscape to 5.67% in 2005. The study has 
revealed that the decrease in forest area was due to the unsustainable agriculture system 
and demographic pressures (Bamba, 2010). In a study conducted in Isangi region, it was 
found that due to human activities, notably agriculture and forest logging for wood 
energy, the percentage of forest land decreased by 20.9% (59 004 ha to 46675 ha) 
during 2002–2010, while mosaic habitat-agriculture land increased by 24% (23191 ha 
to 28768 ha) during 2002-2010 (Ciza et al., 2015). 

However, the predicted change in 2035 shows that, there will still be an increase in 
Fallow land and fields and Builtup area, while dense and secondary forest will 
experience a decrease by 1300.05 ha and 756.27 ha, respectively. The decrease in 
secondary forest can be attributed to the expansion of agriculture in that land cover 
category. In fact, after several years, secondary forest appear to be suitable for 
developing agriculture as well as dense forest. The decrease in dense forest can also be 
explained by the expansion of human activities such as agriculture, wood energy and 
logging. 
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Table 7. Evolution of population of the Mambasa sector from 1987 to 2019 

Year Population 

1987 55000 

2003 128000 

2019 249369 

 
 

Model validation 

The present study used the three map comparison method to evaluate the model 
performance for land use/land cover change simulation in Mambasa sector. This 
approach was proposed by Pontius et al. (2011), and consists of two components of 
agreement and three components of disagreement (Bayes and Raquib, 2012). Indeed, 
the components of agreement include persistence simulated correctly (correct rejection) 
and change simulated correctly (hits), while the components of disagreement contain 
change simulated as persistence (misses), persistence simulated as change (false alarm), 
and change simulated as change to wrong category (Wrong hits). After implementing 
the three-map comparison method, it has been revealed that the simulated map yields 
the best result in terms of the percentages of component disagreement (2.3%) and 
component agreement (97.7%), as presented in Table 8. 

 
Table 8. Components of agreement and disagreement of three map comparison method 

Name of component % 

Persistence simulated correctly 96.13406 

Change simulated correctly 1.534867 

Total agreement 97.66893 

Change simulated as persistance 0.423469 

Persistence simulated as change 0.737927 

Change simulated as to wrong category 1.169677 

Total disagreement 2.331073 

Conclusions 

The land use/cover change caused by direct and indirect human activities has 
negative consequences at spatial and temporal scales. Understanding those changes 
provides relevant knowledge that is most important for decision‐makers and civil 
society. This study examines land use/cover change in the Mambasa sector between 
1987 and 2019, and uses CA-ANN to predict the future land cover change by 2035. 
During the last 32 years, It was shown that dense forest has approximately lost 
5121.54 ha, while secondary forest, fallow land and fields, built-up area have gained 
1786.23 ha, 3140.46 ha and 194.85 ha, respectively. The ratio of dense forest in the 
landscape declined from 85.07% in 1987, to 73.85% in 2019. Thus, the annual rate of 
deforestation observed in dense forest was estimated at 0.41%. From the change 
occurred in Mambasa landscape, it was revealed that the major part for the Mambasa 
landscape was converted into fallow land and fields. A total of 37426.05 ha for the 
Mambasa landscape were considered as persistence between 1987 and 2019. Among 
them, 33495.56 ha persisted as dense forest, 2356.01 ha as secondary forest, 1381.44 ha 
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as fallow land and fields and 192.95 ha as built-up area. However, around 3325.47 ha, 
1117.80 ha, and 81.26 ha were converted from dense forest, secondary forest, and built-
up area into fallow land and fields during 1987 to 2019. The study revealed that the 
unsustainable agriculture system combined with wood energy and artisanal logging led 
to land use/cover changes in the Mambasa landscape. The predicted change in 2035 
shows that, there will still be an increase in Fallow land and fields and built-up area, 
while dense and secondary forest will experience a decrease by 1300.05 ha and 
756.27 ha, respectively. The decrease in secondary forest can be attributed to the 
expansion of agriculture in that land cover category. Hence, the present results should 
be taken into account to support sustainable management of Mambasa forest ecosystems 
and efficient use of natural resources. However, further studies on the effects of land 
use/land cover change on biodiversity composition, and the effects of climate change on 
it as well, should be undertaken to provide the whole vision of the phenomenon in the 
Mambasa sector. 
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Abstract. Breeding drought resistant wheat is very important for sustainable food production. In future 
research, each new cross from breeder will involve the modification of genome-wide gene networks that 
control the expression of drought and yield, especially the dynamics of change in complex gene families 
involved in drought adaptation. Declining water resources as a result of extreme use of water for 
irrigation and climate change pose a severe threat to food security. It is needed to divulge and manipulate 
the genetic potential of wheat (Triticum aestivum L.) germplasm to adapt to scarce water resources with 
higher/sustainable yield potential. In this regard, drought-tolerant and drought-susceptible wheat 
genotypes were manipulated in line (10) × tester (5) mating design in the department of PBG-UAF 
Pakistan to understand the genetic mechanism and effect of drought tolerance on wheat yield and quality 
attributes like protein and gluten contents under normal and drought conditions. It was imperative to 
breed wheat genotypes that withstand in drought environments having maximum yield and protein 
contents. The significant specific combining ability (SCA) provided the prominent non-additive genetic 
mechanism in the inheritance of yield and quality traits in wheat for the studied germplasm. Gene action 
based screening revealed that the line 9493 (L1), tester 9508 (T1)  and their hybrid (L1 × T1) were ideal 
genetic resources to breed against drought resistance for quality and yield attributes. Therefore, hybrid 
breeding will be rewarding and the selection practice for superior individual plants should be delayed to 
advanced generations like F4 and F5. The superior genotype 9493 and hybrid (cross) 9493 (L1) × 9508 
(T1) can be combined to develop new promising and improved hybrids/varieties for quality and yield 
contributing attributes under drought conditions to fulfill the wheat demand and sustainable food security. 
Keywords: breeding, gene action, additive, germplasm, food security, genotypes 

Introduction 

Current wheat (Triticum aestivum) having three A, B and D homeologous genomes, has 
been evolved through a series of natural crossing and the effect of polyploidy (2n = 6x = 42, 
AABBDD allohexaploid) (Ahmed et al., 2017a). In the evolutionary pathway of modern 
wheat, allopolyploidization occurred in two phases; in first step T. urartu (diploid) hybridized 
with Aegilops speltoides (wild grass) that resulted into tetraploid T. Turgidum and in the 2nd 
step, tetraploid AABB, 2n = 4x = 28 crossed with diploid goat grass A. tauschii having the 
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genome DD 2n = 2x = 14 which produced (hexaploid = AABBDD) modern wheat (Förster et 
al., 2012). 

The evolution of large seeded non-shattering modern wheat cultivars from small-seeded 
wild cultivars with natural grain dispersal and cross pollination modified the seed shape and 
size. Increase in grain size might have started during the early stages of wheat evolution when 
cultivation of the plant was started (Peña-Bautista, 2002). Seed size is a quantitative polygenic 
trait which is influenced by many genes that significantly contribute to increase or decrease 
seed size (Peng et al., 2011). 

Generally, wheat grain comprises protein (8-17%), carbohydrates (60-80%) (mainly 
starch), minerals (1.5-2%), fats (1.5-2%), crude fibers (2.2%), vitamins (B complex and E) 
and all essential amino acids except tryptophan, methionine and lysine. Gluten is a protein 
complex that accounts for 75 to 85% of the total protein in wheat (Fuller, 2007). Due to its 
nutritional worth and preference, people like to utilize wheat in daily food in the form of 
bread, chapati, crackers, etc. Wheat grain has distinct physical and chemical parameters of 
seed protein. Understanding the inheritance mechanism of wheat grain and quality traits is 
necessary for attaining the best genotypes on this aspect (Ali et al., 2013). Selection of best 
performing parental genotypes and their cross combinations are necessary for creating the 
desirable wheat varieties (Akram et al., 2011). The overall crop production all over the world 
has to be significantly increased day by day to feed a rising population, but existing 
production trends are not enough to meet this increasing requirement (Zeeshan et al., 2013). 

Water deficit decreases the yield so it is assumed that 17 to 70% losses in the yield are due 
to water deficiency. Wheat yield reduced from 50 to 90% of their irrigated potential in the 
developing countries by water deficit conditions (Ali et al., 2013). Wheat plant suffers severe 
response to water deficit stress at tillering, jointing, booting, anthesis and filling stages. 
Tillering is a very important stage at which plant develops tillers, primodia of spike, spikelets, 
and flowers. Water deficit stress at this stage can cause a 46% decrease in total yield (Minhas 
et al., 2014). For breeding water deficit tolerance in wheat crop, it is important to know the 
mechanism and behavior of plant under drought environments. To stand against the water 
shortage conditions plant has different morphological, physiological, biochemical, anatomical 
and molecular developments (Noorka and Teixeira da Silva, 2014). 

Genetic purity analysis for hybrid testing is compulsory to certify the hybrid seed. Hybrid 
testing and confirmation is essential for commercial purpose and for the production of pure 
hybrids. Conventionally, genetic purity examined on the basis of phenotypic data are tested in 
field trials and compared with improved cultivated genotypes the term used as ‘Grow-Out 
Test’ (GOT). The limitations of this test are higher cost, time consumption, requirement of 
large area for testing, and influence of environmental factors (Wu et al., 2010). Combining 
ability analysis is an effective genetic evaluation tool and therefore has been commonly 
implemented in plant breeding to access the performance of genotypes in hybrid/cross 
combinations (Kumar et al., 2011). Different types of gene actions have been estimated from 
combining ability variances which indicate the expression of quality, yield and yield 
contributing parameters. Additionally, comprehensive information about the relationship 
between line per se and hybrid potential is necessary to improve wheat breeding programs 
(Longin et al., 2012). 

Regardless the small amount of hybrid vigor in self-pollinated crops, like in wheat the 
agronomic worth of their hybrids seemed to be encouraging. In China, Rice hybrid had a 
yield benefit of 20-30% over the commercial cultivars. In private sectors, wheat hybrids have 
been successfully developed in India and European countries (Cheng et al., 2007). 
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Previously, different types of gene actions had been reported from combining ability 
variances which influence the expression of yield and its contributing parameters in bread 
wheat (Bibi et al., 2013). Yield character is a polygenic in nature which is widely affected due 
to environmental variations. In wheat breeding schemes the direct selection for yield and yield 
contributing characters may give false results especially against drought environments. 
Therefore, the genetic effectiveness of indirect selection is valuable than direct screening for 
yield and yield contributing traits in wheat breeding programs (Akram et al., 2011; Zeeshan et 
al., 2013). 

Keeping all above in view, the experiments were planned to generate information from, 
combining ability studies, gene action analysis under normal and drought conditions. The 
information derived from these studies would be very useful for wheat breeders to exploit the 
new genetic potential in wheat genotypes for developing drought tolerant, better protein 
contents and high yielding wheat varieties for sustainable food security. 

Materials and methods 

The proposed research was conducted to assess the genetic mechanism of some 
quality and yield contributing traits in wheat under normal and drought stress 
conditions. 

 
Line × tester analysis (hybridization) 

The field experiment for line × tester analysis was carried out in the research area of 
Plant Breeding and Genetics (PBG) department, University of Agriculture, Faisalabad, 
Pakistan (LATITUDE = 31 - 44’ N and ALTITUDE = 184.4 m). The tested ten drought 
tolerant genotypes namely, 9493 (L1), 9618 (L2), 9797 (L3), 9930 (L4), BWL812 (L5), 
DPW621 (L6), 10111 (L7), 10115 (L8), 10117 (L9) and Chakwal-86 (L10) were used 
as a female (line) parent and five drought susceptible wheat genotypes 9508 (T1), 
Millat-11 (T2), Ufaq-2002 (T3), Moomal-2002 (T4) and BARS-09 (T5) were used as 
male (tester) parents (Ahmed et al., 2019). These genotypes were crossed under line 
(L10) × tester (T5) mating design during the wheat growing seasons 2016-17. 

In wheat crop anthesis starts from the center of the spike (inflorescence) and then 
proceeds in both directions. Hence, for emasculation purpose the suitable lateral florets 
were kept in the middle of the inflorescence and left over unwanted florets were detached 
with the help of a pair of scissors and pointed forceps. Then the small florets were 
supported with thumb and forefinger and 1/3 upper part of each floret was removed with a 
pair of scissors. The immature anthers (3) in each floret were carefully detached by using 
fine pointed forceps, avoiding damage to the ovary and prevent ovary from self-
pollination. Glycine bags were used to cover entire spikes immediately after completion 
of emasculation, to minimize the chance of pollination. Male flowers with mature anthers 
were excluded from the female lines to avoid any chance of self-pollination. On the very 
next day early in the morning emasculated spike which were covered under glycine bags 
were pollinated by using fresh pollen from the desired male parent by hand. After 
completion of artificial pollination spikes of female plants were again tightly covered with 
their respective bags till seed setting and to avoid the contamination with other undesired 
pollens. These cultivars/lines were hybridized in (10) lines × (5) testers mating fashion. 
For each parental line 50 spikes were emasculated and pollinated with desired testers, so 
total 500 spikes were emasculated in this experiment. In each spike average 15 seed sets 
and 150 crossed seed obtained for each line with their respective testers like L1 × T1. At 
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maturity, crossed seeds from all crosses were collected manually in separate envelops 
which were orderly arranged for each and every cross. 

 
Evaluation of breeding material 

Total fifty F1 seeds along with their 15 parents genotypes were sown on November 
15, 2017 in two experimental conditions (non-stressed and drought stressed 
experiments) in randomized complete block design (RCBD) with three replications. 
Each genotype was sown through maintaining plant-to-plant distance fifteen centimeters 
and rows-to-row distance was 30 cm. Two seeds of each genotype were dibbled/hole 
and one healthy seedling was reserved after germination by thinning. To abate the 
border effect lines of non-experimental material were sown at the border of the 
experiment. In normal experiment irrigations were applied at three critical stages i.e. (1) 
tillering (35 Days after sowing, DAS), (2) the booting stage (85 DAS) and (3) the 
milking stage (112 DAS) (Noorka and Teixeira da Silva, 2014). Drought stress was 
applied at tillering stage by upholding (missing) the irrigation treatment. One set of 
genotypes was irrigated at all the three-critical stages, while the other set of the same 
wheat genotypes was kept under drought stress. Fertilizer were applied at the rate of 46 
kg nitrogen, 34 kg phosphorus and 25 kg potash per acre All regular agronomic 
applications like fertilizer, hoeing, weeding, etc. were implemented equivalently in both 
experiments to lessen the experimental faults (Ahmed et al., 2018). 

 
Measurement of quality and yield components 

At maturity, when wheat plants were fully established, data were collected of 10 plants 
from each replication for following some quality and yield contributing characters of fifty 
crosses and their fifteen parents under normal and water deficient conditions. Harvesting 
was done on 8-15 April, 2018. The studied traits were observed using the following 
methods. The flag leaf area was calculated according to (Muller, 1991) i.e., (maximum 
length × maximum breadth) × 0.74. Then average area of flag leaf was calculated, relative 
water contents (RWC) and cell membrane thermo-stability (CMT) were measured using 
the standard methods described by Dhanda et al. (1998) and Blum and Ebercon (1981), 
respectively. Number of grain per spike (GPS) was counted from the spike of mother 
shoot of each randomly selected plant and 1000-grain weight (TGW) was measured with 
electric balance from the produce each pre- selected plant. For grain yield per plant (GYP) 
ten randomly selected plants were harvested at maturity and threshed grains were weighed 
using electric balance. The yield of mother tillers was also added to the produce. Then 
average yield was calculated as produce was divided by number of plants. Grain quality 
traits like, grain protein contents (GPC) and gluten contents (GC) investigated by 
Kernalyser (NIR spectroscopy, ISO17025 certified and 18 mm spacer), which included 
grain protein percentage (%) and grain gluten percentage (%) (Liana et al., 2012; Maria et 
al., 2013). The data of these quality characters were measured via Near-Infrared Radiation 
(NIR) procedure by running the wheat genotype samples. 

 
Biometrical analysis of line × tester 

Data recorded at different stages of plants for all traits, under normal and drought 
stress conditions, were subjected to analysis of variance (Steel, 1997) to sort out 
significant differences among studied germplasm. The traits which showed, significant 
genotypic differences, were further analyzed for the determination of other genetic 
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parameters. Studied characters were also subjected to line × tester analysis 
(Kempthorne, 1957) to calculate the combining ability, genetic components and 
proportional contribution under normal and drought conditions. 

Results and discussion 

Line × tester analysis of variances 

Mean square values from line × tester analysis of variances were considered to 
observe the significant variation in parents and their crosses for quality and yield 
contributing indices under normal and water deficit conditions (Table 1). Highly 
significant differences were scored between female parents and crosses for all studied 
traits in the present research under normal and water deficit conditions. Under both 
conditions highly significant differences were scored between parents for flag leaf area, 
relative water contents, cell membrane thermo-stability, grains per spike, and protein 
contents while significant variation was observed only under normal conditions for 
1000-grain weight. The GYP and GC between parents were showed non-significant 
variation under both conditions. 

 
Table 1. Mean squares values from line ×tester analysis of variances 

Sov Df 
FLA RWC CMT GPS TGW GYP GPC GC 

N D N D N D N D N D N D N D N D 

R 2 55.6 38.1** 140** 48.2** 53.56** 84.80** 120.00** 115.89** 10.07** 7.36 34.42** 264.78** 7.92** 4.23** 121.11** 19.98 

G 64 40.4** 40.0** 191** 144** 133.33** 92.92** 117.78** 96.42** 105.21** 81.51** 129.55** 94.15** 2.40** 2.53** 41.79** 34.37** 

P 14 40.6** 40.6** 155** 159.2** 86.23** 84.04** 74.41** 74.41** 10.17** 11.73 3.33 2.69 2.01** 2.01** 16.8 16.8 

C 49 40.38** 40.1** 205** 143** 142.35** 81.94** 128.31** 100.14** 130.45** 100.16** 106.76** 79.16** 2.42** 2.69** 48.31** 38.83** 

PvC 1 41.1** 27.4** 0.04 10.0 350.38** 754.86** 208.82** 222.36** 199.27** 144.51** 3013.3** 2109.13** 7.12** 2.44 71.95** 61.90** 

L 9 56.9** 63.5** 423** 328** 124.36** 44.71** 445.44** 329.55** 420.79** 348.01** 270.32** 197.93** 5.28** 5.14** 72.43** 33.25** 

T 4 29.9** 28.9** 118** 103** 394.06** 315.28** 60.71** 47.14** 40.36** 45.11** 45.01** 22.60** 1.06** 1.15 84.34** 98.76** 

L×T 36 37.4** 35.5** 160** 101** 118.88** 65.33** 56.54** 48.67** 67.87** 44.31** 72.73** 55.75 1.85 2.24** 38.28** 33.57** 

E 128 2.2 3.8 21.3 29.8 9.85 11.24 8.73 15.26 2.21 13.61 4.71 10.09 0.86 1.1 12.99 14.05 

SOV = sources of Variations, DF, degree of Freedom, FLA = flag leaf area, RWC = relative water content, CMT = cell membrane 
thermostability, GPS = grain per spike, TGW = thousand grain weight, GYP = grain yield per plant, GPC = grain protein content, 
GC = gluten content. D = drought stressed, N = normal (non-stressed), L = line (female parent), T = tester (male parent). R = replication, 
G = genotype, P = parent, C = cross, L = line, T = tester, E = environment, * = significant (P < 0.05), ** = highly significant (P < 0.01) 

 
 
Evaluation of the testers showed highly significant differences was for all examined 

characters in non-stressed and drought stressed environments except GPC which were 
non-significant under water deficit condition. Parent versus crosses (P vs C) exhibited 
non-significant results for RWC (normal and drought) and GPC (drought) while the 
variation in remaining traits were highly significant under normal and water deficit 
conditions. Considering the L × T interaction, highly significant variability existed for 
all tested traits under both conditions except GYP (drought) and GPC (normal) which 
showed non- significant behavior. 

Highly significant, variability was described by wheat breeders (Kalhoro et al., 2015) 
for GPS and GYP. Significant results were reported (Ramani et al., 2017) for relative 
water contents, protein and gluten contents. Earlier scientist reported (Minhas et al., 2014) 
the significant results of FLA and GPS between parents and their hybrids which were in 
accordance with the present findings. The line × tester analysis of variances (ANOVA) 
showed that the genetic variability existed between parents and their crosses/hybrids for 
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some quality and yield contributing indices in wheat under normal and water deficit 
conditions. So, this germplasm could be used in future for wheat hybrid breeding schemes 
to develop the drought tolerant and high yielding wheat varieties. 

 
Flag leaf area (cm2) 

Flag leaf has perilous role in wheat, because its photosynthates to be stored in seed. 
So, it has direct relationship with grain yield. Under normal and water deficit conditions 
maximum flag leaf area (FLA) 39.67 cm2 and 28.67 cm2 respectively was scored for 
Line1 (L1). Among the male parents, highest mean values for FLA were 36.19 cm2 and 
31.24 cm2 for Tester1 (T1) under both conditions, respectively (Table 2). Highly 
significant positive general combining ability (GCA) effects were revealed by the 
genotype L1 possessing the values 3.31 and 3.51 under normal and water deficit 
conditions, respectively. Among testers, the genotypes T1 had maximum positive GCA 
effects with the values 1.28 and 1.48 under normal and water deficit conditions, 
respectively (Table 3). Similar findings have been reported by wheat breeders (Kumar 
et al., 2011) for this trait in wheat crop using the same methodology as in current study. 

 
Table 2. The parental genotypes with highest mean values for various traits under study 

Characters Normal Drought 

Flag leaf area L1 (39.67), L2 (37.83), T1 (36.19) L1 (28.67), L2 (26.83), T1 (31.24) 

Relative water contents L1 (80.32), L2 (78.32), T1 (63.32) L1 (69.16), L2 (67.32), L3 (58.19) 

Cell membrane thermo-stability L1 (58.69), L3 (57.69), T1 (50.90) L1 (56.6), L3 (55.6), T1 (48.60) 

Grain per spike L1 (65.63), L2 (64.34), T1 (56.34) L1 (48.55), L2 (47.34), T1 (40.34) 

Thousand grain weight L1 (52.54), L9 (51.56), T2 (48.98) L1 (34.31), L6 (34.31), T2 (32.98) 

Grain yield per plant L1 (33.95), L2 (33.8), T1 (27.00) L1 (21.89), L3 (21.79), T1 (18.00) 

Grain protein contents L10 (12.92), T4 (12.83), T4 (12.83) L1 (14.97), T1 (14.95), T5 (14.95) 

Gluten contents L10 (28), L2 (25.97), T4 (22.67) L1 (29.93), L2 (27.9), T5 (24.9) 

L = line (female parent), T = tester (male parent) 

 
 
Among crosses, FLA mean values exhibited in L1 × T1 as 43.28 cm2 and 32.17 cm2 

under normal and water deficit conditions, respectively. The estimation of SCA effects for 
the flag leaf area was revealed that cross combinations L1 × T1 possessed maximum 
positive SCA effects with the values 6.26 and 6.07 under normal and water deficit 
conditions, respectively (Table 4.). Significant GCA and SCA effects were observed 
earlier by many wheat scientists (Akram et al., 2011; Zeeshan et al., 2013) for this trait. 
Significant and positive hybrid vigor is beneficial for this character accordingly desirable 
for breeding program (Longin et al., 2012) but negative SCA were also found by earlier 
wheat breeders (Minhas et al., 2014). Flag leaf area (FLA) of wheat plant is an important 
character and directly influence on yield because greater area enables to produce 
photosynthates in higher amount, which have to translocate in seed to increase their yield. 

 
Relative water content (%) 

Soil moisture deficit is a major adverse factor in arid and semi-arid zones, causing 
lower leaf water potential, leading to reduced turgor and, ultimately, lower crop 
productivity. Under normal and water deficit conditions maximum relative water 
content 80.32% and 69.16% was scored in L1. Maximum mean values of relative 
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water content 63.32% (normal) and 58.19% (drought) for T1 (Table 2). The 
magnitude of GCA effects between female parents, the highest positive GCA effects 
were revealed by the genotype L1 possessing the values 9.45 (normal) and 7.64 
(drought). Among testers, the genotypes T3 (normal) and T1 (drought) had maximum 
positive GCA effects with the values 1.78 and 1.90 respectively as shown in Table 3. 
Similar research has also been confirmed by whet breeders (Ashfaq et al. , 2016) using 
line × tester analysis. 

 
Table 3. The parental genotypes with highest general combining ability (GCA) effects 

Characters  Normal Drought 

Flag leaf area 
L L1(3.31), L2(2.91), L10(1.11) L1(3.51), L2(3.11), L10(1.31) 

T T1(1.28), T2(0.87) T1(1.48), T2(0.42) 

Relative water 
contents 

L L1(9.45), L7(5.04), L2(4.83) L1(7.64), L7(5.55), L2(2.54) 

T T3(1.78), T2(1.03) T1(1.90), T2(0.59) 

Cell membrane 
thermo-stability 

L L1(3.65), L2(3.54), L10(2.22) L1(2.94), L10(0.96), L7(0.73) 

T T1(2.72), T3(2.46) T1(3.65), T3(1.63) 

Grain per spike 
L L1(7.95), L6(6.96), L5(5.62) L1(6.89), L6(5.75), L5(5.7) 

T T1(1.66), T2(1.24) T1(1.91), T2(0.42) 

Thousand grain 
weight 

L L1(9.37), L3(4.58), L10(4.11) L1(5.03), L3(4.77), L10(4.17) 

T T2(1.52), T3(0.58) T1(1.06), T3(0.34) 

Grain yield per plant 
L L1(4.47), L2(4.26), L10(3.54) L1(3.74), L2(2.86), L10(2.15) 

T T1(1.67), T2(0.48) T1(1.04), T4(0.43) 

Grain protein contents 
L L10(1.46), L9(0.33), L6(0) L1(1.34), L9(0.22), L4(0.20) 

T T3(0.16), T2(0.13) T1(0.17), T2(0.06) 

Gluten contents 
L L10(3.79), L5(1.66), L6(1.60) L1(2.27), L10(2.09), L7(1.27) 

T T4(1.83), T3(1.52) T3(1.78), T4(1.08) 

L = line (female parent), T = tester (male parent) 

 
 
Among crosses RWC mean values varied from 82.73% to 77.30% for cross L1 × T1 

in non-stressed and drought stressed environments respectively and the remaining 5 
superior crosses also presented in Table 4. The magnitudes of SCA effects for RWC 
revealed that cross combinations L1 × T1 possessed maximum positive SCA effects 
with the values 13.55 and 15.26 in non-stressed and drought stressed environments 
respectively (Table 4). Similar results were scored by many plant scientists (Ashfaq et 
al., 2016; Ramani et al., 2017) for SCA effects in wheat crop against relative water 
contents trait. This physiological characteristic has great importance when screening 
wheat genotypes for drought tolerance. Plant scientists showed that wheat cultivars 
having high RWC are more resistant to drought stress. 

 
Cell membrane thermo-stability (%) 

Cell membrane thermo-stability (CMT) is a useful parameter for the rapid evaluation 
of drought response in wheat breeding. This is the only adaptive and positive response 
beneficial to the plant under drought conditions. The line L1 had maximum cell 
membrane thermo-stability 58.69% (normal) and 56.60% (drought) while the tester, T1 
had maximum values 50.90% (normal) and 48.60 (drought) as displayed in Table 2. 
Among female parents L1 possessed maximum positive GCA effects with the values 
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3.65 and 2.94 in non-stressed and drought stressed environments respectively. Among 
testers, maximum positive GCA effects were possessed by T1 with the values 2.72 and 
3.65 under non-stress and stress conditions respectively (Table 3). These findings are 
similar with the previous results reported in wheat crop under normal and drought stress 
conditions for this trait (Longin et al., 2012; Ramani et al., 2017). In the current study 
for CMT, the genotypes showing the best performance were classified as drought-
tolerant, while the low performing genotypes were identified as drought-susceptible. 

The CMT mean values were 64.03% (normal) and 60.70% (drought) for the crosses 
L6 × T3 and L1 × T1 as mentioned in Table 4. The magnitudes of SCA effects revealed 
that cross combinations L1 × T1 had positive SCA effects with the values 10.69 and 
6.09 under both conditions, respectively (Table 4). Previously some scientists (Longin 
et al., 2012) inspected significant GCA and SCA effects in hexaploid wheat using line × 
tester mating designs and support the current study results. While some wheat breeders 
(Punia et al., 2011) reported the highest positive GCA effects as compared to SCA 
effects for CMT and their results contradicted with current study. The relative water 
content and cell membrane thermo-stability were also considered important selection 
criteria for wheat against drought stress. 

 
Grain per spike 

Under normal conditions grains per spike mean values varied from 57.34 to 65.63 for 
lines, in tester ranged from 49.63 to 56.34. The line L1 had maximum number of grain 
per spike (GPS) 65.63 and 48.55 in non-stressed and drought stressed environments, 
respectively. The tester, T1 had maximum values 56.34 and 40.34 under both 
conditions, respectively as displayed in Table 2. Among lines, the genotypes L1 
possessed maximum positive GCA effects with the values 7.95 under non-stress and 
6.89 under stress. Among testers, maximum positive GCA effects were possessed by T1 
with the values 1.66 for normal and 1.91 for drought (Table 3). These findings match 
with the results of Kumar et al. (2011) and their colleagues using line × tester mating 
design in wheat crop for this trait. 

Among crosses, grains per spike having maximum mean values 66.34 (normal) and 
49.32 (drought) for L1 × T1 as mentioned in Table 4. The magnitudes of SCA effects 
revealed that cross combinations L1 × T1 and highly significant and positive SCA 
effects with the values 8.24 and 7.71 in non-stressed and drought stressed environments, 
respectively, as presented in Table 4. Significance SCA effects for grain per spike in 
wheat was estimated by wheat breeders (Kalhoro et al., 2015) which are similar with 
our findings. Both significant GCA and SCA effects also reported (Bibi et al., 2013; 
Ahmed et al., 2017b) in non-stressed and drought stressed environments and were in 
accordance with current findings. 

 
1000-grain weight (g) 

Under normal conditions maximum 1000 grain weight (TGW) 52.54 g was scored in 
L1. Maximum mean values of TGW were 48.98 g for T2 between male parents (Table 
2). The mean values of TGW under drought conditions the line L1 had maximum TGW 
34.31 g and tester T2 (32.98) as shown in Table 2. Among female parents L1 possessed 
maximum positive GCA affects with the values 9.37 and 5.03 while, between the testers 
maximum positive GCA effects were possessed by T2 and T1 with the values 1.52 and 
1.06 in non-stressed and drought stressed environments respectively as displayed in 
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Table 3. These findings are in line with the findings of wheat scientists (Fellahi et al., 
2013; Liu et al., 2016) for this attribute in wheat crop under normal and drought stress 
conditions. 

 
Table 4. Mean and specific combining ability (SCA) values of superior crosses (hybrids) in 
non-stressed and drought stressed environments 

Characters 
Mean  SCA 

Normal Drought Normal Drought 

Flag leaf area 

L1 × T1 (43.28) L1 × T1 (32.17) L1 × T1 (6.26) L1 × T1 (6.07) 
L1 × T2 (42.19) L1 × T2 (31.21) L9 × T4 (5.58) L10 ×T4 (6.04) 
L10 × T4 (40.5) L10 × T4 (29.5) L6 × T5 (5.12) L9 × T4 (5.36) 
L2 × T2 (40.22) L2 × T3(29.45) L1 × T2 (4.92) L6 × T5 (4.78) 
L2 × T3 (40.21) L2 × T2 (29.22) L10 × T4 (4.33) L1 × T2 (4.72) 

Relative water 
contents 

L1 × T1 (82.73) L1 × T1 (77.30) L1 × T1 (13.55) L1 ×T1 (15.26) 
L1 × T3 (82.32) L3 × T5 (69.32) L4 × T2 (10.03) L9 × T1 (8.68) 
L3 × T5 (80.32) L7 × T3 (68.67) L10 × T4 (9.56) L6 × T5 (8.18) 
L2 × T5 (79.66) L1 × T3 (67.55) L9 × T1 (7.95) L4 × T2 (7.19) 
L1 × T2 (79.32) L8 × T1 (67.32) L8 × T1 (7.84) L5 × T2 (6.99) 

Cell membrane 
thermo-stability 

L6 × T3 (64.70) L1 × T1 (60.70) L1 × T1 (10.69) L1 × T1 (6.09) 

L7 × T3(64.03) L4 × T3(60.05) L6 × T5 (9.89) L9 × T5 (6.07) 
L1 × T1 (62.80) L6 × T3 (59.95) L9 × T4 (9.27) L8 × T2 (5.22) 
L3 × T1 (62.69) L9 × T3 (59.75) L9 × T5 (7.28) L8 × T1 (5.11) 
L7 × T1 (62.69) L8 × T1 (59.60) L2 × T4 (7.65) L2 × T5 (4.85) 

Grain per spike 

L1 × T1 (66.34) L1 × T1 (49.32) L1 × T1 (8.24) L1 × T1 (7.71) 
L5 × T4 (66.04) L5 × T4 (49.04) L4 × T4 (6.51) L2 × T1 (5.38) 
L6 × T2 (66.04) L6 × T1 (48.34) L2 × T1 (4.56) L4 × T5 (5.15) 
L6 × T1 (65.34) L5 × T3 (47.34) L2 × T3 (4.56) L10× T2 (5.06) 
L5 × T3 (64.34) L6 × T2 (47.29) L7 × T1 (4.08) L4 × T4 (3.78) 

Thousand grain 
weight 

L1 × T2 (58.54) L1 × T1 (38.54) L1 × T2 (8.78) L1 × T1 (7.83) 
L1 × T4 (58.54) L10 × T3 (38.54) L7 × T5 (8.04) L7 × T5 (6.67) 
L1 × T1 (56.55) L3 × T4 (38.54) L3 × T3 (6.61) L10× T1 (5.63) 
L1 × T3 (56.54) L10× T1 (38.23) L4 × T1 (5.84) ------ 

L3 × T4 (55.54) L7 × T2 (38.19) L10 × T1 (5.59) ------ 

Grain yield per 
plant 

L1 × T1 (36.91) L1 × T1 (25.91) L1 × T1 (6.93) L1 × T1 (6.90) 
L1 × T 2 (33.39) L3 × T 2 (23.35) L6 × T4 (6.18) L9 × T2 (6.5) 
L10 × T2 (32.39) L1 × T3 (22.00) L2 × T5 (6.16) L3 × T2 (6.09) 

L3 × T2 (31.00) L2 × T5 (22.00) L3 × T1 (6.12) L2 × T5 (6.09) 
L6 × T5 (30.06) L2 × T1 (22.00) L6 × T5 (6.08) L5 × T3 (4.94) 

Grain protein 
contents 

L10 × T5 (14.06) L1 × T1 (14.97) L1 × T3 (2.22) L1 × T1 (1.95) 
L9 × T2 (14.01) L10 × T5 (14.95) L7 × T3 (1.96) L2 × T1 (1.72) 
L1 × T5 (13.98) L6 × T2 (14.92) L9 × T2 (1.91) L5 × T2 (1.34) 
L7 × T2 (13.97) L1 × T4 (14.90) L5 × T2 (1.65) L1 × T5 (1.26) 
L2 × T1 (13.95) L8 × T3 (14.89) L2 × T1 (1.03) ------ 

Gluten contents 

L1 × T1 (28.97) L5 × T4 (31.60) L1 × T1 (6.75) L1 × T1 (4.86) 
L5 × T4 (28.67) L5× T1 (30.95) L9 × T4 (5.11) L9 × T4 (4.38) 
L5 × T5 (28.67) L8 × T4 (30.90) L2 × T2 (4.65) L5 × T4 (4.32) 
L7 × T4 (28.67) L8 × T3 (30.60) L1 × T2 (4.55) ------ 

L8 × T3 (28.67) L7 × T3 (30.31) ------ ------ 
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Among crosses, the highest mean values 58.54 g and 38.54 g for L1 × T1 in non-
stressed and drought stressed environments as shown in Table 4. The magnitudes of 
SCA effects for 1000-grain weight revealed that cross combinations L1 × T2 and L1 × 
T1 in non-stressed and drought stressed environments possessed maximum positive 
SCA effects with the values 8.78 and 7.83 respectively (Table 4). Similar findings were 
scored (Fellahi et al., 2013; Ahmed et al., 2017b) for this character from combining 
ability analysis in wheat crop under normal and drought stress conditions. 

 
Grain yield per plant (g) 

In non-stressed and drought stressed environments maximum grain yield per plant 
(GYP) 33.95 g and 21.89 g were scored in L1 respectively. Maximum mean values for 
GYP 27.00 g and 18.00 g under both conditions respectively (Table 2). The magnitude 
of GCA effects between female parents revealed by the genotypes L1 and L5 possessing 
the highest positive values 4.47 and 3.74 while the T1 showed the highest positive GCA 
effects with the values 1.67 and 1.04 in non-stressed and drought stressed environments 
respectively (Table 3). 

Among crosses, GYP showing highest mean values 36.91 g (normal) and 25.91 g 
(drought) for cross L1 × T1 as shown in Table 4. The magnitudes of SCA effects 
revealed that cross combinations L1 × T1 had positive and highly significant SCA 
effects with the values 6.93 and 6.90 under both conditions respectively as presented in 
Table 4. Grain yield per plant had significant GCA and SCA effects described earlier 
from combining ability analysis in wheat crop (Fellahi et al., 2013; Kalhoro et al., 2015) 
under normal and drought stress conditions while, some scientists (Kumar et al., 2011; 
Ahmed et al., 2018) inspected the higher positive GCA effects than SCA effects for this 
character which showed the contradiction with the current results. Only significant SCA 
effects for GYP that were exhibited the contribution of dominant genes action. Grain 
yield is polygenic characters which is affected environmental conditions. Significant 
genetic variability between wheat germplasm for yield contributing traits was found by 
Minhas et al. (2014), Ashfaq et al. (2016) and Ahmed et al. (2019). 

 
Grain protein contents (%) 

Under normal condition maximum grain protein contents (GPC) 12.92%was scored 
in L10 while, maximum mean values for GPC was 12.83% for T4. Under drought 
conditions, the line L1 had maximum GPC 14.97%, the GPC maximum value 14.95 for 
T5 as shown in Table 2. The highest positive GCA effects between female parents were 
revealed by the genotypes L10 and L1 possessing the values 1.46 and 1.34 while, the 
genotype T3 (3.79) and T1 (0.17) in non-stressed and drought stressed environments 
respectively. These results are supported by the earlier findings (Guzmán et al., 2016) in 
wheat genotypes from combining ability analysis using line × tester mating design. 

The cross combination L10 × T5 had maximum values 14.1 under normal conditions 
while, 14.9 for L1 × T1 under drought environments. The magnitudes of SCA effects of 
GPC revealed that cross combinations L1 × T3 (normal) and L1 × T1 (drought) were 
possessed maximum positive SCA effects with the values 2.22 and 1.95 respectively 
(Table 4). It was perceived (Maich et al., 2017) that genetic distance was significantly 
and positively linked with SCA effects for grain protein contents in wheat crop under 
normal and drought stress conditions. From combining ability study only significant 
SCA effects were observed for protein contents in wheat grain. Both GCA and SCA 
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effects were also recorded (Kraljević-Balalić et al., 1982) and exhibited significance in 
the inheritance of grain protein contents in wheat grain under normal and drought stress 
conditions. 

 
Gluten contents (%) 

Under normal condition maximum gluten contents (GC) values 28.00% was scored 
in L10 while 22.67% for T4 (Table 2). Under drought conditions line L1 had maximum 
GC 29.93% and maximum value 24.90% for T5 as shown in Table 2. Among lines, the 
genotypes L10 and L1 possessed maximum positive GCA effects with the values 3.79 
and 2.27 while the genotypes having maximum GCA effects T4 and T3 with the values 
1.83 and 1.78 in non-stressed and drought stressed environments, respectively (Table 3). 
These results are similar with the study by several wheat scientists (Peng et al., 2011; 
Guzmán et al., 2016) in wheat genotypes from combining ability analysis using line × 
tester mating design under normal drought stress conditions. 

The cross combinations L1 × T1 and L5 × T4 had maximum values 28.97% and 
31.60% in non-stressed and drought stressed environments, respectively. The 
magnitudes of SCA effects revealed that cross combinations L1 × T1 had positive SCA 
effects with the values 6.75 and 4.86 in non-stressed and drought stressed environments 
respectively as presented in Table 4. Gluten contents had significant GCA and SCA 
effects examined by wheat breeders (Arya et al., 2017) which were in line with the 
current study. It is the ability of an individual to transfer the best character to its 
cross/hybrid and designates the significant breeding value of individuals in the creation 
of the best hybrid (Kempthorne, 1957). It is an influential analysis to differentiate the 
best and poor combiners for selecting suitable parental genotypes for a specific trait in 
wheat breeding scheme and also delivers the evidence about the types of gene action 
controlling the yield and yield related characters. 

 
Gene action 

Variance due to GCA = σ2 GCA is helpful for determining the hybrid potential using 
the GCA effects values of their parental lines. Trial based research (Fellahi et al., 2013; 
Kalhoro et al., 2015) exhibited that GCA variances are more prominent than SCA 
variances, assortment due to GCA effects of the tester (male parent) is a favorable 
method, but choice of lines (female parent) with maximum GCA in crosses is essential 
to exploit the yield in the production of hybrid seed (Longin et al., 2012). 

If general combining ability variance is greater than specific combing ability 
variance then selection will be done in the earlier generations due to the presence of 
additive types of gene action. If the values of SCA variances are higher from GCA 
variances, then dominant genes are supposed to be responsible for controlling the 
character and hybrid breeding can be proposed and selection are not useful in earlier 
generation. In present study the GCA:SCA ratio was less than one which indicating the 
preponderance of dominance types of genetic effects under both conditions in studied 
characters. In this case hybrid breeding may be recommended and it would be greater 
effective. The SCA variance was greater than GCA variance for number of tillers per 
plant and cell membrane thermos-stability suggesting that dominance types of genetic 
effects was prominent in the inheritance for these characters. Similar results have been 
observed by many wheat scientists (Liu et al., 2016; Longin et al., 2012) in wheat crop 
using line × tester mating design under normal and drought stress conditions. 
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Due to non-additive genetic mechanism governing most of the yield relating traits, 
selection of the superior plants would have to be practiced with great care while 
handling the plant-material in segregating generations. Observing the proportional 
contributions of female parents, male parents and their hybrids to the total variance for 
studied traits (Table 5), lines were more prominent for the characters like flag leaf area, 
relative water contents, cell membrane thermo-stability, grain yield/plant, GPC and GC 
under normal irrigation, indicating a predominant maternal influence. Tester 
contribution was very low proportion, while the line × tester interaction contributed 
predominantly to1000-grain weight under both conditions Various scientists have 
suggested only dominance genetic effects (Kumar et al., 2011; Bibi et al., 2013) and 
some reported (Kalhoro et al., 2015) the additive genetic effects for yield and yield 
related traits in wheat under both conditions for improving the selection efficiency. Both 
types of genetic effects in yield contributing characters of wheat were suggested 
(Akram et al., 2011) from combining ability analysis under drought stress 
environments. 

 
Table 5. Estimates of genetic components and proportional contributions of lines and tester 

Traits Environment 

Gene action 
Proportional 
contribution 

б2 GCA б2 SCA 
б2A = б2 

GCA*2 

б2D = б2 

SCA  
б2A/б2D L T L × T 

FLA 
N 0.04 11.73 0.08 11.73 0.01 26 6 68 

D 0.06 10.53 0.12 10.53 0.01 29 6 65 

RWC 
N 0.59 46.42 1.18 46.42 0.03 38 5 57 

D 1.00 24 2 24 0.08 42 6 52 

CMT 
N 36.3 0.31 72.68 0.31 234.4 16 23 61 

D 18.0 0.22 36.06 0.22 163.9 10 31 59 

GPS 
N 0.95 15.94 1.9 15.94 0.12 64 4 32 

D 0.68 11.14 1.36 11.14 0.12 60 4 36 

TGW 
N 0.83 21.89 1.66 21.89 0.08 59 3 38 

D 0.74 10.23 1.48 10.23 0.14 64 4 33 

GYP 
N 0.45 22.67 0.9 22.67 0.04 47 3 50 

D 0.31 15 0.62 15 0.04 46 2 52 

GPC 
N 0.01 0.61 0.02 0.61 0.03 35 3 62 

D 0.01 0.38 0.02 0.38 0.05 35 3 61 

GC 
N 0.16 7.33 0.32 7.33 0.04 32 13 55 

D 0.07 6.51 0.14 6.51 0.02 16 21 64 

FLA = flag leaf area, RWC = relative water content, CMT = cell membrane thermostability, 
GPS = grain per spike, TGW = thousand grain weight, GYP = grain yield per plant, GPC = grain 
protein content, GC= gluten content. L = line (female parent), T = tester (male parent) 

 
 
Breeding with drought resistance of wheat is very important for sustainable food 

production. In the future research, each new cross from breeder involves the 
modification of genome-wide gene networks (Appels et al., 2018) that control the 
expression of drought and yield, especially the dynamics of change in complex gene 
families involved in drought adaptation. 
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Conclusion 

Among parents, the line 9493 (L1) and the tester 9508 (T1) proved to be the best 
general combiners for most of the yield contributing indices under both conditions due 
to higher GCA effects. Among the hybrids L1 × T1 was the ideal specific combiner for 
most of the quality and yield related traits under both conditions. GCA variances were 
observed less than SCA variances suggesting that a dominance genetic effect was 
prominent in the inheritance for examined indices. Hence, the selection practice for 
superior individual plants should be delayed to next generations like F4 or F5. The 
superior genotypes and their cross combinations showed promising one for exploitation 
in wheat breeding program to develop best quality and high yielding wheat genotypes 
against drought stress conditions to fulfill the needs of wheat and sustainable food 
security. 
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Abstract. This paper provides an analysis of the effect of submerged vegetation on the physicochemical 
parameters of water with particular regard to transparency in mining subsidence reservoirs (MSR). The 
research encompassed 8 subsidence reservoirs with a diversified structure of submerged plants in the 
littoral zone. It has been proven that reservoirs where submerged vegetation coverage is greater than 25% 
of the water surface area are characterized by significantly greater transparency of water. High water 
transparency is desirable due to a greater utility value of reservoirs and their biologic diversity. The 
results from this research indicate that supporting the development of submerged vegetation in mining 
subsidence reservoirs may be an effective method for improving the water quality of such reservoirs. 
Keywords: submerged vegetation, mining subsidence reservoirs, water clarity, alternative stable states, 
physicochemical parameters 

Introduction 

Subsidence reservoirs, as anthropogenic water ecosystems, are generally formed as a 
result of underground mining activity. This type of reservoirs compared to natural 
reservoirs (Sierka et al., 2012), frequently characterize high concentrations of dissolved 
substances, primarily sulfates and chlorides, and may be subject to intensive 
eutrophication (Raclavská et al., 2003; Strzelec et al., 2010; Kašovská et al., 2014). The 
water eutrophication is leading to dominance of algae, as well as reduction or even 
elimination of submerged plants, and cause the deterioration of water quality in 
reservoirs (Irfanullah and Moss, 2004). Hasler and Jones (1949), Jeppesen et al. (1990), 
Gross and Sütfeld (1994), Coops and Doef (1996), Bachmann et al. (2002), Nakamura 
et al. (2008), Kosten et al. (2009), Li et al. (2014), Phillips et al. (2016) and Verhofstad 
et al. (2017) have proved in their research that submerged plants have the capability to 
increase the clarity of water and efficiency of pollutant removal e.g. lakes. As a starting 
point of investigation within this paper should be the resume of general ideas behind the 
alternative stable states theory for shallow lakes. The theory indicates that if submerged 
plants are abundant, they can greatly reduce turbidity (Scheffer et al., 1993). Is the fact 
that the research has been conducted for almost 30 years. The problem of maintaining 
the clarity of water is still valid (Wang et al., 2019), because it is closely related to the 
searching of effective methods to maintain good status of water ecosystems. Access to 
the reservoirs with clear water for citizens, especially in urban and periurban areas 

https://www.researchgate.net/profile/Haseeb_Irfanullah
https://www.researchgate.net/profile/Brian_Moss2
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(Woźniak et al., 2018), is important factor to enhance their well-being. Furthermore, 
only ecosystems with good water quality deliver suitable habitats for aquatic organisms 
(Tokarska-Guzik and Rostański, 1996; Pierzchała et al., 2016). 

One of the water quality parameters is clarity which indicates the presence or 
absence of suspended matter, and hence it is a reflection of the overall quality of the 
water. The role of macrovegetation in reservoirs formed in subsidence basins as a factor 
related to improving water quality is unknown. It seems that understanding the 
relationship between the functioning of submerged vegetation and water parameters in 
mining subsidence reservoirs may be the basis for their effective restoration (Hilt et al., 
2006). In natural shallow reservoirs, vegetation is not the only one parameter used for 
the evaluation of the ecological condition of water ecosystems. Aquatic plants, 
particularly species with submerged leaves, compete with algae for domination in the 
water ecosystems. 

The main aim of this paper is to answer these questions: 
1) is submerged vegetation a factor promoting water clarity in mining subsidence 

reservoirs as in lake? 
2) does water clarity depends from submerged vegetation percentage cover surface 

area of the mining subsidence reservoirs? 

Materials and methods 

Area of research 

The research was conducted within subsidence reservoirs located in Karvina county, 
Czechia. The area of research is part of the Ostrava-Karvina coal basin located within 
the Moravian-Silesian Region in the North-Eastern part of Czechia. The region is 
entirely industrial in nature and its landscape has been strongly affected by coal mining 
activities (Macoun et al., 1965; Menčik, 1983). There are also dozens of fresh water 
reservoirs of various size, formed due to direct activity (storage reservoirs, fish ponds) 
and indirect human activity (subsidence reservoirs). The accumulation of water is 
geologically related to Quaternary layers, primarily Quaternary sands and clayey sands 
that prevail in this area (Plaček, 1984). The elevated salinity of water in subsidence 
reservoirs is primarily the effect of washing out substances from mine waste dumps 
(Molenda and Rzętała, 2001). In addition, gangue (waste material from mining) is 
frequently used to shape the shore of the analyzed objects. The leaching of readily 
soluble mineral components (primarily chlorides and sulfates) from such formations 
leads to the higher salinity of the water. 

In order to conducted research on the effect of the aqatic vegetation on water 
chemistry, informed by former reaserch (Raclavská et al., 2003; Stalmachová, 2003; 
Pertile, 2007), 8 reservoirs of diverse salinity and trophic status were selected 
(Figure 1). All of the selected reservoirs had undergone spontaneous succession for at 
least 10 years. The hydromorphological properties of the analyzed reservoirs are 
presented in Table 1. 

Methodology 

Water samples were collected from May to October in monthly intervals in 2010. 
The sampling points (one par lake) were determined within the littoral zone, at a 
distance of over 50 m from the reservoir’s inlet and outlet, where water movement was 
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undisturbed. The water transparency were measured in situ by Secchi Disk. The depth 
where the Secchi Disk settles beyond visual recognition, was determined as an index of 
water transparency - SD (Secchi Depth). The laboratory analyses included the following 
physico-chemical parameters: pH, TSS (Total Suspended Solids), TDS (Total Dissolved 
Substances), TN (Total Nitrogen), and TP (Total Phosphorus) were conducted in 
accordance with appropriate standards ISO. Seasonal mean values of the parameters 
were used for further computational analyses. 
 

Figure 1. Location of the research subjects. 1 - Pod lesem, 2 - Bartošůvka, 3 - František, 4 - 
Barbora, 5 - U cesty, 6 - Darkovské moře, 7 - Velký Myškovec, 8 - Mlýnské rybníky against the 

background of the hydrographic network 
 
 

Table 1. Hydromorphological properties of the analysed reservoirs 

Subject 
No. 

Name of the 
reservoir 

Depth 
[m] 

Area [ha] 
Circumference of 
the reservoir [m] 

Shore with forest 
covered area [%] 

Flow-through 
reservoir 

1 Pod lesem 2.5 1.34 701 85.8 Yes 
2 Bartošůvka 8.5 3.95 1070 0 Yes 
3 František 5 0.57 386 29.2 No 
4 Barbora 4.5 1.24 740 51.3 No 
5 U cesty 4.5 0.79 368 45.3 No 
6 Darkovské moře 25 34.9 2311 0 Yes 
7 Velký Myškovec 3.5 6.56 1106 74.1 Yes 
8 Mlýnské rybník 3 17.33 2288 17.8 Yes 

 
 

Vegetation research was conducted in August 2010, when there was a stable water 
level according to the methodology by Grulich and Vydrová (2006). Each reservoir, 
depending on its surface, was divided into 6-10 transects perpendicular to the shoreline. 
Transects were further divided into zones with regard to their depth: 0-1 m, 1-2 m, 
2-3 m, >4 m (Schaumburg et al., 2004). In each zone there were 2 research plots of an 
area of 1 m2. The composition of the aquatic vegetation, in terms of species and 
coverage of each, species was determined as a percentage: 0, 1, 10, 20, 30... 100%. To 
characterise the spatial structure of macrophytes of each reservoir the average 
percentage of vegetation coverage for individual species was calculated and this value 
was used for further analysis. 
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The different aquatic vegetation were classified according to their ecological groups: 
elodeids –classified submerged macrophytes and nymphaeids - plants rooted in the 
bottom with leaves floating on the water surface. 

The normality data of distribution within particular groups was confirmed using the 
Shapiro-Wilk test. The parametric T-test (Statistica 12.0) was employed to determine 
the significance of differences among particular groups with regard to the values of 
physico-chemical and hydromorphological indicators. The relationship between the 
aquatic vegetation characteristics and physico-chemical parameters of the water samples 
were analysed using Pearson's linear correlation coefficient. 

In order to determine the habitat conditions that differentiate the type of aquatic and 
coastal vegetation, a linear model of ordination analysis, PCA (Principal Component 
Analysis) was applied. The PCA was used to: 1) identify the main differentiation 
patterns of aquatic vegetation and 2) determine the relationship between the 
differentiation of vegetation and the analyzed environmental factors. RDA (Redundancy 
Analysis) was employed to determine to what extent coverage of elodeids and 
nymphaeids affect the diversity of basic water quality parameters (SD, TN, TP, TSS). 
The Monte Carlo permutation test (499 permutations) was used to determine the 
significance of explanatory variables in the RDA model. The analysis was conducted 
using the CANOCO package. Prior to analysis all environmental data ver log(x+1) 
transformed (Šmilauer and Lepš, 2014). 

In order to define the major relationships between the percent cover type of aquatic 
vegetation and hydromorphological and physico-chemical water parameters, a 
parametric test of Pearson’s correlation coefficient was conducted (Statistica 12.0). 
Parameters that showed significant statistical correlation (p < 0.05) were included in the 
ordination analysis. Due to the length of the gradient obtained in the preliminary 
Canonical Correspondence Analysis (CCA) (gradient length <3), the linear model of 
ordination analysis (PCA and RDA) was used (Lepš and Šmilauer, 2000). Ordination 
analysis were conducted in CANOCO 4.1. 

Results 

The main species, in the reservoirs sampled forming submerged vegetation 
communities are Ceratphyllum demersum, Myriophyllum spicatum, and Najas marina 
(Table 2). With regard to the type of vegetation, submerged vegetation in reservoirs 6, 
4, 3 and 5 plant cover a was greater than 25% of the water surface area. 

The analyzed reservoirs were divided into two groups with regard to the average 
percentage cover of submerged vegetation. The first group encompassed reservoirs 
where elodeids cover was at least 25% (Group I - site 6, 4, 3, 5), while the second group 
included reservoirs where the submerged vegetation cover less than 25% of the water 
surface area (Group II - site 7, 8, 1, 2). The transparency of water in Group I reservoirs 
exceeded 1.8 m and this was a statistically significant difference when compared to 
reservoirs where submerged vegetation was scarced. Significant differences between the 
analyzed groups of reservoirs were also found in the values of pH, salinity (TDS) and 
the concentration of suspended solids. The mean concentration of total phosphorus in 
the group of reservoirs abundant in vegetation was within the range 0.011 - 0.06, while 
in the other group it was within the range 0.01 - 0.03. Moreover, no differences in 
nitrogen concentration were found between these groups (Table 3). No statistically 
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significant differences in the morphological parameters presented in table 1 were found 
between the analyzed groups of reservoirs. 
 

Table 2. Diversity of aquatic vegetation in particular reservoirs 

Number of the reservoir 
6 4 3 5 7 8 2 1 

Average cover [%] 
elodeids 57.75 38 29.17 28.5 5.76 1.56 0 0 

Ceratophyllum demersum (Cer_dem) 5.25 38 28.33 4 0.20 0 0 0 
Elodea canadensis (Elo_can) 0.25 0 0 0 0.10 0 0 0 

Lemna minor (Lem_min) 0 4.833 1.667 0 0 0 0 0 
Myriophyllum spicatum (Myr_spi) 0.75 0 0.833 24.5 0 0 0 0 

Najas marina (Naj_mar) 28.5 0 0 0 2.93 1.56 0 0 
Najas minor (Naj_min) 12.5 0 0 0 0 0 0 0 

Potamogeton crispus (Pot_cri) 0.625 0 0 0 0.61 0 0 0 
Potamogeton nodosus (Pot_nod) 2.625 0 0 0 0.30 0 0 0 

Potamogeton obtusifolius (Pot_obt) 0.125 0 0 0 0 0 0 0 
Potamogeton pectinatus (Pot_pec) 0.25 0 0 0 0 0 0 0 

Potamogeton lucens (Pot_luc) 0 0 0 0 1.62 0 0 0 
Ranunculus aquatilis (Ran_aqu) 1.125 0 0 0 0 0 0 0 
Utricularia vulgaris (Utr_vul) 6.875 0 0 0 0 0 0 0 

nymphaeids 1.5 6.833 1.667 1.5 0.808 1.778 0 0 
Nymphea alba (Nym_alb) 0 0 0 0 0.808 0 0 0 

Polygonum amphibium (Pol_amp) 0.375 2 0 1.5 0 1.778 0 0 

 
 

Table 3. Physico-chemical water parameters of the analyzed reservoirs 

Groups 
Reservoir 

No. 

SD 

[m]* 
avd ± sd 

pH0 

avd ± sd 

TP 

[mgl-1] 
avd ± sd 

TN 

[mgl-1] 
avd ± sd 

TDS 

[mgl-1]* 
avd ± sd 

TSS 

[mg l-1]* 
avd ± sd 

Group I 
(coverage of 
submerged 
vegetation 

≥25%) 

6 2.30±0.50 8.00±0.26 0.013±0.01 0.69±0.36 727.5±55.7 6.90±5.33 
4 2.20±0.15 7.80±0.10 0.011±0.01 0.48±0.20 1701.3±312.82 3.10±1.31 
3 2.00±0.12 8.00±0.13 0.044±0.04 1.18±0.18 731.2±52.53 3.60±2.96 

5 1.80±0.16 8.00±0.17 0.06±0,06 0.77±0.19 1067.8±19.63 5.70±2.50 

Group II 
(coverage of 
submerged 
vegetation 

<25%) 

7 0.70±0.24 8.00±0.36 0.03±0.01 0.88±0.26 431.6±26.69 18.4±11.04 
8 1.00±0.30 8.00±0.18 0.02±0.01 1.10±0.25 383.3±39.36 9.30±3.84 
2 0.70±0.06 7.90±0.16 0.01±0.01 1.15±0.31 684.0±65.14 7.50±4.43 

1 0.60±0.20 7.70±0.09 0.02±0.01 1.49±0.33 236.6±31.08 21.9±19.9 

Statistically significant differences between the groups p ≤ 0.05 are marked with * 

 
 

The analysis of linear correlation between physico-chemical parameters of water and 
the type of vegetation showed the following significant: positive correlations: between 
water transparency (SD) and the average percentage cover of submerged vegetation 
(ELO) (0.95); the maximal depth of submerged vegetation (dep_lim) and water 
transparency (SD) (0.96); the number of species (Num_spe) and the depth (depth; 0.76) 
and area of the reservoir (area; 0.74); between salinity (TDS) (0.7) and water 
transparency (SD). The negative correlation was indicated (-0.76) between water 
transparency (SD) and total suspended solids (TSS) (Table 4). 

The PCA analysis showed that the analyzed physico-chemical parameters accounted 
by 96.97% of the variation of vegetation. The first ordination axis (axis I) of the PCA 
model accounts for 52.47% of the total variation of vegetation and it has the strongest 
positive correlation with water of total nitrogen (TN) (0.74) and the concentration of 
suspended solids (-0.68) (TSS). This axis has the strongest negative correlation with 
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transparency (0.97) (SD) and salinity (-0.69) (TDS). This axis, therefore, determines the 
gradient of the strongest positive correlation with the average percentage cover of 
submerged vegetation (ELO) The other axis (axis II) accounts for 28.48% of the total 
variation of vegetation and has the positive correlation with depth (0.78), area of the 
reservoir (0.89) (Figure 2). Many of submerged vegetation species has the strongest 
positive correlation with this axis (Table 5). 
 

Table 4. The linear correlation coefficients between seasonal mean values of physico-
chemical parameters of water and the type of vegetation 

 SD 

[m] 
pH TP TN TSS TDS 

Depth 

[m] 

Area 

[ha] 

Cer_dem 0.69 -0.16 -0.04 -0.44 -0.61 0.76 -0.09 -0.30 
Lem_min 0.54 -0.34 -0.22 -0.51 -0.49 0.82 -0.18 -0.32 
Myr_spi 0.24 0.28 0.81 -0.25 -0.24 0.28 -0.11 -0.24 

ELO 0.95 0.25 0.01 -0.70 -0.61 0.60 0.69 0.45 
NYM 0.63 -0.18 -0.19 -0.728 -0.54 0.86 -0.07 -0.10 

num_spec 0.52 0.53 -0.03 -0.59 -0.12 0.08 0.76 0.74 
dep_lim 0.96 0.33 0.12 -0.75 -0.63 0.63 0.59 0.38 
SD [m] 1.00 0.26 0.12 -0.68 -0.77 0.71 0.47 0.27 

TP 0.12 0.42 1.00 0.03 -0.09 0.01 -0.31 -0.40 
TN -0.68 -0.29 0.03 1.00 0.55 -0.79 -0.23 -0.23 
TSS -0.77 -0.39 -0.09 0.55 1.00 -0.72 -0.03 -0.01 
TDS 0.71 -0.09 0.01 -0.79 -0.72 1.00 -0.06 -0.25 

Statistically significant values of correlation coefficient p ≤ 0.05 are bold (N=8) 
 
 

Figure 2. Results of the Principal Component Analysis (PCA) Diversity of aquatic vegetation 
(Species see Table 2, elo –elodeids, nym- nymphaeids) with relation to analyzed 

hydromorphological (Area – surface water area of reservoirs, Dep –depth of reservoirs) and 
physico-chemical parameters of water (SD - water transparency, TDS – salinity, TP - total 
phosphorus concentration, TN - total nitrogen concentration, TSS - total suspended solid 

concentration) 
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Table 5. Values of the correlation coefficient between hydromorphological and physico-
chemical parameters of water and axes I and II of the PCA model 

Parameter Axis I Axis II 

SD [m] -0.97 0.00 

TP [mgl-1] -0.22 -0.38 

TSS [mgl-1] 0.68 0.27 

TN [mgl-1] 0.74 -0.07 

TDS [mgl-1] -0.69 -0.45 

Depht [m] -0.45 0.79 

Area [ha] -0.25 0.90 

 
 

In the RDA model, canonical axes significantly account for 94.22% of the variation. 
The first axis is positively correlated with average percentage cover of elodeids (ELO, 
0.86) and nymphaeids (Nym 0.75) and accounts for 52.15% of the variation of the main 
water quality parameters (SD, TN, TP, TSS). The statistical significance of the relation 
was confirmed by Monte Carlo test (test of first axis F value 2.7, p<0.05) (Figure 3). 
 

Figure 3. Results of Redundancy Analysis (RDA). Correlations between explanatory variable 
(Elo - average percentage coverage of elodeids, Nym - average percentage coverage of 

nymphaeids) and response variable (SD - water transparency, TP - total phosphorus 
concentration, TN - total nitrogen concentration, TSS - total suspended solid concentration) 

 
 
Discussion 

A persistent regime of transparent water is perceived as more desirable due to a 
greater utility value and the subsequent development of biological diversity of a fresh 
water reservoir (Moss, 1998; Scheffer et al., 2003; Cardinale, 2011) among water 
parameters. Multiple authors claim that water transparency in fresh water ecosystems 
greatly depends on low concentrations of phosphorus (Schindler, 1977; Kentzer, 2001; 
Suchowiec and Górniak, 2006; Vitense et al., 2019). Despite the fact that the 
concentration of phosphorus does not directly affect water transparency, low 
concentrations of this element may inhibit the development of phytoplankton. It has 
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been proven within this paper that the concentration of phosphorus is not a key factor 
affecting the transparency of water in the analyzed reservoirs. Although there were 
significant differences in the transparency of water in the particular reservoirs, the 
concentration of phosphorus was at similar concentration in water in all of them. 

Similar to phosphorus, for reservoirs with a turbid water regime (group II) there were 
no significant differences between the concentration of nitrogen when compared to 
reservoirs with a transparent water regime (group I). This indicates that the 
concentration of nitrogen is not important factor responsible for maintaining a regime 
with turbid water in the ecosystems of MSR. 

The results of this study show that the depth and area of a reservoir are important 
factors that determine the species composition of submerged vegetation. However, these 
factors did not indicate significant correlation with water transparency (Table 5). The 
results of T-test also did not indicte significant differences between the two group of 
reservoirs (Table 4). As reservoir 2 are deeper than reservoirs 3, 4 and 5, it was assumed 
that it would have a higher level of water transpirancy. However results show, that a 
clarity of water is lower in Reservoir 2 (Table 1). This indicate that the depth is the one 
of many important factors which determines water quality in mining subsidence 
reservoirs. 

Since reservoirs with a transparent water regime were characterized by elevated 
concentrations of dissolved compounds and a correlations between salinity and 
transparency were found, it appears that it is the elevated concentration of dissolved 
ions that may constitute a significant factor which is responsible for maintaining a 
transparent water regime in these ecosystems. Increased salinity (> 1000 mg TDS l-1) 
may directly inhibit the development of phytoplankton (Raclavská et al., 2003; Redden 
and Rukminasari, 2008; Flöder et al., 2010; Belovsky et al., 2011). A concentration of 
dissolved solids exceeding 200 mgl-1 may lead to an increase in water transparency by 
reducing the concentration of undissolved solids (Oliver et al., 1999; Nielsen and 
Hillman, 2000). Calcium and magnesium ions, in particular, coagulate with other 
particles in a column of water, and leads to their sedimentation. Nevertheless, the 
Bartosuvka reservoir (Reservior 2) was characterized by one of the lowest SD values 
(<1 m) despite high concentrations of dissolved compounds (542-790.00 mg l-1). This 
indicates that increased salinity is not the solitary mechanism that impacts the 
improvement of water quality of mining subsidence reservoirs. 

A regime with transparent water was maintained in all the reservoirs where the 
littoral zone was characterized by a significant average percentage covers usually much 
higher than 25% of aquatic vegetation. The percentage cover of submerged vegetation 
has a positive correlation with water transparency. This substantiates of results research 
Schefer (1998), Moss (1998, 2007) and Hejzlar (2006), that aquatic vegetation play an 
essential role as necessary element in maintaining a transparent water regime in 
freshwater ecosystems. 

Tested reservoirs varied in their concentrations of both total phosphorus and 
nitrogen. The results appear to support the assumptions of the theory of alternative 
stable states, which claims that a transparent water regime may remain stable under a 
wide range of physico-chemical parameters since particular regimes remain constant as 
a result of complex bio-physico-chemical interactions that taking place in the ecosystem 
(Moss, 1998; Scheffer et al., 2003; Rameshkumar et al., 2019). Appropriate explanation 
of those interactions requires further detailed research, however, on the basis of the 
obtained results it may be assumed that the percentage cover of submerged vegetation is 

https://link.springer.com/article/10.1007/s10750-008-9376-2#auth-1
https://link.springer.com/article/10.1007/s10750-008-9376-2#auth-2


Pierzchała - Sierka: Do submerged plants improve the water quality in mining subsidence reservoirs? 
- 5669 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5661-5672. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_56615672 
© 2020, ALÖKI Kft., Budapest, Hungary 

important factors responsible for maintaining a regime with transparent water in the 
ecosystems of mining subsidence reservoirs. The increased salinity of the water of such 
reservoirs does not limited the submerged vegetation from developing. TDS may cause 
susceptible species to retreat (Hart et al., 1991; Metzeling et al., 1995; Bailey, 1998; 
Bailey and James, 2000). 

Presented results support the assumed hypothesis about the positive effect of 
submerged vegetation on the quality of water in subsidence reservoirs. Simultaneously 
this study show possibility the use of reclamation methods based on supporting the 
development of submerged vegetation in anthropogenic water reservoirs to increase the 
environmental and utility potential of such objects is validated by this research. 

Results of presented research was obtained a few years ago, but did not lose their 
science value and are the complementary in the related field in investigation of the role 
submerged vegetation functioning in anthropogenic mining water reservoirs. Presented 
results are important in post-mining areas in the aspect of their revitalization of 
subsidence reservoirs while this issue is not wide recognized by other authors. 

Conclusions 

1. Submerged vegatation were proved to have the capability to increase the clarity of 
water in mining subsidence reservoirs. 

2. If submerged vegetation cover quarter surface area of the MSR causes higher 
water transparency. 

3. Therefore submerged plants is a good alternative in keeping a clear waterstate in 
mining subsidence reservoirs as in lakes. 

4. Further work requires research of mining subsidence reservoirs of various sizes, 
controlled introduction of sumerged vegetation with different coverage, selection 
of species with different functional characteristics in situ and recognition of 
submerged and of floating plants relationships. 
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Abstract. This study, aimed to investigate the utilization of the real-time PCR method for the identification 
of Listeria spp., Listeria monocytogenes and Listeria innocua contamination in homemade white cheese 
samples produced around the southeast districts of Turkey. 103 white cheese samples were randomly 
selected from the local markets for investigation. ISO 11290-1/A1-2004 method was utilized for 
identification of Listeria spp. VITEK 2 GP cards were used to the identification the Listeria spp. using 
positive samples. The DNA was isolated from cheese samples directly and real-time PCR and Sanger 
sequencing were used to identify of Listeria monocytogenes and Listeria innocua by using specific primers 
designed for the hly and lin02483 genes. 6.7% of samples were identified as Listeria spp. positive by 
VITEK 2, and Quantitative real-time PCR. 5.8% of samples were contaminated with L. monocytogenes 
whereas 0.97% sample was L. innocua positive. The results of VITEK 2 and real-time PCR were found to 
be similar. These findings pointed out that these products were produced under non-hygienic conditions 
and have potential risk for human health. Furthermore, it was revealed that real-time PCR methods were 
faster and as reliable as conventional methods for cheese samples directly for the determination and 
identification of these microorganisms. 
Keywords: Vitek 2, ISO 11290, foodborne pathogen, molecular identification, Turkey 

Introduction 

White cheese is the most widely produced kind of cheese in Turkey and is commonly 
produced in the eastern and south-eastern parts of Anatolia. Cow cheese production in 
2018 reached to 622.292 tons in Turkey in official institutions reports (Turkish Statistical 
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Institute, 2019). As a fermented dairy product, high protein content of white cheese 
creates a good habitat for microorganisms. White cheese varieties may contain different 
amounts of microorganisms due to the quality of the milk, production technique, 
packaging, transportation and storage. Particularly, the consumption of cheese made of 
non-pasteurized milk or dairy products, the containing microorganisms may cause an 
epidemic or cases with sporadic disease (Zamani-Zadeh et al., 2011). 

Between these microorganisms, with the zoonotic character of pathogen Listeria spp., 
contaminated food is most likely to generate infection in humans. It is also an important 
pathogen for agriculture and food industry that can be detected in milk and dairy products, 
vegetables, fish, meat products and prepared foods (Ekici et al., 2004). Listeria spp. can 
survive in humid or dry environments, soil, plants or other living organisms for months 
(Carter et al., 1995). Listeria spp. may be easily contagioned orally, nosocomially or 
vertically WHO/FAO 2018. Food and water contaminated with the agent, mosquitos and 
ticks are crucial for the contagion (Farber et al., 1991). Following the contagion, people 
in the risk group, which may be listed as, pregnant women, newborns, old and immune 
deficient people are frequently affected by listeriosis (Slutsker and Schuchat, 1999). In 
severe infections, septicemia, meningitis and premature stillbirths are seen in humans 
whereas meningoencephalitis, abortus and mastitis present in domesticated animals 
(Farber et al., 1991). 

Among Listeria species, L. monocytogenes and L. innocua are important bacteria that 
can be found in food. Both species can live under conditions such as environments with 
pH values between 4.39 and 9.4 and refrigerator conditions (Vázquez-Boland et al., 2001; 
Zamani-Zadeh et al., 2011). L. monocytogenes is a potent public health issue with a 30% 
mortality rate when contagioned (Lou and Yousef, 1999). On the other hand, L. innocua 
is rarely associated with a disease yet commonly found during identification. Recent 
studies showed that in analyses conducted using the VITEK 2 system, L innocua may be 
mistaken for L. monocytogenes (De Lappe et al., 2014). This finding calls attention to 
other methods that seem to be required for confirmation of the results. 

The aim of this study is to evaluate the use of the real-time PCR (Polymerase Chain 
Reaction) method from cheese samples directly, faster and as reliable as compared to 
conventional methods to identificate L. monocytogenes and L. innocua and also to find 
the prevalence of Listeria spp. L. monocytogenes and L. innocua by studying the white 
cheese samples collected from various local town bazaars from Şanlıurfa, Mardin, 
Gaziantep and Diyarbakır and demonstrate hygienic qualities of these products and the 
possible public health risks they constitute in this region. 

Material and methods 

In this study, 103 different fresh homemade white cheese samples collected from local 
town bazaars of the cities Şanlıurfa, Mardin, Gaziantep and Diyarbakır, were 
investigated. Samples were collected under aseptic conditions of the local bazaars as 
200 gr each. They were brought to the Department of Food Hygiene and Technologies 
laboratories, Harran University in cold chain, and analyses were started the very same 
day. The classical microbiological analyses and VITEK 2 studies were conducted by 
Harran University, Food Hygiene and Technologies Department Laboratory. The DNA 
isolations of the positive samples in Harran University, veterinary genetics laboratory and 
the real-time PCR analyses of the positive sample DNAs in Medical Microbiology 
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Laboratories, Beykent University, Medical Faculty, in order to determine the molecular 
identifications. 

Detection of Listeria spp. with conventional methods 

The ISO (International Organization for Standardization) 11290-1/A1-2004 method 
was used for Listeria spp. detection following the stated protocol ISO (2004). Samples 
were weighed as 25 gr each with a precision balance (Cubis; Sartorius, Bohemia, NY, 
USA) under sterile conditions and the samples were transferred to sterile stomacher bags 
with an addition of 225 ml of Enrichment Broth (M863+SR142; Oxoid Ltd, Basingstoke, 
UK). Samples were homogenized in a stomacher (Laboratory Blender Stomacher 400; 
Seward, London, UK) for 2 minutes and incubated in a 30°C aerobic environment for 
24 hours. Afterwards, 0.1 mL of the homogenates were added to 10 ml of a Fraiser Broth 
(CM895+SR156; Oxoid Ltd, Basingstoke, UK). Following incubation at 30°C for 
24 hours, 0.1 mL of homogenate was taken from the Fraiser Broth and were cultivated 
into PALCAM Agar (CM 877+SR150; Oxoid Ltd, Basingstoke, UK) and Oxford Agar’a 
(CM 856+SR140; Oxoid Ltd, Basingstoke, UK). Mediums were incubated at 30°C under 
anaerobic conditions for 48 hours. Five colonies from any petri with a suspicion of 
Listeria spp. growth were transferred to Tryptic Soy Agar-Yeast Extract (TSA-YE, 0370; 
Difco, Toronto, ON) and incubated at 30°C for 24 hours for purification. 

Detection of Listeria spp. By using VITEK 2 

The purity of the isolated suspicious colonies was controlled with Gram staining. Also, 
oxidase, catalase, beta hemolysis, mannitol, rhamnose, xylose, salicin, dulcite, methyl 
red, Voges-Proskauer, nitrate reduction and CAMP tests were applied. All colonies added 
at 3 mL sterile saline solution with sterile swabs in polystyrene test tube to made 
homogenous 0.5 McFarland turbidity standart suspension using with Vitek 2 DensiCHEK 
instrument. Then the suspension tube and VITEK 2 GP card (Biomerieux, Marcy l'Etoile, 
France) placed in the cassette. After that the cassette loaded on Vitek 2 Systems 
(Biomerieux, Marcy l'Etoile, France) following the manufacturer’s guidelines. 

The strains, ATCC 15313 for Listeria monocytogenes and ATCC 33090 for Listeria 
innocua were used as positive controls. 

DNA isolation 

The 25 gr each cheese samples were transferred to sterile stomacher bags with 0.5 mL 
DNase & RNase free water. Samples were homogenized in a stomacher (Laboratory 
Blender Stomacher 400; Seward, London, UK) for 2 minutes and 200 µL of aqueous 
phase were transferred to a new 1.5 mL sterile micro centrifuge tube. After that, 400 mL 
of lysis buffer (0.5% N-lauryl sarcosine, 50 Mm Tris-Cl, 25 mM EDTA, pH 8.0) was 
added to the mixture, vortexed well and centrifuged 15.000 rpm for 5 min. The pellet was 
resuspended with 200 µL lysis buffer and 4 µL proteinase K, vortexed well and then 
incubated for 1 h at 37oC, 300 µL of NaI solution (6 M NaI in 50 mM Tris-Cl, 25 mM 
EDTA, pH 8.0) and 500 µL isopropanol were added to the suspension and then 
centrifuged at 15.000 rpm for 5 min. The pellet was washed with 35% isopropanol, dried 
and then suspended in 50 µL DNase & RNase free sterile water. Isolated DNA samples 
were stored at -20°C until the real time PCR application (Sheela and Shrinithivihahshini, 
2017; Moravkova, 2017). 
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Identification of L. monofcytogenes and L. innocua with the real-time PCR method 

Following the nucleic acid isolations were performed from all cheese samples directly, 
the hly region for L. monocytogenes and lin02483 region for L. innocua were amplified 
two times with real-time PCR for each sample. 

The real time PCR procedure was performed using the Light Cycler 480 II (Roche 
Diagnostics GmbH, Mannheim, Germany) system with Light Cycler 480 Probe Master 
(Roche Diagnostics GmbH, Mannheim, Germany) kit. The primers and probes used for 
the hly and lin02483 regions according to the manufacturer’s guide are shown in Table 1 
(Rodríguez-Lázaro et al., 2004; Benito et al., 2017). To performed quantification, plasmid 
standarts with known concentrations were purchased from Bioeksen Ltd, Istanbul. 
 

Table 1. The primer and probe sets used in real time PCR analyses for L. monocytogenes and 
L. innocua identification 

L. monocytogenes (hly)  Ref. 

hlyQFa (Forward primer) 5-CAT GGC ACC ACC AGC ATC T-3 

Rodríguez-Lázaro et al., 
2004 

hlyQRa (Reverse primer) 5-ATC CGC GTG TTT CTT TTC GA-3 

hlyQP (TaqMan probe) 
5-FAM-CGC CTG CAA GTC CTA AGA CGC 

CA-TAMRA-3 

L. innocua (lin02483)  

lipHQFa (Forward primer) 5-AAC CGG GCC GCT TAT GA-3 

lipHQRa (Reverse primer) 5-CGA ACG CAA TTG GTC ACG-3 

lipHQP (TaqMan probe) 
5-FAM-TTC GAA TTG CTA GCG GCA CAC 

CAG T-TAMRA-3 

 
 

5 µl of isolated DNA (50 ng/µl) were added to each real time PCR reactions, making 
the final volume 20 µl. The real time PCR protocol used was; following the 10 min 
denaturation in 95°C, 45 cycles of 10 sec in 95°C, 60 sec in 62°C for a single read. The 
positive controls ATCC 15313 for L. monocytogenes and ATCC 33090 for L. innocua 
were included to all Real-time PCR experiments. 

Sanger sequencing of hly and iapgene 

To the confirmation of real-time PCR results, L. monocytogenes and L. innocua 
positive 7 samples were done Sanger sequencing using the specific primers for hly and 
iap genes based on Rodríguez-Lázaro et al. study in 2004, Sanger sequence were 
performed with the ABI 3130XL sequencing instrument (Table 2). The sequencer fasta 
files were aligned using the BLAST program against the known ones in the GenBank 
database of the National Centre for Biotechnology Information (NCBI, 
http://www.ncbi.nlm.nih.gov/). 
 

Table 2. Distribution of the Listeria monocytogenes identification results for VİTEK 2 GP 
card and “hly” Real Time PCR analysis 

Listeria monocytogenes 
VITEK 2 GP card 

(n) 

Hly Real Time PCR analysis 

(n) 

Positive 6 6 

Negative 97 97 

http://www.ncbi.nlm.nih.gov/
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Results 

From 103 fresh cheese samples, 7 (6,8%) samples were found Listeria spp. positive 
using the conventional culturing method (Table 3). All Listeria spp. isolates gave Gram 
positive, oxidase negative and catalase positive reactions. Figure 1 shows the 
Listeria spp. positive colonies on Oxford agar. 
 

Table 3. Distribution of Listeria spp. positive samples 

City 
Number of samples collected 

(n) 

Listeria spp. Positive 

(%) 

Şanlıurfa 27 3 (2.91%) 

Mardin 26 1 (0.97%) 

Gaziantep 25 2 (1.94%) 

Diyarbakır 25 1 (0.97%) 

Total 103 7 (6.80%) 

 
 

Figure 1. Amplification curves of Real-time PCR experiments for positive samples, negative 
samples and standards (Red: positive samples, Brown: Standarts, Green: Negative Samples) 

 
 

Listeria spp. positive colonies were identified as L. monocytogenes or L. innocua with 
a 99% possibility by the VITEK 2 system GP card. The analysis on VITEK 2 system took 
8.25 hours. 

After DNA extraction from cheese samples directly, real-time PCR was perfomedby 
the amplification of the hly and lin02483 regions to the detect L. monocytogenes or 
L. innocua, respectively. Results are shown in Table 2 and Table 4 for L. monocytogenes 
and L. innocua, respectively. The real time PCR procedure after isolation took an hour 
and 20 minutes on the Light Cycler 480 II system. Amplification curves of real-time PCR 
experiments for positive samples, negative samples and standarts are shown in Figure 1 
for L. monocytogenes and L. innocua, respectively. The results of VITEK 2 and real-time 
PCR were found the same at this study. All real-time PCR results were also confirmed by 
Sanger sequencing alignment results. Table 5 showed that the quantification results of 
positive cheese samples. Although the existence of all positive samples is not suitable for 
human consumption, the quantitative amounts were examined considering that the 
situation that will make a difference may be due to quantitation with VITEK 2 System 
but no difference was found. 
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Table 4. Distribution of the Listeria innocua identification results for VİTEK 2 GP card and 
“lin02483” Real Time PCR analysis 

Listeria innocua 
VITEK 2 GP card 

(n) 
Lin02483 Real Time PCR analysis 

(n) 

Positive 1 1 

Negative 102 102 

 
 

Table 5. Quantification results of positive cheese samples via Real-time PCR 

Name Cp 
Calculated 

Concentration 
Known 

Concentration 
Strain 

1 17.14 5.14E+04  L. monocytogenes 

2 18.28 2.46E+04  L. innocua 

3 18.26 2.50E+04  L. monocytogenes 

4 19.66 1.01E+04  L. monocytogenes 

5 19.66 1.01E+04  L. monocytogenes 

6 19.7 9.85E+03  L. monocytogenes 

7 20.7 5.19E+03  L. monocytogenes 

Standard 1 16.06 1.03E+05 100000  

Standard 2 19.6 1.05E+04 10000  

Standard 3 23 1.17E+03 1000  

Standard 4 26.61 1.14E+02 100  

Standard 5 30.69 8.23E+00 10  

Standard 6 33.25 1.41E+00 1  

 
 
Discussion 

Although cow milk is commonly used for white cheese production, sheep and goat 
milk also has its place in production in the region. The production of white cheese sold 
in the local bazaars is generally done by traditional ways in family businesses, but 
hygienic conditions are not fully provided. Especially, the white cheese produced in 
Şanlıurfa, following the milking, milk is yeasted in milking temperature and strained with 
a thin cloth called ‘parzın’ to give its final shape. White cheeses are presented for 
consumption without any salt and no pasteurization is applied before production. Lack of 
pasteurization increases the risk of zoonotic foodborne pathogen contamination in dairy 
products. For this reason, in this study, the entity of Listeria spp., an important pathogen 
of fresh white cheese, was investigated in fresh white cheese samples collected from local 
town bazaars of the region. The Turkish Food Codex regulations on Microbiological 
Criteria states that the existence of L. monocytogenes in a 25 gr cheese sample is not 
suitable for consumption (Turkish Food Codex, 2011). According to the regulations, 7 of 
103 cheese samples studied are found to be not suitable for consumption. 

As a result of this study, 7 (6.8%) of the fresh cheese samples were found to be 
Listeria spp. positive with 6 of the isolates were identified as L. monocytogenes and one 
as L. innocua using real-time PCR and VITEK 2 system. 

When the national studies conducted on Listeria spp. (L. monocytogenes and 
L. innocua) existence in our country were investigated, no real time PCR based method 
is used but by the use of conventional methods statistical studies are conducted in various 
cities of Turkey (Table 6) (Kara et al., 1999; Vural et al., 2010). 
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Table 6. Listeria spp., L. monocytogenes and L. innocua ratios in cheese determined using the 
classical methods 

Researcher City N Listeria spp. L. monocytogenes L. innocua 

Kara et al. (1999) Erzurum 50 4 (8%)   

Sağun et al. (2001) Van 254 13 (5.11%) 10 (3.93%) 1 (0.39%) 

Gülmez and Güven (2001) Kars 80 6 (7.5%)   

Uysal and Ang (2003) Istanbul 275  11 (4%)  

Aygün and Pehlivanlar (2005) Antakya 85 7 (8,23%) 2 (2,35%) 3 (3,52%) 

Akkaya and Alişarlı (2006) Afyon 100  6 (6%)  

Arslan and Özdemir (2007) Bolu 142 47 (33.1%) 13 (9.2%) 13 (9.2%) 

Azak (2012) Erzincan 100 3 (3%) 3 (3%)  

 
 

Although national studies were not conducted using real time PCR, the ratios found 
are similar to other findings, with exclusion of Arslan and Özdemir (2007). Thus, it can 
be said that our findings are compatible with other studies conducted. 

Otherwise; Dümen et al. (2011) were investigated 700 milk and dairy product samples 
by classical and molecular microbiological methods. 20 samples of 700 were positive as 
L. monocytogenesis. PCR results were same with classical microbiological methods. The 
positivity rates obtained in our study were found to be higher than Dümen’s study ratio 
(Dümen et al., 2011). 

Once international publications are taken into account, molecular and real time PCR 
based studies appear on identification of Listeria spp, L. monocytogenes and L. innocua 
(El-Marrakchi et al., 1993; Rossmanith et al., 2010). El-Marrakchi et al. (1993) conducted 
a study in Algeria and they reported L. monocytogenes in 1 (4.54%) of 22 fresh cheese 
samples. In addition, Silva et al. (2003) study, where they searched for L. monocytogenes 
in the critical checkpoints in Brazil for minas cheese production. They investigated 218 
samples comprising 54 food, 107 equipment, 22 worker and 35 environmental samples 
and reported 13 Listeria spp. positive cases. Nine of the samples were identified as 
L. innocua, 2 L. grayi and 2 L. monocytogenes by Silva et al. (2003). Also, in a study 
where Hein et al. (2001) used the real-time PCR method for identifying Listeria spp. in 
milk, they looked for 42 L. monocytogenes and 33 L. innocua strains and showed that 
real-time PCR method is safe and highly reliable. 

On the other hand, De Lappe et al. (2014) did a VITEK 2 system based study and 
reported that this method is highly reliable yet may not identify L. monocytogenes and 
L. innocua correctly. In our study we compared the VITEK 2 system and real-time PCR 
method and found no differences in their ability to identify L. monocytogenes and 
L. innocua. In contrary, De Lappe et al. (2014) study underlined the need of a faster and 
more reliable method for detection of L. monocytogenes that an important foodborne 
pathogen for human health. Regarding international publications, real time PCR method 
is stated as a faster and as reliable as others for Listeria spp. L. monocytogenes and 
L. innocua identification when compared to the conventional ISO methods (Rossmanith 
et al., 2010; Gianfranceschi et al., 2014). 

Sallen et al. (1996) 23S rRNA and 16S rRNA regions using the primer and amplicons 
used for all of the Listeria species were analysed. However, 23S rRNA was recommended 
for L. innocua and L. monocytogenes, and 16S rRNA was not distinctive. Czajka et al. 
(1993) 16S rRNA genes (16S rDNA) of L. innocua and L. monocytogenes species were 
detected by using sequence analysis. Chen et al. (2017) in the cheese-borne listeriosis 
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outbreak, Schmitz-Esser et al. (2015), Lassen et al. in 2016, Salazar et al. (2018), in the 
outbreaks of soft cheese, L. monocytogenes serotypes and similar strains to determine the 
SNP 's made by sequence analysis. For L. innocua, Facinelli et al. (1993) identified strains 
of tetracycline in 12 strains in mozarella by DNA sequencing. Buchrieser et al. (2003) 
compared the genes related to the development and pathogenicity of these two Listeria 
species, which are food pathogens, with Staphylococcus and Bacillus sequence analysis. 
In our study, 6 L. monocytogenes and 1 L. innocua specimens which we found positive 
were detected by sequence analysis and confirmed. 

Conclusions 

Finally, our findings showed that the cheese produced in Turkey and presented for 
consumption is not Listeria spp. and L. monocytogenes free. The raw milk used in white 
cheese production without any pasteurization or heat treatment and non-hygienic 
production and storage conditions may be the cause of the lack of hygiene in these 
products. Moreover, our findings showed that the real-time PCR method is faster and as 
reliable as others compared to the conventional methods and can be easily applied in 
laboratories with experience in molecular techniques. Comprehensive studies should be 
conducted to identify different Listeria spp. by collecting much more cheese and milk 
samples to protect public health. 
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Abstract. Following the development of hybrid maize (Zea mays L.) breeding technologies and advanced 
agricultural strategies, we postulated that maize grain yield and nitrogen (N) uptake and utilization could 
be further improved by selecting appropriate hybrids and identifying optimum planting densities. Five 
field experiments were conducted in 2013, 2014 and 2015 in Jilin Province, China. Our orthogonal design 
demonstrated significant interactive effects of maize hybrid and planting density on grain yield. The 
optimum planting densities, i.e., those associated with the best grain yields for hybrids ZD958, XY335 
and LM33, were 74.0-81.4, 74.3-79.1, and 78.6-89.7 × 103 ha–1, respectively, across 3 years and two sites. 
Increased planting density had a significant inhibitory effect on the leaf growth and development of 
individual plants, but this was offset by positive effects at the population level: increased planting density 
significantly increased the population leaf area index. Increased planting density improved dry mass and 
total aboveground N uptake (TNU), and promoted dry mass and N remobilization in stalks and leaves. 
Keywords: leaf area index, interaction effects, remobilization rate, nitrogen uptake, nitrogen utilization 

Introduction 

Maize (Zea mays L.), rice (Oryza sativa L.) and wheat (Triticum aestivum L.) are the 
three main staple grain crops grown in China (Ma et al., 2009). Maize accounted for 
43.6% of the total planted area and 42.8% of the total grain yield across these three 
crops in 2018 (National Bureau of Statistics, 2018). The Northeast China Plain is the 
major maize growing area in the country. Maize grown in Heilongjiang, Jilin and 
Liaoning Provinces constituted 31.5% of the total planted area and accounted for 32.8% 
of the grain yield (National Bureau of Statistics, 2018). Maize is an important 
component of the human diet, and is also used for animal feed, forage, biomass fuel, 
etc. (Diós et al., 2009; Chen et al., 2011; Grassini and Cassman, 2012). The grain yield 
of maize in the last two decades was 25% higher than over the previous 50 years; the 
increase has resulted from developments in breeding technology and agricultural 
practices (Duvick, 2005; Ciampitti and Vyn, 2012). Chen et al. (2013a) also reported 
that developments in breeding technology in the past 40 years have significantly 
increased maize yield. Half of the dry mass of a maize plant at maturity is formed after 
the silking stage (Tollenaar et al., 2004; Lee and Tollenaar, 2007). Chen et al. (2014) 
reported that almost all the grain yield at maturity is attributable to photosynthetic 
production after the silking stage. Leaves are the major photosynthetic organs for dry 
mass production in maize. Among other variables, genetic hybrids selection and plant N 



Liu et al.: Accumulation and partition of dry mass and nitrogen in three maize (Zea mays L.) hybrids grown under five planting 
densities 
- 5684 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5683-5699. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_56835699 
© 2020, ALÖKI Kft., Budapest, Hungary 

availability are important factors influencing maize grain yield (Chen et al., 2015). With 
the development of modern breeding technology, new maize hybrids usually have 
extended periods of photosynthetic production, larger leaf area indices, delayed leaf 
senescence and elevated dry mass production rates (Borrell et al., 2001; Duvick, 2005; 
Echarte et al., 2008). The remobilization of vegetative N and N uptake after the silking 
stage also contributes to grain N accumulation. However, it is difficult to achieve a 
balance between the remobilization of vegetative N and N uptake after the silking stage, 
because increased leaf N remobilization decreases dry mass production after the silking 
stage. The choice of maize hybrids significantly affects the immobilization of leaf N, 
and N uptake, after the silking stage (Coque and Gallais, 2007; Ciampitti and Vyn, 
2012). Modern breeding technology has produced the widely cultivated leaf-stay-green 
hybrids, which are generally grown under high N inputs on fertile soils (Bertin and 
Gallais, 2000). Compared to older hybrids, modern stay-green hybrids typically have 
higher N uptake after the silking stage, and a lower N remobilization rate (He et al., 
2004; Pommel et al., 2006; Ciampitti and Vyn, 2012). 

Yield is strongly related to hybrids, but changes in other agricultural factors, such as 
planting density, also affect yield responses. The production of biomass depends on 
photosynthesis at the whole plant level rather at the single leaf level. Therefore, 
increasing photosynthesis through increasing planting density may be an effective 
means to further increase maize biomass and grain yield. Maize planting density in 
China varies among agricultural zones, and according to the cultivation habits of 
farmers, etc. Planting density ranges from 49,850 ha–1 to 65,180 ha–1 on the Huaihai 
Plain, in northwestern China; both of those values are much lower than those in the 
USA (Meng et al., 2013; Li et al., 2016). Increases in planting density necessarily 
intensify competition. The effects of planting density on grain yield, the leaf area of 
individual plants, the population leaf area index (LAI), leaf photosynthesis, and other 
variables have been examined in previous works (Amanullah et al., 2007; Liu et al., 
2015; Xue et al., 2015). Li et al. (2015) found that the elevated grain yield of modern 
maize hybrids is largely a result of enhanced stay-green characteristics and increased 
photosynthetic capacity after anthesis. Higher planting density leads to undesirably high 
leaf area indices that cause self-shading, which may reduce yield (Liu et al., 2015; 
Srinivasan et al., 2017). Hence, determining the effects of hybrid and planting density 
on leaf development will be of great significance in the management of maize 
cultivation. 

Hybrid Xianyu335 (XY335) has elevated dry mass accumulation at silking and 
higher N recovery efficiency than that of Zhengdan958 (ZD958) (Chen et al., 2014). 
However, the differences between these two hybrids in N remobilization and N uptake 
after silking remain unclear. In the current study, we designed a 3-year program to 
develop a better understanding of the possible interaction between hybrid and planting 
density. We analyzed the response of grain yield, total aboveground N uptake (TNU), N 
partial factor productivity (NPFP), total N in the grain as a fraction of TNU (nitrogen 
harvest index; NHI), dry mass and N accumulation rates at silking and maturity, and 
stalk and leaf remobilization rates of dry mass and N in three widely used hybrids 
grown on the Northeast Plain of China. The aim of this study was to explore 
physiological mechanisms to achieve higher grain yield and N utilization efficiency by 
combined testing of (i) maize hybrids and (ii) planting densities. 
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Materials and methods 

Experimental site 

Five field experiments were conducted at Halahai (44°32′50″N, 125°09′56″E) in 
2013, 2014 and 2015, and at Gongzhuling (43°29′55″N, 124°48′43″E) in 2014 and 
2015. Both sites are situated in Jilin Province, which is a typical spring maize growing 
region in Northeast China. The respective soil physical and chemical characteristics in 
Halahai and Gongzhuling at the beginning of the experiments were as follows: organic 
matter, 25.0 and 21.0 g kg–1; available N, 121.0 and 111.8 mg kg–1; available 
phosphorus (P), 24.2 and 31.5 mg kg–1; potassium (K), 166.9 and 185.9 mg kg–1; and 
pH, 7.89 and 6.00 (under a water/soil mixture ratio of 2.5:1). 

The precipitation data during the maize growth stage are presented in Fig. 1, which 
shows major precipitation in Gongzhuling in 2015, especially during the seedling stage. 
The growth degree units in 2013, 2014 and 2015 of Halahai were 3,055, 2,900 and 
2,974 °C respectively, and that in 2013 and 2014 of Gongzhuling were 3,186 and 
3,200 °C respectively. 
 

Figure 1. Precipitation at two study sites during the maize growth stage 
 
 
Plant materials 

Three maize hybrids, ZD958, XY335 and LM33, were included in the study; these 
are the dominant hybrids used on the Northeast China Plain (Chen et al., 2013b; Gu et 
al., 2017). ZD958 was developed by the Henan Academy of Agricultural Science, 
Henan Province, China; XY335 was developed by the Pioneer Technology Company, 
Tieling, Jilin Province, China; LM33 was developed by the Limin Seed Company, 
Songyuan, Jilin Province China. The main agronomic properties of the three maize 
hybrids were shown in Table 1. 
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Table 1. The main agronomic properties of the three maize hybrids 

Hybrids 
Authorized 

No. 

Growing 

degree units 

(≥10℃) 

Growing 

period 

(days) 

Plant height 

(cm) 

Ear length 

(cm) 

100 grain 

weight 

(g) 

ZD958 GSY20000009 2550 128 240 20.0 33.0 

XY335 GSY2004017 2650 120 286 18.5 39.3 

LM33 JSY2013030 2730 128 270 20.0 36.5 

 
 
Experimental design 

A split-plot block design with three replications was used in the five field 
experiments. Three hybrids were set as the main plot factors, and five planting densities 
(D1, D2, D3, D4 and D5: 45,000, 60,000, 75,000, 90,000 and 105,000 ha–1, 
respectively) were set as sub-plot factors. All plots were 7 m long, and comprised eight 
rows spaced 0.65 m apart. Plots were fertilized with 225 kg N ha–1, 90 kg P2O5 ha–1 and 
90 kg K2O ha–1. All P2O5 and K2O amendments were applied as base fertilizer. We 
applied 40% of N in the base fertilizer, and 40% and 20% at the jointing and silking 
stages, respectively. 

Crop cultivation 

Maize seeds were sown on May 3, 2013, April 29, 2014 and April 30, 2015 in 
Halahai, and on April 26, 2014 and April 25, 2015 in Gongzhuling with semiautomatic 
planters (Fig. 2). Maize plants were harvested on September 27, 2013, September 25, 
2014 and September 27, 2015 in Halahai, and on September 26, 2014 and September 
27, 2015 in Gongzhuling. All of the agricultural practices used followed the 
recommendations of local agricultural technology departments. 
 

Figure 2. Maize seeding of different planting densities with semiautomatic planters 
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Measurements 

Three representative plants from each plot were sampled at silking and maturity. All 
samples were separated into leaves, stalks and grain. The green leaf area of each plant at 
the silking stage was calculated (after separating component organs) using the following 
formula: length × leaf width × 0.75 (Gallais et al., 2006). Leaf area index (LAI) was the 
total leaf area of per unit land area. All samples were oven-dried at 105 °C for 
30 minutes and then dried at 70 °C to a constant mass for dry weights measurements. 
After measuring the dry weights of different samples, they were ground to powder and 
passed through a 0.25-mm sieve. We then weighed out 0.1 g of powder from each 
sample and digested it in H2SO4 and H2O2 (Wolf, 1982). The N concentration in the 
solution was determined with a continuous flow analyzer (AA3; Seal Analytical Inc., 
Southampton, UK). Grain yield at maturity was determined from 20 plants and adjusted 
to a 14% moisture content. 

Calculations 

Stalk and leaf weight remobilization efficiency, the contributions to grain yield of 
stalk and leaf mass remobilization, stalk and leaf N remobilization efficiencies and the 
contributions to grain yield of stalk and leaf N remobilization were calculated as follows 
(Chen et al., 2014): 
 

 
Stalk mass remobilization efficiency (%) = (stalk mass at silking − 

stalk mass at maturity) / stalk mass at silking ×100 
(Eq.1) 

 

 
Leaf mass remobilization efficiency (%) = (leaf mass at silking − leaf 

mass at maturity) / leaf mass at silking ×100 
(Eq.2) 

 

 
Contribution to grain yield by stalk mass remobilization (%) = (stalk 

mass at silking − stalk mass at maturity) / grain yield at maturity ×100 
(Eq.3) 

 

 
Contribution to grain yield by leaf mass remobilization (%) = (leaf 

mass at silking − leaf mass at maturity) / grain yield at maturity ×100 
(Eq.4) 

 

 
Stalk N remobilization efficiency (%) = (stalk N uptake at silking − 

stalk N uptake at maturity) / stalk N uptake at silking ×100 
(Eq.5) 

 

 
Leaf N remobilization efficiency (%) = (leaf N uptake at silking − leaf 

N uptake at maturity) / leaf N uptake at silking ×100 
(Eq.6) 

 

 
Contribution to grain N by stalk N remobilization = (stalk N uptake at 
silking − stalk N uptake at maturity) / grain N uptake at maturity ×100 

(Eq.7) 

 

 
Contribution to grain N by leaf N remobilization (%) = (leaf N uptake 

at silking − leaf N uptake at maturity) / grain N uptake at maturity 
×100 

(Eq.8) 

 
The N uptake NHI was calculated as follows (Chen et al., 2014; Hou et al., 2019): 
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N uptake by grain (GN, kg kg–1) = N content of grain × grain 

mass 
(Eq.9) 

 
 N uptake by straw (SN, kg kg–1) = N content of straw × straw mass (Eq.10) 

 
 N uptake by leaf (LN, kg kg–1) = N content of leaf × leaf mass (Eq.11) 

 
 Total N uptake (TNU) (kg kg–1) = GN + SN + LN (Eq.12) 

 
 N harvest index (NHI) = GN / (GN + SN + LN) (Eq.13) 

 
The partial factor productivity of applied N (NPFP) was calculated as follows (Sun et 

al., 2018): 
 

 NPFP (kg kg–1) = grain yield / N rate (Eq.14) 
 

Data analysis 

All data were analyzed using ANOVA. Significant pairwise differences between 
means were identified by least significant difference (LSD) tests at the 0.05 and 0.01 
levels of significance. The ANOVA that demonstrated significant effects of maize 
hybrid, plant density, year, site, and their interactions was executed with SPSS 17.0 
software (SPSS Inc., Chicago, IL, USA). The figures were generated with Origin Pro 
8.0 software (OriginLab Corp. Northampton. MA, USA). 

Results 

Grain yield 

The effects of time, hybrid, site and planting density on grain yield are shown in 
Fig. 3. Among the experimental years, the grain yield was similar between 2013 and 
2014, and both were significantly higher than that in 2015. The grain yield in 2015 was 
17.3% lower on average than during the previous 2 years. The reduced grain yield in 
2015 may have been a consequence of high precipitation in Gongzhuling during the 
seedling stage (Fig. 1). Among the three hybrids, XY335 had a higher grain yield that 
was 7.5% higher on average than Zhengdan958 (ZD958) and Limin33 (LM33). The 
environment also had significant effects on grain yield. The grain yield in Halahai was 
12.5% higher than that in Gongzhuling. Planting density, an important agronomic 
measure, had a significant effect on grain yield. Grain yield increased at first, and then 
decreased, with increasing planting density. Density treatment D3 had the highest grain 
yield (Fig. 3). 

The relationship between planting density and grain yield was described using 
regression equations (Table 2). The regression equations showed that grain yield did not 
always increase with planting density. In the field trials, the most appropriate planting 
density varied by hybrid, year and experimental site. Among the hybrids, LM33 had the 
highest appropriate planting density. The regression equations also showed that the 
lower average grain yield in 2015 was due to the lower grain yield in Gongzhuling. 
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Figure 3. Grain yields of maize by year, site, hybrids, and planting density. Values are means ± 
SE. Different lower case letters within panels identify significant pairwise differences between 

means (least significant difference [LSD] test; P < 0.05). D1, D2, D3, D4 and D5 correspond to 
planting densities of 45,000, 60,000, 75,000, 90,000 and 105,000 ha–1, respectively 

 
 

Table 2. Regression equations describing the relationship between planting density and yield 

Year Site Hybrid Regression equation R2 
Predicted 
extremum 

X 

2013 Halahai 

ZD958 Y = –0.8717X2 + 138.99X + 4754 0.9805 10265 74.0 

XY335 Y = –0.87X2 + 136.45X + 5477 0.9023 10827 78.4 

LM33 Y = –0.7019X2 + 118.92X + 4810 0.8568 9847 84.7 

2014 

Halahai 

ZD958 Y = –0.8978X2 + 142.94X + 4286 0.8879 9975 79.6 

XY335 Y = –1.7201X2 + 264.87X + 920 0.9201 11116 77.0 

LM33 Y = –0.7599X2 + 136.33X + 4422 0.9586 10536 89.7 

Gongzhuling 

ZD958 Y = –1.1598X2 + 181.57X + 3267 0.9397 10373 78.3 

XY335 Y = –1.1571X2 + 182.99X + 3726 0.8868 10960 79.1 

LM33 Y = –1.1241X2 + 188.82X + 2791 0.9802 10721 84.0 

2015 

Halahai 

ZD958 Y = –1.2442X2 + 194.17X + 1888 0.9501 9465 78.0 

XY335 Y = –1.4991X2 + 228.72X + 1901 0.8477 10625 76.3 

LM33 Y = –1.0473X2 + 164.72X + 3133 0.8744 9610 78.6 

Gongzhuling 

ZD958 Y = –0.7671X2 + 124.83X + 2443 0.8966 7521 81.4 

XY335 Y = –0.7349X2 + 109.27X + 4079 0.9480 8141 74.3 

LM33 Y = –0.5895X2 + 98.395X + 2813 0.9665 6918 83.5 

“Predicted extremum” indicates the highest grain yield (kg ha–1) obtained from the regression equation. 
X refers to a suitable planting density (103 plants ha–1) at the predicted extremum obtained from the 
regression equations 
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Leaf development 

The leaf areas of plants at the silking stage are shown in Fig. 4, values were highest 
in 2014 and lowest in 2015. Leaf area varied significantly by hybrid in the following 
order: ZD958 > XY335 > LM33. Leaf area did not vary significantly between the two 
experimental sites. Increased planting density significantly decreased leaf area. The leaf 
area in treatment D5 was 26.9% smaller than that in treatment D1. 
 

Figure 4. Leaf areas of individual plants. Values are means ± SE. Different lower case letters 
within panels denote significant pairwise differences between means (LSD test; P < 0.05). D1, 
D2, D3, D4 and D5 indicate planting densities of 45,000, 60,000, 75,000, 90,000 and 105,000 

ha–1, respectively 
 
 

The LAI followed the same trend as leaf area/plant by year, hybrid and site (Fig. 5), 
but this was not the case for planting density: LAI significantly increased with 
increasing planting density. The LAI under D5 was 83.6% higher than under D1. 

Dry mass accumulation, remobilization and contribution to grain yield 

The dry mass accumulation, remobilization and contribution to grain yield data are 
listed in Table 3. Among three hybrids, LM33 had significantly lower stalk and leaf dry 
mass at silking stage than ZD958 and XY335. The stalk dry mass at maturity was not 
significantly different among hybrids; however, the leaf dry mass of LM33 was 
strikingly lower than those of ZD958 and XY335. The stalk dry mass remobilization 
rate and contribution to grain yield were not significantly different among hybrids. The 
leaves of LM33 leaf had the lowest dry mass remobilization rate and the smallest 
contribution to grain yield among hybrids. Compared to plants at Halahai, those at 
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Gongzhuling had significantly higher stalk and leaf dry mass accumulation rates, dry 
mass remobilization rates and contributions to grain yield. The dry mass accumulation 
rates at the silking stage, and the stalk and leaf dry mass accumulation rates at maturity, 
leaf dry mass remobilization rates, and stalk and leaf contributions to grain yield also 
increased with increasing planting density. The dry mass of stalks and leaves at silking 
and maturity, and dry mass remobilization rates and contributions to grain yield all 
increased over time. 
 

Figure 5. Leaf area of each plant (LAI). Bars indicate standard error. Different lower case 
letters within panels identify significant pairwise differences between means (LSD test; P < 

0.05). D1, D2, D3, D4 and D5 indicate planting densities of 45,000, 60,000, 75,000, 90,000 and 
105,000 ha–1, respectively 

 
 
Nitrogen uptake and utilization 

The total N uptake (TNU) and utilization data are listed in Table 4. LM33 had the 
highest TNU and N uptake of 100 kg grain among the three hybrids; the respective 
values for LM33 were 10.6% and 10.1% higher than those of ZD958. However, the 
average NPFP of LM33 was the lowest among hybrids (11.8% lower than the values for 
ZD958 and XY335). The order of NHI values for the hybrids was as follows: 
XY335 > LM33 > ZD958. The TNU and NHI values for Halahai were 11.8% and 1.5% 
higher, respectively, than those for Gongzhuling. The NPFP and N uptake of 100 kg 
grain were not significantly different between sites. Increased planting density increased 
the TNU and N uptake of 100 kg grain, but decreased NPFP and NHI. The TNU and N 
uptake of 100 kg grain of D5 were 15.5% and 8.5% higher, respectively, than those of 
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D1, but NPFP and NHI under D5 were 7.9% and 5.3% lower, respectively, than under 
D1. Among the three experimental years, the TNU and N uptake of 100 kg grain were 
lowest in 2014, but NPFP and NHI highest in that year. The TNU and N uptake of 
100 kg grain values were highest in 2015, but the NPFP and NHI were lowest. 

TNU, NFPN, N uptake of 100 kg grain, and NHI varied significantly among the 
hybrids (analysis of variance [ANOVA]; P < 0.05). TNU, NFPN and NHI differed 
significantly between the two experimental sites. TNU, N uptake of 100 kg grain, and 
NHI varied significantly by planting density and year. 
 

Table 3. Dry mass (DM) accumulation, remobilization and contribution to grain yield by 
hybrid, site, year and planting density 

Treatments 

DM at silking 

(kg ha–1) 

DM at maturity 

(kg ha–1) 

DM remobilization 

rate (%) 

Contribution to 

grain yield (%) 

Stalk Leaf Stalk Leaf Stalk Leaf Stalk Leaf 

Hybrids (H)         

ZD958 6257 a 3179 a 5562 a 2347 a 11.1 a 26.2 ab 7.7 a 9.2 a 

XY335 6349 a 3189 a 5542 a 2292 b 12.7 a 28.1 a 8.2 a 9.2 a 

LM33 6111 b 2989 b 5404 a 2282 b 11.6 a 23.7 b 7.7 a 7.7 b 

Site (S)         

Halahai 5950 b 3044 b 5304 b 2300 a 10.9 b 24.5 b 6.6 b 7.6 b 

Gongzhuling 6672 a 3231 a 5801 a 2317 a 13.1 a 28.3 a 10.1 a 10.6 a 

Density (D)         

D1 5301 e 2447 e 4679 e 2055 e 11.7 ab 15.9 d 7.2 b 4.5 d 

D2 5842 d 2804 d 5104 d 2187 d 12.6 a 21.9 c 7.9 b 6.6 c 

D3 6378 c 3143 c 5633 c 2324 c 11.7 ab 26.1 b 7.6 b 8.3 b 

D4 6699 b 3536 b 5960 b 2434 b 11.0 b 31.1 a 7.7 b 11.4 a 

D5 6976 a 3665 a 6139 a 2533 a 12.0 ab 30.8 a 9.2 a 12.4 a 

Year (Y)         

2013 5965 c 2688 c 5376 b 2259 a 9.8 b 16.0 b 5.9 b 4.3 c 

2014 6156 b 3164 b 5478 ab 2324 a 11.0 ab 26.6 a 6.7 b 8.4 b 

2015 6460 a 3289 a 5591 a 2314 a 13.5 a 29.6 a 10.5 a 11.8 a 

Source of variation         

H ** ** ** * NS ** NS ** 

S ** NS ** NS NS NS ** ** 

D ** ** ** ** NS ** NS ** 

Y ** ** ** NS * ** ** ** 

H × S ** ** ** NS NS ** NS ** 

H × D * NS NS NS NS NS NS NS 

H × Y ** ** ** ** NS NS NS NS 

S × D ** NS * NS NS NS NS NS 

S × Y NS ** NS * NS * ** ** 

D × Y NS ** NS ** NS ** NS ** 

H × S × D NS NS NS NS NS NS NS NS 

H × S × Y NS NS ** NS ** NS ** NS 

H × D × Y * NS NS NS NS NS NS NS 

S × D × Y NS NS NS NS NS NS NS NS 

H × S × D × Y ** NS NS NS NS NS NS NS 

Different lower case letters within columns denote significant pairwise differences between means 
(LSD test; P < 0.05). *, P < 0.05. **, P < 0.01. NS, no significant difference (P > 0.05). D1, D2, D3, D4 
and D5 indicate planting densities of 45,000, 60,000, 75,000, 90,000 and 105,000 ha–1, respectively 
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Table 4. Total nitrogen uptake (TNU), nitrogen partial factor productivity (NPFP), nitrogen 
uptake of 100 kg grain and nitrogen harvest index (NHI) by hybrid, site, year and planting 
density 

Treatments TNU (kg ha–1) NPFP (kg kg–1) 
N uptake of 100 kg grain 

(kg) 
NHI 

Hybrids (H)     

ZD958 168.0 c 54.2 a 1.88 b 0.644 c 

XY335 179.6 b 54.9 a 1.86 b 0.684 a 

LM33 185.8 a 48.8 b 2.07 a 0.672 b 

Site (S)     

Halahai 185.7 a 52.9a 1.91 a 0.671 a 

Gongzhuling 166.1b 52.3 a 1.95 a 0.661 b 

Density (S)     

D1 159.4 c 54.2 a 1.88 c 0.678 a 

D2 172.9 b 54.2 a 1.88 c 0.680 a 

D3 184.7 a 53.7 a 1.90 c 0.675 a 

D4 188.0 a 51.4 b 1.98 b 0.660 b 

D5 184.1 a 49.9 b 2.04 a 0.642 c 

Year (Y)     

2013 179.8 a 55.3 b 1.82 b 0.654 b 

2014 173.5 b 58.4 a 1.73 c 0.701 a 

2015 181.1 a 45.6 c 2.20 a 0.640 c 

Source of variation     

H ** * ** ** 

S ** ** NS ** 

D ** NS ** ** 

Y ** NS ** ** 

H × S NS NS ** ** 

H × D NS NS NS NS 

H × Y ** NS ** ** 

S × D NS NS NS NS 

S × Y ** ** ** ** 

D × Y NS NS * ** 

H × S × D NS NS NS NS 

H × S × Y ** ** ** NS 

H × D × Y NS NS NS NS 

S × D × Y NS NS NS * 

H × S × D × Y NS NS NS NS 

Different lower case letters within columns denote significant pairwise differences between means 
(LSD test; P < 0.05). *, P < 0.05. **, P < 0.01. NS, no significant difference (P > 0.05). D1, D2, D3, D4 
and D5 indicate planting densities of 45,000, 60,000, 75,000, 90,000 and 105,000 ha–1, respectively 

 
 
Nitrogen accumulation, remobilization and contribution to grain yield 

Although ZD958 had the highest stalk TNU at silking and maturity, its stalk N 
remobilization rate was lowest among hybrids (Table 5). The leaf TNU values at silking 
and maturity, and the N remobilization rate of ZD958, were not the highest among 
hybrids. ZD958 had the highest stalk and leaf contributions to grain N; they were 11.9% 
and 14.3% higher, respectively, than the lowest values among hybrids. The stalks at 
Gongzhuling had higher TNU values at silking, and higher N remobilization rates and 
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contributions to grain N than stalks at Halahai. However, plants at Halahai had higher 
leaf TNU values at silking, N remobilization rates and contributions to grain N. Stalk 
and leaf TNU at maturity did not differ significantly between sites. Increases in planting 
density significantly increased stalk and leaf TNU values at silking and maturity, as 
well as leaf N remobilization rates and contributions to grain N. However, the N 
remobilization rate of the stalk was significantly decreased by increased planting 
density. The TNU, N remobilization rate, and contributions of stalk and leaf differed 
significantly among years. 
 

Table 5. Total nitrogen uptake (TNU), nitrogen remobilization rate and contribution to grain 
nitrogen uptake by hybrid, site, year and planting density 

Treatments 

TNU at silking 

(kg ha–1) 

TNU at maturity 

(kg ha–1) 

N remobilization 

rate (%) 

Contribution to 

grain N 

(%) 

Stalk Leaf Stalk Leaf Stalk Leaf Stalk Leaf 

Hybrids (H)         

ZD958 62.9 a 72.4 b 28.9 a 26.9 b 54.1 b 62.8 b 31.1 a 41.6 a 

XY335 58.1 c 75.9 a 23.9 b 25.8 c 58.8 a 66.0 a 27.8 b 40.8 a 

LM33 59.4 b 75.0 ab 24.6 b 29.5 a 58.6 a 60.7 b 27.8 b 36.4 b 

Site (S)         

Halahai 59.5 b 81.6 a 26.5 a 27.6 a 55.5 b 66.2 a 26.4 b 43.3 a 

Gongzhuling 61.1 a 63.6 b 23.6 a 27.0 a 61.4 a 57.5 b 34.0 a 33.2 b 

Density (D)         

D1 53.2 c 60.0 d 21.6 d 24.8 e 59.4 a 58.7 d 29.2 a 32.5 e 

D2 57.9 b 68.2 c 23.1 c 26.3 d 60.0 a 61.4 c 29.5 a 35.5 d 

D3 61.9 a 75.1 b 25.6 b 27.4 c 58.8 a 63.5 b 29.1 a 38.2 c 

D4 63.0 a 83.4 a 28.1 a 28.5 b 55.5 b 65.9 a 28.8 a 44.2 b 

D5 64.6 a 85.5 a 28.2 a 29.8 a 56.5 b 65.1 a 30.8 a 47.1 a 

Year (Y)         

2013 59.6 b 81.6 a 28.2 a 27.5 b 52.8 b 66.3 a 26.8 b 46.1 a 

2014 62.6 a 70.3 c 22.2 c 24.4 c 64.6 a 65.3 a 33.2 a 37.7 b 

2015 58.8 b 74.9 b 27.0 b 30.2 a 54.1 b 59.7 b 27.4 b 38.4 b 

Source of variation         

V ** ** ** ** ** ** ** ** 

S ** ** ** * ** ** ** ** 

D ** ** ** ** ** ** * ** 

Y ** ** ** ** ** ** ** ** 

H × S * ** * ** NS ** ** ** 

H × D NS NS ** NS NS NS NS NS 

H × Y ** ** ** ** ** ** ** ** 

S × D * ** NS ** NS * * ** 

S × Y ** ** NS ** NS ** * * 

D × Y ** * ** ** NS * NS NS 

H × S × D NS NS NS NS NS NS NS NS 

H × S × Y NS NS ** ** ** ** ** ** 

H × D × Y NS NS * NS NS NS NS NS 

S × D × Y NS ** NS NS NS ** NS ** 

H × S × D × Y NS NS NS NS NS NS NS NS 

Different lower case letters within columns denote significant pairwise differences between means 
(LSD test; P < 0.05). *, P < 0.05. **, P < 0.01. NS, no significant difference (P > 0.05). D1, D2, D3, D4 
and D5 indicate planting densities of 45,000, 60,000, 75,000, 90,000 and 105,000 ha–1, respectively 
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ANOVA showed that hybrid, site, planting density and year all had significant 
effects on the TNU, N remobilization rate, and stalk and leaf contributions to grain N. 

Discussion 

Grain yield 

Improvements in field management practice have the potential to increase the grain 
yield of modern maize hybrids by 50% (Xu et al., 2017). The choice of an optimum 
planting density is an element of best practice that can be readily implemented by 
working farmers. Across China, maize planting density ranges from 49,850 ha–1 on the 
Huaihai Plain to 65,180 ha–1 in Northwest China (Meng et al., 2013; Li et al., 2016). 
However, in other regions, maize planting density ranges from 79,072 to 105,000 ha–1 
(Kratochvil and Taylor, 2005; Robles et al., 2012; Novacek et al., 2013). Optimum 
planting density is an important element of efforts to maximize maize grain yield. 
However, optimum planting density is influenced by hybrid and environmental 
conditions. It is therefore difficult to identify an optimum planting density before 
planting (Cox and Cherney, 2012; Reeves and Cox, 2013). We found that grain yields 
varied significantly by year, hybrid and site (Fig. 3). Crop production depends on the 
yields of whole populations, rather than individual plants; hence, selection of an 
appropriate planting density is vital to realize high yields. The lowest and highest 
planting densities selected for the three hybrids in this study were 45,000 ha–1 and 
105,000 ha–1, respectively. Grain yield data indicated that 75,000 ha–1 was an 
appropriate planting density overall. However, the most appropriate planting density for 
each experiment varied among years, hybrids and sites (Table 2), indicating that 
planting density is not a fixed variable in maize cultivation. We found that the average 
optimum planting densities for hybrids ZD958, XY335 and LM33 were 78.3, 77.0 and 
84.1 × 103 ha–1, respectively. Xu et al. (2017) reported that the optimum planting 
density of ZD958 at Gongzhuling was 75.0 × 103 plants ha–1, similar to our findings. 
Excessively high planting densities led to yield losses of all three hybrids in our study. 
Also, Amanullah et al. (2007) reported that increased maize planting density decreased 
the kernel number, ear size and 1,000 kernel weights, leading to an overall reduction in 
yield. 

Leaf development 

The leaf is the major photosynthetic organ of maize, and the photosynthetic capacity 
of this crop depends largely on leaf canopy structure and physiological characteristics. 
Ning et al. (2013) and Ci et al. (2012) showed that improvements in maize yield are 
closely related to the leaf stay-green characteristics of modern hybrids. Larger leaf area 
and longer leaf area duration are closely related to improve maize grain yields 
(Francone et al., 2014). We found significant differences in leaf area per plant (Fig. 4) 
and LAI (Fig. 5) among the three hybrids tested. Increasing planting density affected 
both the leaf area of each plant and the LAI: leaf area per plant decreased with increased 
planting density, but LAI increased. The negative effect of increased density on the leaf 
area of individual plants can be offset by concomitant increases in the population leaf 
area. 
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Dry mass and nitrogen remobilization 

Dry mass accumulation reflects the plant growth and development status. High dry 
mass is fundamental to high grain yield. All dry mass gains after silking contribute to 
grain yield, and most of the grain yield is a product of the dry mass accumulated after 
the silking stage (Ning et al., 2013). In this study, increased planting density 
significantly increased the stalk and leaf dry mass at silking and maturity, and also 
increased the proportional contribution to grain yield (Table 2). Dordas and Sioulas 
(2009) reported that grain yield was mainly determined by the accumulation of dry 
mass. Xu et al. (2017) found that the harvest index decreased with increased planting 
density. However, dry mass accumulation contributes more to grain yield than the 
harvest index (Peng et al., 2004). 

Most leaf N is mobilized and transferred to grain (Hirel et al., 2007) during the grain 
filling stage. Chen et al. (2014) worked with hybrid XY335 and reported that 
approximately 70% of the leaf N accumulated at the silking stage was transferred to the 
grain. We also used this hybrid in our trials and obtained a similar leaf N remobilization 
rate (66.0%) (Table 5). Improvements in breeding technology have significantly 
increased the uptake of N, and new maize hybrids have a higher N use efficiency than 
older hybrids (Lee and Tollenaar, 2007; Worku et al., 2007; Haegele et al., 2013). In 
this study, there were significant differences in the TNU, NPFP, N uptake of 100 kg 
grain and NHI values among the three hybrids (Table 4), thereby demonstrating the 
existence of inter-varietal differences in N uptake and utilization. We supplied N at a 
constant rate to the three hybrids included in this study. N is an essential nutrient for 
maize growth and development, and optimum N rate guidelines should be developed to 
take account of the interactions among climate, site, hybrid and planting density. 

Conclusion 

We demonstrated significant effects of maize hybrid and planting density on grain 
yield, leaf growth and development, dry mass accumulation and remobilization, as well 
as N uptake and utilization. The three hybrids had similar grain yield trends, but the 
optimum planting density varied by hybrid. The optimum planting densities for 
enhanced grain yield in ZD958, XY335 and LM33 were 74.0-81.4, 74.3-79.1, and 
78.6-89.7 × 103 ha–1, respectively, across years and sites, showing that LM33 had the 
highest density tolerance. The increase in planting density had significant inhibitory 
effects on the leaf growth and development of individual plants, but this was offset by 
positive effects at the population level. Increased planting density improved dry mass 
and TNU, and promoted dry mass and N transfer from stalks and leaves to grain, 
thereby enhancing yield. In order to get a higher grain yield, modern maize hybrids 
should be combined with appropriate plant densities and suitable growing 
environments. 
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Abstract. In order to explore the optimum amount of nitrogen application in different sowing methods of 
winter wheat, a field experiment was conducted at Wenxi experimental site of Shanxi Agriculture 
University (2017-2018), The two sowing methods were (I) Wide Space Sowing (WSS), and (II) Drilling 
Sowing (DS) with seven nitrogen treatments: 0 kg.hm 90 kg·hm-2, 180 kg·hm-2, 210 kg hm-2, 240 kg hm-

2, 270 kg hm-2 and 300 kg hm-2. (WSS) significantly increased the number of spikes yield and number of 
kernels per spike, nitrogen rate which ultimately increased the yield. The yield was the highest at 
240 kg·hm-2 and 210 kg·hm-2, respectively. Nitrogen application significantly increased the Net 
Photosynthesis Rate (Pn), intercellular carbon dioxide concentration (Ci) and transpiration rate (Tr) and 
decreased the stomatal conductance (Gs) of post-anthesis flag leaves. Wide space sowing wheat with N240 
was the best. Compared with other nitrogen application rates, (WSS) with the nitrogen of 240 kg· hm -2 
increased nitrogen accumulation in all growth stage while nitrogen uptake efficiency, nitrogen use 
efficiency and nitrogen productive efficiency were the highest at 90 kg·hm-2 and lowest at 300 kg·hm-2. 
The accumulation of soluble sugar in the middle and late stages increased and the sucrose content and 
starch content increased in each period after anthesis. The content of each protein component increased 
the albumin which was the highest at 240 kg·hm-2 and the globulin was the highest at 270 kg·hm-2. The 
prolamin and glutenin (storage protein) were the highest at 300 kg·hm-2 and in 240 kg·hm-2. The protein 
content at 300 kg·hm-2, and protein yield at 240 kg·hm-2 were significantly improved compared to other 
nitrogen application rates. The sedimentation value, falling value, formation time, development time, wet 
gluten and the gluten index increased and the water absorption rate was relatively stable as nitrogen 
fertilizer increased. 
Keywords: nitrogen use efficiency, WSS, soil water content, photosynthesis characteristics, grain protein 

Introduction 

The yield of winter wheat (Triticum aestivum L.) in dryland area is unstable and 
substantially lower than the average yield in other areas of China and other European 
countries. Stabilizing the yield of dryland wheat and improving the overall production 
and grain quality of dryland areas have always been the main task of research for 
cultivation work in the arid regions of North China (Li et al., 2002; Ma et al., 2005). 
The world’s largest Loess Plateau is located in northern China, covering Shanxi, eastern 
Gansu, Shaanxi, and northern Henan provinces (Encyclopedia et al., 2013). The Loess 
Plateau in China covers about 0.65 million km2 area and has 108 million population 
(Wang et al., 2010). The Loess Plateau has a semiarid climate with low and variable 
rainfall from 300–700 mm (Li et al., 1992). Due to the lack of irrigation resources and 
deep and sparse groundwater, most of the agriculture is dryland farming, which 
completely depends on the precipitation (Zhang et al., 2009). 

Technological quality of wheat is a very complex character, which depends on the 
genetic potential of genotypes, applied technology and agro ecological conditions. 
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Mineral nutrition, especially nitrogen nutrition, highly influences the technological 
quality. Nitrogen, in interaction with other elements of mineral nutrition, has important 
influence on yield and technological quality of wheat (Pepó et al., 2005; Horvat et al., 
2006). Wheat is one of the most important food crops in the world and it is also an 
important food crop in China and its production plays an important role in China’s 
national economic production. Improving yield and quality in production has always 
been an important task for wheat cultivation workers. The yield and quality of wheat are 
affected by varieties, environmental factors and cultivation measures (Mao et al., 2015). 
Different sowing methods such as drilling, wide space sowing and mulching are in 
practice for wheat cultivation which affect water consumption and yield (Wang et al., 
2016). 

In the Loess Plateau, a short summer fallow of about three months is practiced after 
the harvest of the previous winter wheat in late June and planting of the succeeding crop 
in late September to conserve soil water. Available soil moisture at sowing time 
depends on the tillage method used during the fallow period (Sun et al., 2018). 
Traditional sowing method (TS, drilled using a mechanical seeder, with rows spaced 
20 cm apart without film mulching), is widely practiced on the Loess Plateau in China. 
Such sowing method without mulching does not conserve precipitation and soil 
moisture (Liu et al., 2005). Studied possibilities of direct drilling and reduced tillage in 
second crop silage corn. The direct seeding method gave the best result for mean of 
emergence dates and percentage of emerged seedling. The best result for silage yield 
was found in tillage combination. The lowest yield was found in the heavy-duty disc 
harrow tillage method. The direct seeding gives the best results for tillage efficiency 
parameters, such as fuel consumption, effective power requirement and field efficiency 
(Bayhan et al., 2006; Yalçın and Çakır et al., 2006). 

The wide space and furrow sowing method, with wide space (22-25 cm wide base 
and 12 cm height) and furrow (depth 8 cm, sown into the top-edges of the furrow, rows 
spaced 12 cm) by using an all-in-one machine for ridging, fertilization and sowing, is 
being promoted not only for conserving precipitation and decreasing soil water 
evaporation, but also for avoiding contamination of soil environment with plastic. Sun 
et al., 2015; Li et al., 2018 reported that various sowing methods influenced wheat yield 
due to changes in soil water storage and water-use efficiency on the Loess Plateau in 
China. However, it remained unclear how different sowing methods would influence 
soil bacterial diversity and abundance that contribute to the changes in soil quality and 
micro-environment (Mann et al., 2019). Compared with flat sowing, soil moisture is not 
easy to be lost under the sowing condition and its water retention performance is strong 
(Bergeron et al., 1949). Compared with conventional seeding three-dimensional 
uniform sowing can increase chlorophyll content promoted photosynthesis during grain 
filling and can significantly reduce the number of infertile spikelet’s and increase wheat 
yield (Li et al., 2010; Zhao et al., 2019). 

The work of sowing method along with the improvement of soil water status and 
quality, seedling establishment, quality and crop yield can also be increased mainly 
through improving water infiltration and retention (Yan et al., 2008). Photosynthesis in 
crops is changed by the addition of water and nitrogen and nitrogen nutrition is 
influenced. Tridimensional uniform sowing is a modified form of conventional drilling 
in which seeds are distributed evenly and in the same plane (Tao et al., 2018). High 
nitrogen use efficiency resulting in increased grain protein content may come from 
improved capacity of the grain to accrue nitrogen supply to the grains (Triboı et al., 
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2002). Grain protein content decreased in the year with low precipitation (335.0 mm), 
while increased in the year with high precipitation (673.1 mm), (534.7 mm) (Sun et al., 
2014). Nitrogen fertilizer expands soil fertility and crop productivity. Nitrogen is an 
essential mineral nutrient for plant growth (Wang et al., 2012; Ahmad et al., 2013). 

Nitrogen fertilizer has a major input rate in the production of direct seeded winter 
wheat. In the past, recommended nitrogen application the spring using ammonium 
nitrate (Black et al., 1977). In China, farmers excessively apply nitrogen fertilizers 
because of their hope to sustain further grain yield increases but grain yield does not 
keep synchronous increase with excessive nitrogen application (Meng et al., 2016). 
Nitrogen application during the wheat growing season generally exceeds 320∼350 kg 
nitrogen ha−1 however, some farmers uses rates as high as 750 kg nitrogen ha−1 (Lu et 
al., 2015). Therefore, achieving both high yield and high nitrogen simultaneously is a 
major challenge (Lu et al., 2014). The efficient recovery of fertilizer nitrogen by crops 
is desirable both for economic reasons and to minimize environmental problems. 
However, various studies in China have shown that nitrogen losses following the use of 
fertilizer can be high (Roelcke et al., 1994; Zhang et al., 1992). Available water and 
nitrogen are considered the most limiting factors in wheat production in most parts of 
the world, especially in arid and semi-arid regions (Gonzalez et al., 2010). Therefore, 
supplemental irrigation and nitrogen fertilizer application are required to match soil 
water stress and stabilize yields (Tavakkoli et al., 2004). 

The highest nitrogen uptake in the growth period occurred from reviving stage to 
anthesis stage. The proportion of nitrogen accumulated in leaf and stem was high before 
the anthesis stage and the accumulated nitrogen rate in stem reached peak at the anthesis 
stage (Zhao et al., 2006). The objective of this study were to find the best sowing 
method and optimize doses of nitrogen level to increase the yield and quality of winter 
wheat crop. Wide space sowing (WSS) with 240 kg·hm-2 enhances photosynthetic 
characteristics of flag leaves and promotes dry matter accumulation, to achieve high 
yield in addition, it was showed that the nitrogen metabolism of the plants improved, 
which was beneficial to the improvement of sugar and protein content and the quality of 
wheat also improved. 

Materials and methods 

Experimental site 

The field experiment was conducted at Wenxi experimental site of Shanxi 
Agriculture University located in the southeastern part of the Loess Plateau (34° 35 ‘N 
and 110°15 ‘E) from 2017-2018. It is a typical semi-arid area with an altitude of 450-
700 m. The average annual temperature is 11 to 13 °C. The average annual rainfall is 
450-630 mm, 60-70% of the rainfall is concentrated in July-September. Winter wheat 
and maize are the main crops, irrigation conditions start for winter wheat in mid-
October to the beginning of June of the following year, for corn in mid-to-late June, it is 
harvested in early October of the same year. The total rainfall at the test site for 2017-
2018 was 240.9 mm, with rainfall for each month as shown in Figure 1 and soil base 
fertility is presented in Table 1. 

In wenxi experimental station where wheat was planted once a year without 
irrigation. Natural precipitation was the main source of water for crop cultivation in the 
same area and precipitation mainly concentrated in July-September, which was the 
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fallow period of wheat. Precipitation from sowing to wintering and jointing to maturity 
were abundant, but the fallow period. 

 
Table 1. Soil nutrient properties from experimental location in Shanxi. (Data source: 
Meteorological Station of Shanxi, Wenxi) 

Soil nutrients 2017-2018 2017-2018 

Soil layer (cm) 0.20 20.40 

Organic matter (g kg-1) 12.59 10.40 

Available phosphorous (mg kg-1) 16.26 10.71 

Available potassium (mg kg-1) 280.65 150.65 

pH 7.89 8.02 

 
 

 

Figure 1. Precipitation during study year (2017-2018) in different growth stages of wheat at the 
experimental site in Wenxi. Fallow period: SS-WS, WS-JS, JS-AS, AS-MS: 20 Jun to 30 Sep; S-

W (sowing–wintering): 01 Oct to 30 Nov; W-J (wintering–jointing): 1 Dec to 25 Apr; J-A 
(jointing–anthesis): 26 Apr to 1 May; A-M (anthesis–maturity):2 May to 9 Jun, total growth 

period and total precipitation, respectively 
 
 

Experimental design and treatments 

The wheat cultivar ‘liangxing-99’ used in this experiment was obtained from Wenxi 
Agriculture Jinnan. The two factors split-plot design was adopted and two sowing 
methods was set as (I) Wide Space Sowing (WSS) (II) Drilling Sowing (DS). The 
details of the machinery and sowing techniques are given in Table 2 and Figure 2. 
Nitrogen application amount was taken as the secondary area with seven nitrogen 
application levels set as N0: 0 kg hm-2, N90: 90 kg hm-2, N180: 180 kg hm-2, N240: 
240 kg hm-2, N270: 270 kg hm-2, N300: 300 kg hm-2. All treatments were replicated 3 
times. The area of each plot was 30 m2 (5 m × 6 m). Winter wheat was sown in October 
in 2017 and 2018 and harvested in June of the following year. Stubble (about 25 cm 
high) was left in field after harvesting wheat. 
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Table 2. Wide space sowing (WSS), drilling sowing (DS) details of sowing methods adopted 
during the experiment 

Sowing method Sowing technique Line spacing Tillage 

Wide space sowing 
(WS) 

2BMF-12/6, tillage, auto-fertilization Line space: 22-25 cm 
Sub-soiling, 
rotary tillage 

Drilling sowing 
(DS) 

2BXF-12Seed driller, Nonghaha 
company, no-till, auto-fertilization 

Line space: 20 cm No tillage 

 
 

 

 
Figure 2. Field preparation at experimental site and tow sowing methods. (a) Wide space 

sowing (WSS). (b) Drilling sowing (DS) of Shanxi Agricultural University 
 
 
After the previous corn harvest, the straw was returned to the field. Before sowing, the 

basal application of phosphate fertilizer and potash fertilizer, P2O5 150 kg·hm-2, K2O 90 
kg·hm-2 was applied to the soil. The sowing amount was 225 kg·hm-2, the nitrogen fertilizer 
was applied to the base ratio of 6:4 in the joint stage, with the irrigation of 60 mm, with the 
conventional field management. And no fertilizer was applied during growth seasons.  
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Measurements 

Determination of total tiller and plant nitrogen 

Number of tillers in the population: three parallel rows of wheat sample sections with 
seedling emergence were selected in each growth period, with an area of 0.667 m2 and the 
number of tillers in the population was investigated. After drying and comminution of plant 
organs in each growth period, the nitrogen content was determined by blue colorimetry of 
H2SO4-H2O2-indiophenol, which was calculated with reference to Li et al. (2018). 

 
Water consumption 

Water consumption in wheat fields was measured using a simplified formula as 
described below (Xue et al., 2019): 

 
  (Eq.1) 
 

where P is the effective precipitation (mm) during that stage and ∆S is reduction of soil 
water storage at each stage and was measured as ∆S = S1-S2, where S1 and S2 were the 
soil water content at the beginning and end of the stage, respectively. Whereas, runoff 
and drainage were considered negligible. 

The water consumption intensity (CWR, mm d-1) was calculated as: 
 

  (Eq.2) 

 
where ETi is the water consumption (mm) of wheat in each growth stage and d is the 
number of days in the growth stage. 

 
Soil water storage 

At the sowing, wintering, jointing, anthesis and maturity of wheat growth stages, 0-300 cm 
soil layer was drilled, carefully packed into an aluminum box to determine soil moisture 
content. Oven drying method was used to measure the soil water content of every 20 cm soil. 
Soil water storage were calculated by using the following formula (Liang et al., 2019): 

 

 ( ) wet soil weight  dry soil weight
Soil water storage mm

dry soil weight × 100% × soil thickness × soil bulk density

−
=  (Eq.3) 

 
Changes in soil water storage (ΔSWS) for a specific stage of wheat will be calculated 

as the difference between the soil water storage at the beginning (SWS1) and at the end 
of the growth stage (SWS2) as follow: 

 
 ΔSWS = SWS1 – SWS2 (Eq.4) 
 
The water consumption (CA, mm), percentage of CA to total water consumption 

(CP, %), and daily water consumption (CD, mm) were calculated as follow: 
 

  (Eq.5) 
 
  (Eq.6) 
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  (Eq.7) 
 
where P is precipitation (mm) during this period, I is the irrigation amount, CAG refers to 
water consumption at a certain stage, and d is the number of days in the growing stage. 

 
 WUE = Y/ET (Eq.8) 
 

where WUE is water use efficiency (kg h-1 mm-1); Y is the yield of wheat (kg h-1). 
 

Determination of spike number 

Comparison of the spike of interest with the model spike occurs in an n-dimensional 
vector space, which dimensions are defined by the total spikelet number of the spike of 
interest. The geometrical difference in GYDAS between the two spikes is based on the 
scalar product of these two vectors: 

                                                                                       (Eq.9) 
 
Photosynthetic characteristics i.e. leaf photosynthetic rate, transpiration rate, 

intercellular carbon dioxide concentration and stomatal conductance of flag leaf were 
measured by CI-340 hand-held photosynthesis measurement system (USA) at 9:00-
11:00, 14 Days, 21 D, 28 D, after flowering. 

 
Determination of sucrose, soluble sugar and starch 

After flowering period listed growth consistent and the same day flowering of wheat 
spike and peeling grain was placed in the oven dried at 105 °C for 20 min and then at 80 
°C for 12 hours for dry weight.  The quality and speed of weighing samples greatly affect 
the overall quality of the test. Then the grain was weighed and phenol method was used to 
determine the content of sucrose, and ketone color method was used to determine the total 
soluble total sugar content. H2SO4-H2O2-Phenol blue color method was used to determine 
the seed protein and its component content (Zhao et al., 2013). 

 
Determination of grain yield, grain protein yield 

At maturity, plants were randomly sampled from three 1 m2 areas from each plot to 
determine grain number spike−1 and 1,000 grain weight. All plants from the plots were 
harvested on 9 June 2017. Grains were air-dried whereas aboveground plant parts were 
oven dried until constant weight to determine the grain yield (kg ha−1) and dry biomass. The 
harvest index (HI) was calculated dividing the grain yield by the aboveground dry biomass. 

 
Determination of wet gluten content processing quality 

The bromophenol blue water solution and isopropanol lactic acid mixture, and the 
settling values were determined by shock. The landing value was measured using the 
Landing Numerical Measurer (FN-IV). The Micro dough LAB, a micro powder 
instrument was produced by a Swedish company Botone (SCB) and it measured the 
fluidity of bread. The wet gluten content and gluten index were measured using the 
Gluten Index Meter (MJ-IIIB) quality analyzer. For Quality analysis dough mixed from 
200 g flour was divided into small doughs weighted based on 0.25 g flour calculated as. 
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 (Eq.10) 
 

Statistical analysis 

The different Data were subjected to analysis of variance (ANOVA) as split-plot design 
using DPS and SAS 9.0. Graphics were constructed using Microsoft Excel 2010-13. Mean 
values were calculated and significance of the difference between treatments was tested by 
LSD (least significant difference) method at the significance level of P = 0.05. 

Results 

Nitrogen fertilizer on yield compositional factors 

Wheat yield and compositional factors were more common than regular strips with a 
significant increase in spike, yield and an increased number of spikes (Table 3). The 
number of spikes, spike shots and the weight of thousands of grains, yield with the 
increased nitrogen application showed the trend of first increase and then decrease. The 
yield and its three elements were the highest in N240 and spike number and yield were 
significantly different from other nitrogen treatment and under DS, the yield and its 
constituent elements was the highest in N210 and the spike and yield was significantly 
different from other nitrogen treatment. It can be seen WSS and DS, access can optimize 
the output of the three elements at the same time of WSS broadcast with N240 and DS 
casting N210 to achieve the increase of output. Drilling sowing (DS) and wide space 
sowing (WWS) showed significant increase in the number of spikes and yield. With the 
increased nitrogen rate, the three factors of yield increased first and then decreased. For 
WS and DS, the yield and its three elements are the highest at 240 kg·hm-2 and 
210 kg·hm-2, respectively.  

 
Effect of different sowing methods and water consumption during the growth period 

for winter wheat 

Effect of nitrogen fertilizers on water use of wide space sowing (WSS) of wheat 
influence total water consumption during the growth period. With the increase of 
nitrogen application, the total water consumption in the growth period of WSS wheat 
increased first and then decreased (Fig. 3). The total water consumption in the growth 
period of N240 treatment was significantly higher than in other treatments and was the 
lowest without nitrogen application and the differences between N210 and N270, N90 and 
N180, N0 and N300 were not significant. It can be seen that WSS with N240 increased the 
total water consumption during the growth period of wheat, which was conducive to the 
growth and development. 

 
Effect of different sowing methods and nitrogen rates on water source of farmland 

and percentage for farmland water consumption 

With the increase of nitrogen application, the proportion of precipitation and water 
content of wheat fields decreased first and then increased and water consumption of 
soil, storage and its proportion increased (Table 4). The proportion of precipitation 
water consumption was the lowest in N240 and was the highest in N0 and N240 was 
different from other treatments and the proportion of water consumption was also the 
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lowest in N240 and the highest in N0 but the difference between treatments were not 
significant and the soil water storage, water consumption and its proportion were the 
lowest and in N0, N240 and N240 were significantly higher than other nitrogen 
applications. The wide space sowing (WSS) with N240 reduced the dependence of wheat 
on precipitation and irrigation during growth and enhanced the utilization of wheat to 
soil water storage.  

 
Table 3. Effect of different sowing methods on grain protein and component contents of 
winter wheat 

Sowing 
method 

N rate 
(kg·hm-2) 

Spike number 
(104·hm-2) 

Grain number 
Per spike 

1000-grain 
weight (g) 

Yield 
(kg·hm-2) 

WSS 

N0 688.25c 29.92b 36.42cd 6433.31e 

N90 705.75bc 30.69a 37.32c 6938.22d 

N180 716.50c 29.73b 40.66b 7447.64c 

N210 728.25c 30.56a 41.35ab 7841.61b 

N240 823.25a 31.52a 42.58a 9234.26a 

N270 758.75b 30.95a 39.07b 8003.31b 

N300 695.50c 28.08bc 38.90c 6684.08de 

DS 

N0 511.25e 27.97c 35.56d 4231.12h 

N90 547.75e 28.54bc 39.70b 5139.00g 

N180 560.25e 29.88b 40.73b 5857.49f 

N210 628.50d 30.40a 42.10a 6921.53d 

N240 587.50d 29.10b 41.28ab 6092.60f 

N270 540.00e 28.02bc 39.92b 5087.64g 

N300 503.75f 27.20c 36.84cd 4356.07h 

WSS, DS indicate wide space sowing, drilling sowing and sowing technique 2BMF-12/6, tillage, auto-
fertilization WSS: wide space sowing. DS: 2BXF-12 seed driller, Nonghaha Company, no-till, auto-
fertilization drilling sowing 

 
 

 

Figure 3. Effect of different sowing methods and nitrogen rate on water consumption of soil 
profile, of winter wheat. Different letters indicate significant difference among treatments at the 

significance level of p ≤ 0.05 
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Table 4. Effect of different sowing methods and nitrogen rate on water resources of water 
consumption amount and ratio of winter wheat 

N rate 

(hm-2) 

Precipitation Irrigation Soil water storage 

Water 

consumption 

amount (mm) 

Proportion 

ratio (%) 

Water 

consumption 

amount (mm) 

Proportion 

ratio (%) 

Water 

consumption 

amount (mm) 

Proportion 

ratio (%) 

N0 218.30 52.89a 60.00 14.54a 134.50c 32.58c 

N90 218.30 50.14a 60.00 13.78ab 157.14b 36.09b 

N180 218.30 50.41a 60.00 13.85ab 154.80b 35.74b 

N210 218.30 49.44b 60.00 13.59ab 163.22b 36.97b 

N240 218.30 44.55c 60.00 12.25b 211.68a 43.20a 

N270 218.30 49.24b 60.00 13.53ab 165.03b 37.22b 

N300 218.30 52.48a 60.00 14.42a 137.68c 33.10c 

Different letters indicate significant difference among treatments at the significance level of p ≤ 0.05 

 
 
Effect of different sowing methods and nitrogen rates on grain protein and 

components content 

The effect of nitrogen fertilizers on grain protein and its components were significantly 
different (Table 5). The contents of albumin and globulin (soluble protein) increased first 
and then decreased with the increase of nitrogen application. The highest value of 
albumin was in N240 and the difference between N270 and N300 were not significant. The 
highest value of albumin was N270 and the difference between N180, N210, N240 and N300 

were not significant. The contents of glutenin (storage protein) increased with the increase 
of nitrogen application with the highest content of N300, but the difference of glutenin 
content was not significant compared with N270 and the content of glutenin N300 was 
significantly higher than that of other nitrogen application treatments compared with N90, 
N180 and N240 were the highest ratio of grain to alcohol but the difference was not 
significant. The protein contents were significantly higher than that of N300 and N240 and 
other nitrogen applications. The protein yield of N240 was significantly higher than that of 
other nitrogen treatments. It can be seen that nitrogen fertilizer has obvious regulation on 
storage protein and was more conducive to quality improvement. 

 
Table 5. Effect of different sowing methods nitrogen rate on grain protein and component 
contents at maturity stage 

N rate 
(kg·hm-2) 

Albumin 
(%) 

Globulin 
(%) 

Gliadin 
(%) 

Glutenin 
(%) 

Glu/Gli 
Protein 

(%) 
Protein yield 

(kg/hm-2) 

N0 1.96c 1.54d 2.61d 3.57e 1.37ab 10.75d 755.79d 

N90 2.09b 1.71c 2.88c 4.00d 1.39a 11.24c 857.56c 

N180 2.12b 1.80ab 3.04c 4.26d 1.40a 11.92c 962.22c 

N210 2.20b 1.80ab 3.94b 5.24c 1.33b 13.40b 1050.77b 

N240 2.58a 1.93 a 4.03b 5.92b 1.47a 14.79a 1282.54a 

N270 2.46a 1.95 a 4.30a 5.81b 1.35b 14.03b 1087.29b 

N300 2.49a 1.91 a 4.50a 6.09a 1.35b 15.10a 799.20d 
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Effect of different sowing methods and nitrogen rates on net photosynthesis rate (Pn) 

of the post-flower flag leaves 

The concentration of carbon dioxide between the flag leave cells after wide space 
sowing (WSS) and wheat flower decreased gradually with the grouting process and the 
0-7 days net photosynthesis rate increased with the amount of nitrogen applied after 
flowering showing a single peak increase trend (Fig. 4). The 14 days net photosynthesis 
rate after flowering was still the highest at N300 and not significantly different from N270 
and N240, but after flowering 21 days and 28 days net photosynthesis rate increased with 
nitrogen application. After flowering 28 days was still the highest with N240, but the 
difference was not significant compared to N180, N210, N270 and N300. It can be seen that 
the addition of nitrogen fertilizer can significantly improve the net photosynthesis rate 
of the flag leaves after flowering, but the treatment effect of high nitrogen (N270, N300) 
in the later grouting was weakened and the wide space sowing (WSS) with N240 could 
sustain the whole grout period. 

 

 

Figure 4. Effect of different sowing methods and nitrogen rate 14 Days, 21 D, and 28 D after 
flowering on Net Photosynthesis Rate (Pn) of flag leaves Sowing technique2BMF-12/6, tillage, 
auto-fertilization WSS: wide space sowing; DS: 2BXF-12 Seed driller, Nonghaha company, no-

till, auto-fertilization drilling sowing; of winter wheat 
 
 

Effect of different sowing methods and nitrogen rates on intercellular carbon dioxide 

concentration (Ci) in flag after flowering 

The intercellular carbon dioxide concentration in the flag leaves of wide space 
sowing (WSS), drill sowing (DS) in wheat decreased gradually with the growing 
process and intercellular carbon dioxide concentration in the flag leaves decreased first 
and then increased with the increase of nitrogen application at different stages after 
flowering (Fig. 5). The N240 treatment was significantly lower than other treatments on 
14 days and 21 days after flowering and N0 was the highest N240 and was the lowest 
28 days after flowering, but the difference was not significant compared with N270. It 
can be seen that the increase of nitrogen fertilizer can significantly reduce the 
intercellular carbon dioxide concentration in the leaves of the flags after flower and the 
whole grouting period can be continued. 
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Figure 5. Effect of different sowing methods and nitrogen rate14 Days, 21 D, and 28 D after 
flowering on intercellular carbon dioxide concentration (Ci) of flag leaves Sowing 

technique2BMF-12/6, tillage, auto-fertilization WSS: wide space sowing; DS: 2BXF-12Seed 
driller, Nonghaha company, no-till, auto-fertilization drilling sowing; of winter wheat 

 
 

Effect of different sowing methods and nitrogen rates on stomatal conductance (Gs) 

of flag leaves after flowering 

The stomatal conductance of the flag leaves of wide space sowing (WSS) and 
drilling sowing (DS) wheat decreased gradually with the process of growing and the 
stomatal conductance of the flag leaves increased first and then decreased with the 
increase of nitrogen application at different stages after flowering (Fig. 6). The N240 
treatment was significantly higher than other treatments 14 days after flowering and N0, 
it was the lowest and N240 was the highest at 21-28 days, but the difference was not 
significant. It can be seen that increased nitrogen fertilizer can significantly increase 
stomatal conductance of flower flag leaves, but the effect lasts until the middle stage of 
growth and the effect weakened in the later stage.  

 

 

Figure 6. Effect of different sowing methods and nitrogen rate 14 Days, 21 D, and 28 D after 
flowering on stomatal conductance (GS) of flag leaves Sowing technique2BMF-12/6, tillage, 

auto-fertilization WSS: wide space sowing; DS: 2BXF-12 Seed driller, Nonghaha company, no-
till, auto-fertilization drilling sowing; of winter wheat 
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Effect of different sowing methods and nitrogen rates on transpiration rate (Tr) of 

flag leaves after flowering 

The transpiration rate of flag leaves decreased gradually with the grouting process 
and the transpiration rate of flag leaves increased first and then decreased with the 
increase of nitrogen application in different stages after flowering (Fig. 7). The N240 and 
N270 treatments were significantly higher than other treatments on 14 days and 21 days, 
after flowering and N0 was the lowest. After 28 days N240 was significantly higher than 
other treatments and N0 was the lowest. It can be seen that increased nitrogen fertilizer 
can significantly enhance the transpiration rate of flag leaves after flowering, which 
could last for the whole growth period and the best effect of N240 was obtained in the 
large WSS and DS. 

 

 

Figure 7. Effect of different sowing methods and nitrogen rate 14 Days, 21D and 28D after 
flowering on transpiration rate (TR) of flag leaves Sowing technique 2BMF-12/6, tillage, auto-
fertilization WSS: wide space sowing; DS: 2BXF-12 Seed driller, Nonghaha company, no-till, 

auto-fertilization drilling sowing; of winter wheat 
 
 

Effect of different sowing methods and nitrogen rate on soluble sugar content, 

sucrose content and starch content of wheat grains 

The wide space sowing (WSS) method increased the soluble sugar content, sugar 
content and starch content in wheat grain during winter season when applied nitrogen at 
N300 and N270 respectively. Lowest soluble sugar content, sucrose content and starch 
content were count in the lower dose of nitrogen N90 and N190 as compare to control 
N0 and N300 (Table 6). The nitrogen application has a significant effect on soluble 
sugar content, sucrose content and starch content, but when nitrogen application given 
at certain level. 

 
Effect of different sowing methods and nitrogen content of soil at 0-200 cm during 

major fertility periods 

The nitrogen content of soil in different soil layers increased gradually with the 
increase of nitrogen application in different fertility periods and the N0 content was the 
lowest without the use of nitrogen treatment (Fig. 8). Compared between the nitrogen 
treatments there were no significant differences in the nitrogen content of soil in winter 
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and no significant differences were found between the other soil layers. Among them 
the winter period 0-20 cm soil layer N300 was significantly higher than other nitrogen 
application treatment on 20-60 cm soil layer N270 and N300 were significantly higher 
than other treatments, 120 cm with N300 and N270 were the highest and compared with 
other nitrogen treatment differences significantly, maturity 0-120 cm soil nitrogen 
content with N300 significantly was higher than other nitrogen emissions treatment. 
120-160 cm also with N300 was the highest but compared with other nitrogen treatment 
differences was not significant. The difference between treatments was deep as 160 cm 
in maturity, excessive nitrogen fertilizer was not conducive to wheat absorption of 
nitrogen. Wide space sowing (WWS) showed significant increase in the number of 
spikes, yield and an increase in the number of kernels per spike. For WS and DS, the 
yield and its three elements were the highest at 240 kg·hm-2 and 210 kg·hm-2, 
respectively. Therefore, wide space sowing (WWS) were equipped with 240 kg·hm-2 
and regular strips were applied with 210 kg·hm-2 that achieved an increase in 
production. 

 
Table 6. Effect of different sowing methods and nitrogen rate on soluble sugar content, 
sucrose content and starch content in grains winter 

N rate (kg·hm-2) Soluble sugar content% Sucrose content% Starch content% 

N0 40.35c 17.42b 53.31c 

N90 41.31c 20.38b 56.18bc 

N180 46.18bc 22.82ab 58.32b 

N210 48.32b 23.04a 61.99b 

N240 51.99b 24.43a 67.19a 

N270 55.17a 24.54a 66.17a 

N300 57.19a 25.64a 69.35a 

 
 

Effect of different sowing methods on plant nitrogen accumulation in main growth 

period 

The accumulation of plant nitrogen in wide space sowing (WSS) wheat growth 
process increased and increase of nitrogen application the accumulation of plant 
nitrogen showed a trend of increasing and then decreasing in each growth periods (Fig. 
9). The nitrogen accumulation of wheat plant in different growth stages were the highest 
in N240 treatment and showed significant difference and it was the lowest in N0 
treatment. It can be seen that N240 combined with wide space sowing can promote 
nitrogen accumulation in plants at all growth stages and provide nitrogen source for 
high yield. Wide space sowing (WSS) with the nitrogen of 240 kg·hm-2 could obtain 
nitrogen accumulation, which increased in all growth stages and the nitrogen 
accumulation and its proportion increased significantly during the wintering to jointing 
stage and proportion of nitrogen accumulation in the early growth period increased and 
the nitrogen accumulation of various organs increased, the nitrogen pre-anthesis 
nitrogen translocation amount and nitrogen accumulation amount after anthesis 
increased significantly, but Nitrogen uptake efficiency, nitrogen use efficiency and 
nitrogen productive efficiency were the highest at 90 kg·hm-2 and was the lowest at 300 
kg·hm-2. 
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Figure 8. Effect of different sowing methods and nitrogen rate on nitrate nitrogen content at 0-
200 cm soil layers of winter wheat at different growth stages of winter wheat. W, J, A, and M 

indicate wintering, jointing, anthesis, and maturity stages; WSS: wide space sowing; DS drilling 
sowing W –J -A and M: 01 Oct to 30 Nov; W-J (wintering–jointing): 1 Dec to 25 Apr; J-A 

(jointing–anthesis): 26 Apr to 1 May; A-M (anthesis– maturity):2 May to 9 Jun, total growth 
period Sowing technique 2BMF-12/6, tillage, auto-fertilization WSS: wide space sowing; DS: 

2BXF-12Seed driller, Nonghaha company, no-till, auto-fertilization drilling sowing 
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Figure 9. Effect of different sowing methods and nitrogen rate on nitrogen accumulation of 
winter wheat at different growth stages of winter wheat. W, J, B, A, and M indicate wintering 

stage, jointing, bolting, anthesis, and maturity stages; (21 June - 30 September), sowing to 
wintering (1 October - 30 November), wintering to jointing (1 December T0 10 April) Jointing 
stage to Booting (11 April to 25 April), jointing to Anthesis (26 April - 1 May) and anthesis to 
maturity (2 May - 9 June) Sowing technique 2BMF-12/6, tillage, auto-fertilization WSS: wide 

space sowing; DS: 2BXF-12 Seed driller, Nonghaha company, no-till, auto-fertilization drilling 
sowing 

 
 

Correlation coefficients between water consumption and yield components at 

different growth stage in dryland wheat 

The results of the correlation analysis of total water consumption and yield in the 
growth period of wide space sowing wheat showed that total water consumption in the 
growth period was significantly positively correlated with yield (P < 0.01). Further 
(Fig. 10), water consumption during growth period was closely related to yield. 

 

 

Figure 10. Correlation coefficients between water consumption and yield in winter wheat 
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Discussion 

Wheat production in this region are facing great challenges of a scant water supply 
and nutrient deficit. Due to the sparse and deep groundwater resources, rainfall is the 
sole water source for wheat production in the Loess Plateau, and it is limited (200-
600 mm) and unevenly distributed. Only 30%-40% of annual rainfall occurs during 
winter wheat growing season, whereas most of the rain falls between July and 
September, which is concurrent with the summer fallow between two growing seasons 
of winter wheat (Li et al., 2015). Wheat yield in semiarid dryland areas is highly 
affected by the variation in the amount and distribution of seasonal precipitation (Wang 
et al., 2015). Precipitation is an important meteorological factor which affects soil water 
content. In the Loess Plateau and other dryland areas, the soil water content at the time 
of sowing is important for early growth of wheat and highly dependent on the 
precipitation during fallow season of dryland wheat (Kang et al., 2002; Rossato et al., 
2017).  

 
Effect of different sowing methods on nitrogen rates fertilizer group quality and yield 

formation 

Soil is the basic need for plant survival the exchange of nutrients, water and gas 
between soil and crops affects the growth and development of crops yields then 
regulates the formation of yield and quality (Triboi et al., 2002). The amount of 
fertilization is significantly positively correlated with crop yields, so farmers pursue 
high yields by applying a large amount of fertilizer resulting in excessive nitrogen being 
dispersed in the air, water and soil causing a series of environmental and human health 
problems (Seong et al., 2018). The supply of nutrients in farmland is determined by the 
input of soil base fertility and fertilizers and the soil nutrient supply capacity and 
characteristics are different under different soil fertility, resulting in different 
characteristics of crop nutrients absorption and utilization which directly affects the 
utilization of nutrients (Matzen et al., 2019). The average output of WSS homogenous 
treatment is 8976 kg hm-2 compared to the DS. Relatively coordinated to promote the 
production composition of the three factors of growth, so as to achieve a higher 
production than traditional strip production (Chen et al., 2016); Dang et al., 2015). 
However Han et al. (2013) showed that after the use of wide, the number of spikes 
significantly increased but the grain weight also increased and spike but did not reach 
the difference level and finally achieved increased production. According to Wei et al. 
(2016), from the wheat growth situation under different sowing methods the difference 
in the number of basic seedlings winter and spring equinox between the treatments was 
not significant indicating that the different sowing methods had a small impact on wheat 
sowing and seeding and the ability of wheat sowing planted in WSS was similar to that 
of ordinary strips. According to Anxia et al. (2015), due to the variety difference the 
effect of nitrogen fertilizer on tiller number in each growth stage of wheat population is 
different. The growth and development characteristics of different varieties appropriate 
amount of nitrogen fertilizer application and top dressing time are selected to achieve 
reasonable control of tiller number in each growth stage of wheat population. The 
results of this study showed that the application of 240 kg hm-2 in wide and drilling 
significantly increased tillers in the jointing stage and the booting stage compared with 
other nitrogen treatments while there were no significant changes in other growth stages 
(Guo et al., 2016). Nitrogen application was beneficial to the ears development of 
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wheat, increased the number of effective ears and grains per ear and achieved an 
increase in yield. However, excessive nitrogen application would reduce the total 
number of ears and 1000 grain weight of winter wheat leading to a decrease in yield. In 
a study of Ye et al. (2010), the three elements of wheat yield increased with the increase 
of nitrogen fertilizer amount, especially the 1000 grain weight and grain number per 
panicle reached significant levels. However, when nitrogen fertilizer amount exceeded 
90 kg·hm-2, grain number per panicle could not reach a significant level and when 
nitrogen fertilizer amount increased to 180 kg·hm-2 or even 210 kg·hm-2, 1000 grain 
weight could not reach a significant level. According to Yang et al. (2018), increase of 
nitrogen application, the output and yield composition of the three factors will not show 
a single peak increase trend but show the first increase and then decrease trend in the 
nitrogen application of 180 kg hm-2, the number of grain weight and spike reached the 
maximum at 240 kg hm-2. The number of spike particles and yield were maximized and 
the differences were significant. The results of this experiment showed that with the 
increase of nitrogen application, the number of spikes, spike grains and thousands of 
grain weight, the yield increases first and then it decreases, the spike number and yield 
difference was significant but the difference between the number of spike and thousands 
of grains was not significant and the DS cast 210 kg. The number of h-2 spike particles 
and yield increased significantly and there was no significant difference between the 
number of spikes and the weight of thousands which showed that on the basis of the 
seeding method affecting the yield composition wide space sowing (WSS) was a 
stronger nitrogen fertilizer utilization capacity which was more consistent with the 
previous studies. 

 
Effect of different sowing methods on nitrogen rates fertilizer and water utilization 

Currently advocated water saving agriculture is faced with such problems as how to 
improve soil water utilization efficiency, reduce ineffective water consumption and 
strengthen wheat’s utilization of water in deep soil. In addition to improving varieties 
adjusting crop layout and cultivation mode is a low cost efficient and fast way. The 
ability of wheat to adapt to changing conditions in the process of growing depends not 
only on the genetic characteristics of the variety itself but also on the farmland 
microenvironment due to changing planting patterns. The planting mode is a factor that 
can be controlled in agricultural production, water and nitrogen utilization efficiency is 
determined by multiple factors and all factors that can affect grain yield water 
consumption and nitrogen will directly or indirectly affect water utilization efficiency 
(Maaiping et al., 2009). One of a research work shows that the drilling spacing in order 
to reduce the basic seedlings and establish reasonable population quality can be 
optimized after flowering plant physiological characteristics increase capacity, improve 
the grain-filling ability but small planting distance contributed to the growing 
contradiction between individual body, poor resource utilization condition of field in the 
field. Therefore, by increasing the row space and width appropriately, the sowing 
quality can be improved the reasonable group structure can be constructed and the 
individual growing environment can be improved. The experimental study of Crisálida 
et al. (2018) shows that the wide drilling with 240 kg·hm-2 reduce the proportion of 
rainfall and irrigation water consumption, water consumption and soil water storage and 
its proportion increase may be due to wide drilling soil root spatial distribution 
promoted the root soil water use of water. The results of this study also showed that the 
water consumption of seeding jointing and jointing flowering increased with the 



Noor et al.: Effect of different sowing methods and nitrogen rates on yield and quality of dryland winter wheat in Loess Plateau, 
China 

- 5719 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5701-5726. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_57015726 
© 2020, ALÖKI Kft., Budapest, Hungary 

adoption of WSS compared with the DS. Moreover, the total water consumption during 
the growth period of wide and drill was significantly positively correlated with the yield 
(P < 0.01). The drill also showed a positive correlation but not significantly. However, 
research conducted by Wang et al. (2013) showed that wide sowing made the inter-row 
plant spacing more evenly distributed. However, as the row spacing became wider the 
wheat population was not evenly distributed on the whole and the land cover was not 
complete. According to the study of Zhou et al. (2008), nitrogen application had a 
regulatory effect on water consumption indexes in different growth stages. Water 
consumption in the early stage of nitrogen application and water consumption model 
coefficient in the late stage of growth promoted the use of soil water and nitrogen by 
roots and the growth of vegetative organs. Appropriate application can improve the 
utilization ability of wheat to soil water storage reduce the dependence on natural 
precipitation and irrigation and compensate for the impact of insufficient irrigation on 
grain yield (Ercoli et al., 2008; Yan et al., 2012). Research showed that nitrogen 
fertilizer had a greater effect on water consumption in the stage and increased nitrogen 
fertilizer application could increase water consumption in the stage of greening-
flowering and its proportion, so that the peak of water consumption moved forward. The 
results of this study showed that with the increase of nitrogen application, the water 
consumption in the early and middle stages of growth and their proportion, as well as 
the water consumption in the jointing flowering stage first increased and then decreased 
and the water consumption in the later stages first decreased and then increased. Among 
them the wide drilling with 240 kg hm-2 improved planting jointing stage and jointing 
stage, flowering two stage water consumption and its proportion reduced, According to 
Shi et al. (2008), total water consumption during the growth period of nitrogen 
treatment was significantly higher than that of non-nitrogen treatment. Compared with 
nitrogen application, the total water consumption of 210 kg hm-2 treatment the 
proportion of irrigation water and the water consumption of soil storage were the 
highest. Compared with other treatments the difference was significant indicating that 
the suitable nitrogen application of 210 kg hm-2 in this area promoted the utilization of 
soil water storage by wheat. The results of this study showed that with the increase of 
nitrogen application the water consumption of soil storage water and its proportion first 
increased and then decreased. The proportion of precipitation and irrigation water 
consumption of 240 kg hm-2 combined with wide drilling was the lowest, while the 
proportion of water consumption of soil storage water and its proportion were the 
highest. In terms of sowing characteristics wide drilling has the growth conditions to 
make full use of water and the coordination between water and nutrients was very 
important for the growth and development of crops. The utilization of soil water in 
wheat fields will directly affect the efficiency of nitrogen fertilizers. The studies also 
showed that within the scope of 0-360 kg hm-2 N240 kg hm-2 more than 180 kg hm-2 

was the most appropriate nitrogen treatment. Nitrogen treatment increased by 9.53%, 
but the utilization efficiency of precipitation and water use efficiency increased by 
9.54% and 21.04%, respectively (Wang et al., 2012).  
 

Effect of different sowing methods and nitrogen fertilizer on photosynthesis 

characteristics of post-flower flag leaves 

Photosynthetic rate, stomatal conductance, transpiration rate and chlorophyll content 
are important components of photosynthetic physiological characteristics of crops. 
Nitrogen is the main element of protein synthesis an important component of grain 
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closely related to the life activities of crops and an indispensable nutrient limiting factor in 
agricultural production. As a result, nitrogen has been applied extensively in agricultural 
production over the past few decades to increase wheat yields. However, some studies 
have shown that under the condition of high nitrogen application the photosynthetic rate 
of leaves decreased and with the application of a large amount of nitrogen fertilizer in 
agricultural production the loss of fertilizer was directly caused and soil pollution was 
serious and the agricultural ecological environment entered a vicious circle. Wang et al. 
(2012) showed that the light transmittance of the large WSS and DS wheat population 
was significantly better than that of the traditional row spacing sowing wheat which could 
significantly adjust the net photosynthetic characteristics of the flower flag leaves. The 
results of this study showed that broad drilling with 240 kg hm-2 improved the 
photosynthetic characteristics of flag leaves, significantly increased the net photosynthetic 
rate, stomatal conductance and transpiration rate of flag leaves after flowering and 
significantly reduced the intercellular carbon dioxide concentration. This may be due to 
that the wide precision sowing expanded the width and row spacing, optimized the light 
conditions for the population in the field and at the same time, the suitable nitrogen 
application made reasonable use of the photo thermal resources. The nutrient conditions 
were good the individual plants developed well the green leaf area was large, function 
time was long and aging time of the whole plant in the later stage of wheat was delayed, 
so as to avoid the early aging of the leaves (Hu et al., 2016). Study showed that leaf 
photosynthesis was closely related to crop yield and leaf photosynthetic rate was an 
important reason for crop high yield while nitrogen fertilizer could enhance plants’ ability 
to synthesize chlorophyll and was one of the most effective factors to regulate plant leaf 
photosynthetic capacity (Li et al., 2010; Fuentes et al., 2003). Their research experience 
define that when the soil water content was the same the Pn of wheat generally increased 
first and then became stable with the increase of nitrogen application and the intercellular 
carbon dioxide concentration transpiration rate and net photosynthetic rate generally 
increased first and then decreased, which also indicated that appropriate nitrogen 
application is beneficial for improving the photosynthetic capacity of wheat flag leaves 
during the filling period. Appropriate nitrogen application is also expected to improve the 
photosynthetic capacity of winter wheat over ground parts increase the accumulation and 
transfer of dry matter and promote the increase of wheat yield. The results of this study 
showed that the photosynthetic indexes in the flag leaves of the broad drilling with 240 
kg·hm-2 fertilizer all reached the optimal level which may be due to the appropriate 
nitrogen fertilizer amount promoting the synthesis of chlorophyll. In addition, the 
protective enzyme activity level in the wheat plant was maintained at the same time. 
However, some studies have shown that increased nitrogen fertilizer is beneficial to 
increase the population leaf area of wheat and optimize the canopy environment. 
However, excessive nitrogen fertilizer will reduce leaf inclination and excessive leaf area 
will lead to unreasonable canopy structure resulting in wheat yield loss (Song et al., 
2016). 

 
Effect of different sowing methods and nitrogen fertilizer on nitrogen metabolism 

Increasing the amount of nitrogen fertilizer can increase the effective nitrogen 
content of wheat field tillage layer and promote nitrogen absorption in wheat plants. 
Nitrogen emissions ranged from 120 kg hm-2 to 240 kg hm-2 increasing the 
accumulation of nitrogen in various organs during maturation but reducing the transfer 
rate of nitrogen accumulation to grain in the organs after flowering. According to Zhang 
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et al. (2012), due to the increase in nitrogen application wheat organs before the 
operation of nitrogen and the accumulation of nitrogen in the mature period increased 
but the nutrient organs before the accumulation of nitrogen operation rate and the 
contribution rate of nitrogen to grain after flowering did not change significantly. The 
results of this study also show that the amount of nitrogen running before flowering 
increases and then decreases after the increase of nitrogen accumulation before 
flowering the contribution rate of nitrogen operation to grain before flowering also 
increases and then decreases but not significantly. The reason for the analysis may be 
that water fertilizer needs to be increased synchronously with increasing the amount of 
nitrogen applied but the lack of water in wheat fields cannot make full use of nitrogen 
fertilizer but is not conducive to the operation and accumulation of nitrogen in the plant 
(Chai et al., 2010; Guo et al., 2018). Work shows that nitrogen fertilizer recycling rate, 
nitrogen fertilizer agronomy efficiency nitrogen fertilizer production efficiency and 
nitrogen fertilizer utilization efficiency show a decreasing trend with the increase of 
nitrogen application when nitrogen application exceeds 240 kg hm-2 soil nitrogen 
content increases and with the extension of planting age this is more obvious. This study 
shows that nitrogen absorption efficiency nitrogen utilization efficiency and nitrogen 
production efficiency were all 90 kg hm-2, soil nitrogen content with the increase of 
nitrogen yield and soil layer deepening, the difference between treatment can be as deep 
as 160 cm in maturity, Excessive application of nitrogen fertilizer was not conducive to 
the absorption of nitrogen in wheat, which was more consistent with previous studies. 

 
Effect of different sowing methods and nitrogen rates fertilizer on grain quality 

In recent years with the reform of agricultural structure wheat production is changing 
from high yield to green age. The arrival of the green era not only means the strategy of 
weight loss and drug reduction, the pursuit of high quality wheat, the establishment of 
reasonable quality evaluation standards are the most urgent tasks and in the current 
regulation of wheat quality of many factors nitrogen fertilizer regulation is the most 
effective measure (Wang et al., 2015). The total protein content and component content 
of wheat grains of different grains increased significantly with the increase of nitrogen 
application. The analysis of the proportion of each protein component of wheat grain to 
the total protein in this experiment showed that the protein component content 
increased, the protein was the highest at 240 kg, hm-2 the globulin was the highest at 
270 kg hm-2 and the alcohol soluble protein and wheat gluten (storage protein) were the 
highest at 300 kg hm-2. The globulin ratio was the highest at N240 the protein content 
were 300 kg hm-2, 240 kg hm-2 and the protein yield was 240 kg hm-2 significantly 
higher than that of other nitrogen treatment. The study also found that clear protein and 
globulin were more regulated by nitrogen fertilizer in the grout stage, while alcohol 
soluble protein and wheat gluten were more sensitive to nitrogen fertilizer reaction in 
the later stage of grouting. However, there were also reports that with the increase of 
nitrogen application the increase in seed globulin and alcohol-soluble protein can be 
observed, while the content of clear protein and gluten has a tendency to decrease 
(Fuentes et al., 2003). Analysis of the reasons resulted in the consequence that varieties 
were the main factors affecting quality in addition according to Wang et al. (2016), that 
different soil fertility protein components to nitrogen application level are not the same. 
At the same time, it is shown that the response of strong middle and weak wheat to 
nitrogen fertilizer is very different. The application of the appropriate amount of 
nitrogen fertilizer is conducive to improving the nutritional quality of wheat and 
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processing quality. Nitrogen application in the range of 0-300 kg hm-2 nitrogen and 
wheat actual yield and protein yield of the secondary curve relationship was conducive 
to improve protein, wet gluten content and sedimentation value and other indicators at 
the same time can extend the formation time and stability time of the dough (Cao et al., 
2005). The results show that with the increase of nitrogen fertilizer, the sedimentation 
value, landing value and formation time, stabilization time, wet gluten and gluten index 
increased but the water absorption rate were relatively stable, which is consistent with 
the previous research results. 

Conclusions 

The number of spikes and production increased significantly the number of spike 
particles also increased. DS can optimize the output of the three elements at the same 
time. Further analysis shows that the wide space sowing was distributed with 240 kg hm-2 
to reduce precipitation and irrigation increased the water consumption and proportion of 
soil water storage increased the water consumption in the sowing extraction and 
extraction flowering stages and ultimately increased the total water consumption during 
fertility and improved the efficiency of water utilization at the same time, reduced the 
high yield of each organ, increased the dry quality of each organ, increased the dry quality 
of the plant in the extraction-flowering and flowering maturity stage and its proportion 
increased the grain weight of each time after flowering, the number of spikes and yield 
increased significantly. The pore conductivity and steaming rate reduced the 
concentration of carbon dioxide between cells resulting in high yield. In addition, WSS 
distribution with 240 kg hm-2 to increase the accumulation of nitrogen in plants during the 
main fertility period significantly increased the accumulation of nitrogen in each stage of 
fertility the proportion of nitrogen accumulation increased in the pre fertility stage and the 
accumulation of nitrogen increased in various organs during maturity, the amount of 
nitrogen before flowering and nitrogen accumulation after flowering significantly 
increased, while ensuring the yield. It was beneficial for the improvement of sugar and 
protein content and the quality of wheat. 
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Abstract. Sorghum [Sorghum bicolor (L.) Moench] is an important plant in an arid and semi-arid part of 
China. The application of nitrogen is a basic element necessary for sorghum growth. In this study, 
Keza15 and Suiza7 were used as experimental materials in northern china to study the relationship among 
nitrogen and the accumulation of starch and the yield. The results showed that the total starch 
accumulation of the low-N-sensitive variety had a larger change range than the low-N-tolerant varieties. 
From 7 to 21 days after powder dispersal was a rapid growth period of starch accumulation and played an 
important role in the starch synthesis of grains. The yield of the two different genotypes of sorghum 
increased first and then decreased with a higher rate of nitrogen application. The best nitrogen application 
amount was 200 kg N ha-1 (N200). The application of nitrogen was beneficial for the increase of Soluble 
starch synthase (SSS), Starch branching enzyme (SBE), Bound starch synthetase (GBSS), Adenosine 
diphosphate glucose pyrophosphorylase (AGP), Uridine diphosphate glucose pyropitase activities (UGP), 
but the excessive nitrogen application led to a decrease. The effect of nitrogen on the activity of starch 
related enzymes for the low-N-sensitive sorghum was stronger than that for the low-N-tolerant sorghum. 
Keywords: sorghum, nitrogen application rates, starch synthesis, high density, key enzyme 

Introduction 

Sorghum [Sorghum bicolor (L.) Moench] is the main food and economic crop in arid 
and semi-arid areas and is widely used in feed, brewing, energy, food processing and 
other fields (Wang et al., 2015). In the past few decades, the increase of sorghum yield 
were mainly attributed to the production increase in barren field (or low yield field) 
(Ciampitti et al., 2016). Nitrogen fertilizer is an important nutrient element in sorghum 
growth, reasonable application of nitrogen and sufficient nitrogen supply could alleviate 
the individual competition for nitrogen fertilizer, and improve the yield effectively 
(Mahama et al., 2014; Van weelden et al., 2016; Komla et al., 2019). However, 
excessive application of nitrogen fertilizer will lead to late maturity, lower harvest 
index, and lower nitrogen utilization efficiency (Liang et al., 2017). On the other hand, 
the excessive application of N results in decreased crop yields and environmental 
pollution (Jin et al., 2012). How to limit the negative impact of agricultural practices 
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and increase crop production sustainability has been one of the key agricultural 
challenges (Ronga et al., 2019; Tilman et al., 2011). 

Starch is the main component of sorghum grain, which consists of amylose and 
amylopectin. The proportion and quantity of amylose and amylopectin in the grain 
affect the quality of starch. Amylopectin content has an important impact on the 
palatability of sorghum and brewing quality (Ge et al., 2016). The application of 
nitrogen fertilizer is an effective means to improve the yield of sorghum, which can 
improve the accumulation of photosynthetic products, promote the formation of grain 
yield, which play an important role increasing production (Wang et al., 2015; Zhou et 
al., 2016). Nitrogen is involved in the synthesis of enzymes and their cofactors that 
regulate plant biochemical reactions. It is an important structural material in plants and 
one of the most critical elements in the process of carbon and nitrogen metabolism. 
Starch synthesis is a biochemical reaction process involving the coordination of many 
enzymes. The catalytic enzymes mainly include ADPG pyrophosphorylase, starch 
synthetase, starch branching enzyme, debranching enzyme and starch phosphorylase 
(Yan, et al., 2009). 

In recent years, with the improvement of sorghum breeding level, sorghum has 
undergone a transformation from traditional tall-stalk and rare-planting to dwarf and 
high-density planting (Li et al., 2018). At present, the suitable planting density of dwarf 
sorghum in Heilongjiang Province is 300000 plants per hectare (Shen et al., 2013; Yang 
et al., 2015), which is the area with the largest sorghum planting density in China. The 
effect of nitrogen fertilizer on starch accumulation of sorghum grain has been reported, 
but the design of cultivation conditions is different. Previous studies focused on the 
effect of nitrogen on the yield and quality of sorghum, and high stem and sparse 
planting were mainly used for research background (Yu et al., 2008; Yi et al., 2014; Ge 
et al., 2016). There are few reports about the effect of high-density planting of sorghum 
starch in northern china. In this study, Keza15 and Suiza7 were used as experimental 
materials to study the relationship between nitrogen and starch yield, starch-related 
enzyme activity, and yield of different genotypes of sorghum under natural conditions. 
The physiological response and different mechanisms of starch accumulation and 
related enzyme activity of different genotypes of sorghum were clarified. It is of great 
significance to understand the nitrogen effect and metabolic mechanism of starch 
accumulation of high-density sorghum planted in an alpine area and to lay a foundation 
for the formulation of high-yield and high-quality cultivation technology. 

Materials and methods 

Trials materials 

Keza15 and Suiza7 were obtained from the Keshan branch of the Heilongjiang 
Academy of Agricultural Sciences (Qiqihar City, Heilongjiang Province, China). Note: 
Keza15: the low-N-tolerant variety; Suiza7: the low-N-sensitive variety (Yang, et al., 
2019) (Fig. 1). 

 
Trials conditions 

Agronomic trials were performed in an open field at Keshan (48°03′47″N, 
125°87′57″E) (Qiqihar City, Heilongjiang Province, China) in 2017. The former crop 
was kidney bean, and the experimental soil was a chernozem. The 0-20 cm deep soil in 
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the plow layer had the following characteristics: organic matter 3.2×104 mg·kg-1, pH 
6.12, alkali hydrolyzed nitrogen 173 mg·kg-1, available phosphorus 28.8 mg·kg-1 and 
available potassium 307.2 mg·kg-1. 

 

 

Figure 1. The field growth photos of two sorghum varieties during waxing stage under N100 
treatment. (A) Keza15. (B) Suiza7 

 
 
Four nitrogen treatments were set up, and urea was used as the nitrogen source: 0 kg 

(N0), 100 kg (N100), 200 kg (N200) and 300 kg (N300) of pure nitrogen per hectare; 
1/3 of nitrogen was applied as seed fertilizer, with 2/3 as top dressing, applied to the soil 
at the jointing stage. Fixed P and K (P2O5 150 kg and K2O 100 kg/ha) were applied as 
seed fertilizer at one time. Sorghum was sown on May 15th, the trials area was 10 m 
long, consisting of eight ridges with a 0.65 m ridge distance and 300,000 seedlings per 
hectare, double row planting on ridge with row spacing of 15 cm and plant spacing of 
10 cm. Three replications were conducted (Fig. 2). 

The mean maximum and minimum air temperatures and total rainfall during the 
cropping cycles (May to September) were 29.3 and 7.8 °C and 357.4 mm for the year 
2017 (Fig. 3). 

 

 

Figure 2. The experimental design 
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Figure 3. Average temperature and Rainfall duration during growth period in 2017 
 
 

Sample handling 

Plants of Growth uniformity were marked as samples, and the samples were taken on 
days 7 (August 5th), 14 (August 12th), 21 (August 19th), 28 (August 26th), 35 
(September 2th) and 42 (September 9th) after the powder dispersed. Three spikes were 
taken each time from each treatment. Thirty grains were selected from the middle and 
upper parts of the spike and weighed. The seeds were frozen in liquid nitrogen and 
stored in an ultra-low temperature refrigerator at -70 °C. The rest of the seeds were 
killed at 105 °C and dried to constant weight at 80 °C for the determination of starch 
accumulation. 

 
Determination of starch accumulation 

Starch content determination according to the method of Fan Mingshun (Fan, et al., 
2008). The main wavelength of the amylose content (%) was 620 nm, and the reference 
wavelength was 479 nm. The main wavelength of the amylopectin content (%) was 
556 nm, and the reference wavelength was 737 nm. Both the amylose and amylopectin 
standard samples were obtained from the Heilongjiang Academy of Agricultural Sciences. 

 

 (%)content n amylopecti + (%)content  amylose = (%)content starch  Total  (Eq.1) 
 

Determination of starch-related enzyme activity 

The activity of Soluble starch synthase (SSS), Starch branching enzyme (SBE), 
Bound starch synthetase (GBSS), Adenosine diphosphate glucose pyrophosphorylase 
(AGP), Uridine diphosphate glucose pyropitase activities (UGP) was determined by 
enzyme-linked immunosorbent assay. The kit was provided by Shanghai Enzyme-
linked Biology Co., Ltd. (Shanghai china), and the determination method was carried 
out according to the instructions. Three parallel measurements were made by the 
determination of the enzyme’s activity. 

 
Yield measurement 

Grain yield and its composition: From each plot 20 plants (except from the guard 
area surrounding the plot) from one-meter-long ridge were harvested continuously at 
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maturity for the determination of grain yield. The indexes included the single spike 
weight, grain number per spike and thousand kernel weight. The yield was converted by 
the weight at 14% water content. 

 
Analysis software and analysis method 

The data were processed by Excel 2013 and analyzed by SPSS 16.0 and data from 
each sampling data were analyzed separately. Means were separated by Duncan’s 
multiple range test at p < 0.05. The data are presented as the means ± standard deviation 
from all replications. Different characters indicate significant differences. 

Results 

Effect of nitrogen application on total starch content in grains 

It can be seen from Table 1 that the total starch content of the two sorghum varieties 
increased with the development of the growth period. The N0 treatment was 
significantly lower than each nitrogen treatment. The N0 treatment of Keza15 was 
significantly lower than that of N application, and there was no significant difference 
among N application treatments. 

7 d after powder dispersion, there was no significant difference in the total starch 
content of Suiza7 among N application treatments. From 14 d to 21 d after powder 
dispersion, N200 = N300 > N100 > N0 and there was no significant difference between 
N200 and N300. From 28 d to 42 d after powder dispersion, 
N200 > N100 = N300 > N0, there was no significant difference between N100 and 
N300. 

 
Table 1. Effect of nitrogen application on total starch content in grains 

Cultivars Treatment 

Total starch content（%） 

7 d after 

powder 

dispersion 

14 d after 

powder 

dispersion 

21 d after 

powder 

dispersion 

28 d after 

powder 

dispersion 

35 d after 

powder 

dispersion 

42 d after 

powder 

dispersion 

Keza15 

N0 6.75±0.17a 18.91±0.09b 38.07±0.38c 50.97±1.40b 58.93±0.47b 63.36±0.51b 

N100 7.53±0.53a 22.83±0.45a 42.24±0.94ab 55.07±0.26a 64.05±0.91a 68.83±0.42a 

N200 7.75±0.38a 23.43±0.21a 42.83±0.26a 55.36±0.48a 63.63±1.34a 68.53±0.32a 

N300 7.57±0.41a 22.88±0.24a 40.68±0.52b 53.89±0.06a 61.90±0.43a 67.30±0.75a 

Suiza7 

N0 6.38±0.31b 18.48±0.31c 35.71±0.50c 48.77±0.31c 57.46±0.30c 62.33±0.21c 

N100 7.75±0.47a 22.06±0.13b 42.17±0.47b 54.98±0.37b 63.56±0.71b 68.32±0.25b 

N200 7.96±0.38a 24.12±0.36a 44.89±0.47a 56.75±0.28a 66.61±0.61a 69.86±0.39a 

N300 7.68±0.10a 23.81±0.37a 43.94±0.12a 55.35±0.22b 62.97±0.17b 67.91±0.46b 

Different letters indicate significant differences according to Duncan’s test (p ≤ 0.05) 

 
 

Effect of nitrogen application on the amylopectin content in grains 

The result showed that the amylopectin content of the two varieties of sorghum 
increased significantly from 7 d to 42 d after powder dispersion, and the amylopectin 
content of the nitrogen treatment was significantly higher than that of the N0 treatment 
(Table 2). There was no significant difference among nitrogen treatments with respect 
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to the amylopectin content in Keza15 on the 7 days after powder dispersal; 
N100 = N200 > N300 = N0 on the 21 days after powder dispersal, there was no 
significant difference between N100 and N200; N200 = N100 = N300 > N0 on the 
28 days after powder dispersal, there was no significant difference between N100 and 
N200. 

There was no significant difference between N0, N100 and N200 in the amylopectin 
content of Suiza 7 on the 7 days after powder dispersion. From 14 to 28 days after 
powder dispersal, N300 = N200 = N100 > N0, and 42 days after powder dispersal, there 
was a significant difference between the N0 treatment and the nitrogen treatment. 

 
Table 2. Effect of nitrogen application on the amylopectin content in grains 

Cultivars Treatment 

Amylopectin content（%） 

7 d after 

powder 

dispersion 

14 d after 

powder 

dispersion 

21 d after 

powder 

dispersion 

28 d after 

powder 

dispersion 

35 d after 

powder 

dispersion 

42 d after 

powder 

dispersion 

Keza15 

N0 4.02±0.08a 14.02±0.28b 31.00±0.07b 40.98±0.95b 46.86±0.56b 49.47±0.32b 

N100 4.42±0.31a 16.63±0.30a 32.69±0.28a 43.03±0.13a 50.19±1.06a 53.36±0.16a 

N200 4.43±0.28a 17.07±0.04a 32.76±0.31a 43.18±0.24a 49.48±1.22ab 53.40±0.59a 

N300 4.39±0.31a 17.03±0.04a 31.54±0.25b 42.16±0.16ab 48.95±0.09ab 52.82±0.20a 

Suiza7 

N0 3.90±0.05b 13.67±0.28c 28.88±0.29c 39.72±0.31c 45.73±0.32c 49.15±0.24b 

N100 4.51±0.31ab 16.05±0.11b 32.72±0.28b 43.04±0.48b 49.78±0.35b 53.05±0.52a 

N200 4.62±0.26ab 17.88±0.07a 34.54±0.33a 44.71±0.30a 51.64±0.63a 54.19±0.43a 

N300 4.67±0.11a 18.14±0.05a 34.57±0.23a 44.24±0.20a 49.82±0.20b 53.71±0.45a 

Different letters indicate significant differences according to Duncan’s test (p ≤ 0.05) 

 
 

Effect of nitrogen application on the amylose content in grains 

The results show that the amylose content of the two varieties increased with the 
development of growth (Table 3). The N0 treatment was significantly lower than the 
nitrogen treatment. 35 days after the powder dispersal of Keza15, compared with other 
treatments, the amylose content of N0 and N300 decreased significantly, but the 
difference between the N0 and N300 treatments was no significant. 42 days after 
powder dispersion, there was no significant difference between N200 and N300, but 
compared with N100 treatments, the amylose content of N200 and N300 decreased 
significantly. 

At 7–14 days after the powder dispersal of suiza7, there was no significant difference 
in the content of the amylose between N100 and N200, which was significantly higher 
than that between N0 and N300. 21 and 35 days after powder dispersion, there was no 
significant difference in the amylose content between N100 and N300, but there was a 
significant difference between N100 and N200. There was no significant difference 
between N100 and N200 treatments at 28 d and 42 d after powder dispersion, which 
was significantly higher than the other treatments. 

 
Effects of nitrogen application on the yield and components of sorghum 

From the analysis results shown in Table 4, it can be seen that there was a significant 
positive correlation between the number of grains per spike and the 1000-grain weight 
of the two sorghum varieties. Within a certain range, the number of grains per spike and 
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the 1000-grain weight of the two sorghum varieties increased with the increase of the 
nitrogen application amount, but when the nitrogen exceeded the N200 level, the 
number of grains per spike and the 1000-grain weight did not continue to increase and 
began to decline. From the analysis of the grain number per spike and the 1000-grain 
weight, the best nitrogen application amount was N200. The yield of sorghum increased 
first and then decreased with the increase in nitrogen application. The yield response of 
different sorghum genotypes to nitrogen was different. The yield of Keza15 was 
N100 = N200 > N300 > N0, and there was no significant difference between the N100 
and N200 treatments. The yield of Suiza7 was N200 > N100 > N300 > N0 among the 
treatments, and there was a significant difference among the treatments. 

 
Table 3. Effect of nitrogen application on the amylose content in grains 

Cultivars Treatment 

Amylose content（%） 

7 d after 

powder 

dispersion 

14 d after 

powder 

dispersion 

21 d after 

powder 

dispersion 

28 d after 

powder 

dispersion 

35 d after 

powder 

dispersion 

42 d after 

powder 

dispersion 

Keza15 

N0 2.73±0.19a 4.89±0.21b 7.07±0.33b 9.98±0.49b 12.06±0.09c 13.89±0.22b 

N100 3.11±0.26a 6.21±0.18a 9.55±0.74a 12.03±0.13a 13.86±0.16ab 15.47±0.33a 

N200 3.32±0.14a 6.36±0.23a 10.07±0.54a 12.18±0.24a 14.15±0.37a 15.13±0.27ab 

N300 3.18±0.14a 5.85±0.21a 9.13±0.38a 11.73±0.14a 12.95±0.50bc 14.49±0.60ab 

Suiza7 

N0 2.48±0.27b 4.81±0.30b 6.83±0.34c 9.05±0.08c 11.73±0.28c 13.19±0.13c 

N100 3.24±0.17a 6.01±0.23a 9.45±0.21b 11.94±0.11a 13.78±0.35b 15.27±0.29a 

N200 3.34±0.23a 6.24±0.29a 10.35±0.26a 12.04±0.08a 14.97±0.09a 15.67±0.08a 

N300 3.01±0.02ab 5.68±0.33ab 9.37±0.16b 11.11±0.40b 13.15±0.17b 14.20±0.16b 

Different letters indicate significant differences according to Duncan’s test (p ≤ 0.05) 

 
 
Table 4. Effect of nitrogen level on yield and components of sorghum 

Cultivars 
Treatment 
(kg·hm-2) 

Grain number 
per spike (Li) 

Thousand grain 
weight (g) 

Single spike 
weight (g) 

Yield (kg·hm-2) 

Keza15 

N0 1018.00±10.21b 20.34±0.45b 30.18±0.52b 6210.82±75.92c 

N100 1087.70±16.41a 25.37±0.58a 37.14±1.25a 8278.23±61.97a 

N200 1069.30±6.39a 25.76±0.58a 37.85±0.86a 8262.74±89.85a 

N300 1002.00±4.51b 25.28±0.41a 35.93±0.67a 7600.17±64.28b 

Suiz7 

N0 948.00±17.79b 19.35±0.33b 31.75±1.55b 5504.09±62.60d 

N100 1074.00±21.66a 25.11±0.28a 37.22±0.82a 8091.52±140.98b 

N200 1086.30±6.44a 25.95±0.65a 37.35±1.10a 8457.11±61.32a 

N300 993.00±4.00b 25.27±0.45a 33.56±1.06ab 7527.93±86.88c 

Different letters indicate significant differences according to Duncan’s test (p ≤ 0.05) 

 
 

The correlation between nitrogen application and starch content 

The results showed that the correlation among nitrogen and total starch, amylopectin 
content varies with varieties (Table 5). There was a significant positive correlation 
between nitrogen application and total starch, amylopectin content on the 14 days after 
powder dispersal, and a significant positive correlation between the nitrogen level and 
the content of Amylose on the 28 days after powder dispersal. There was no significant 
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correlation between nitrogen application and starch of Keza15 in other periods. 
However, there was a significant positive correlation among nitrogen application and 
total starch, amylopectin content of Suiza7 from 7 to 42 days after powder dispersal, 
and the amylose content 21 days after powder dispersal. There was a significant positive 
correlation between nitrogen and amylose content 21 days after powder dispersal. The 
correlation coefficients of the two sorghum varieties were 
14d > 21d > 28d > 42d > 35d > 7d after powder dispersal. 

 
Table 5. The coefficients of nitrogen levels and starch content 

Cultivars 
Treatment 

(kg·hm-2) 

7 d after 

powder 

dispersion 

14 d after 

powder 

dispersion 

21 dafter 

powder 

dispersion 

28 d after 

powder 

dispersion 

35 d after 

powder 

dispersion 

42 d after 

powder 

dispersion 

Keza 15 

Total starch 
content 

0.443 0.755** 0.466 0.497 0.402 0.559 

Amylose 
content 

0.512 0.525 0.552 0.619* 0.351 0.200 

Amylopectin 
content 

0.306 0.816** 0.230 0.365 0.358 0.661* 

Suiza 7 

Total starch 
content 

0.584* 0.884** 0.844** 0.776** 0.649* 0.707* 

Amylose 
content 

0.437 0.464 0.700* 0.566 0.501 0.383 

Amylopectin 
content 

0.632* 0.946** 0.898** 0.849** 0.706* 0.797** 

NS, *, **: No significance or significant at p ≤ 0.05, 0.01 

 
 

Correlation between starch content and yield 

It can be seen from Table 6 that there was a significant positive correlation between 
the total starch content, amylose content and 1000-grain weight, the number of grains 
per spike and the yield of Keza15, and a significant positive correlation between the 
amylopectin content and 1000-grain weight and yield. There was a significant positive 
correlation between the starch content and the number of grains per spike, 1000-grain 
weight and yield. Therefore, it can be seen that the correlation between starch and grain 
number per spike, 1000-grain weight and yield varies with genotypes, and the 
correlation coefficient of the low-N-sensitive varieties is higher than that of the low-N-
tolerant varieties. 

 
Effect of nitrogen application on the activity of SSS in grains 

The change of SSS activity was shown in Figure 4. The activity of SSS of Keza15 
and Suiza7 increased significantly on the 14th day, peaked on the 28th day, and 
decreased significantly on the 42nd day. The treatment of N200 and N300 of two 
sorghum varieties kept at a high level from 14 to 35 days after powder dispersal. During 
this period, the increase in SSS activity determined the synthesis ability of sorghum 
starch, which had a great impact on the starch content of sorghum. 

There was no significant difference between the N200 and N300 treatments of 
Keza15 at 7–35 d after powder dispersion, but there was significant difference at 
42 days after powder dispersion. 
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Table 6. The coefficients between starch content and production 

Cultivars Starch content 
Grain number per 

spike (Li) 

Thousand grain 

weight (g) 
Yield (kg·hm-2) 

Keza 15 

Total starch content 0.628* 0.927** 0.912** 

Amylose content 0.687* 0.751** 0.661* 

Amylopectin content 0.521 0.894** 0.918** 

Suiza 7 

Total starch content 0.818** 0.962** 0.970** 

Amylose content 0.850** 0.792** 0.901** 

Amylopectin content 0.727** 0.954** 0.913** 

NS, *, **: No significance or significant at p ≤ 0.05, 0.01 

 
 
The activity of SSS of Suiza7 was N300 > N200 > N100 > N0 on the 7 days after 

powder dispersal, and there were significant differences among the treatments. On the 
14th, 21st and 35th day after powder dispersal, the difference between N300 and N200 
treatment was significant compared with N100 treatment. 

 
 

 

Figure 4. (A) Effect of nitrogen application on the activity of SSS in grains of Keza15. (B) Effect 
of nitrogen application on the activity of SSS in grains of Suiza7. Error bars represent ± S.E. of 

the mean 
 
 

Effect of nitrogen application on the activity of SBE in grains 

The results in Figure 5 showed that SBE activity of two sorghum varieties with 
different genotypes increased first and then decreased with the advancement of grain 
development. It reached a peak value 28 days after powder dispersal and then began to 
decline. The difference between N0 and the other three treatments was very significant. 

The SBE activity of Keza15 was higher at the N200 treatment from 7 to 42 days after 
powder dispersal. The SBE activity of the N200 and N300 treatments was significantly 
higher than that of the N100 treatment at 7–28 days after powder dispersal, there was no 
significant difference between N200 and N300. At 35–42 d, N100 and N200 were 
significantly higher than N300. 

The SBE activity of Suiza7 was significantly increased 14 days after powder 
dispersion, reached the peak value 28 days after powder dispersion, and significantly 
decreased 35 days after powder dispersion. The SBE activity was the highest at the 
N300 level from 7 to 35 days after powder dispersion and was the highest at the N200 
level 42 days after powder dispersion. 
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Effect of nitrogen application on the activity of GBSS in grains 

The results shown in Figure 6 demonstrated that the GBSS activity of the two 
varieties of sorghum from 7 to 42 days after powder dispersal showed a single peak 
curve change of first increasing and then decreasing, and there was no significant 
difference between the GBSS activity value 42 d after powder dispersal and 7 d after 
powder dispersal. The N0 treatment was significantly lower than the other three 
treatments, indicating that low nitrogen could significantly reduce GBSS activity. 

 
 

 

Figure 5. (A) Effect of nitrogen application on the activity of SBE in grains of Keza15. (B) 
Effect of nitrogen application on the activity of SBE in grains of Suiza7. Error bars 

represent ± S.E. of the mean 
 
 
At the level of N0, the GBSS activity of Keza15 reached the peak value 35 days after 

powder dispersion, and at the level of N100 and N300, the GBSS activity reached the 
peak value 28 days after powder dispersion and then began to decrease significantly. At 
the level of N200, the activity of GBSS increased significantly 14 days after powder 
dispersal, peaked 35 days after powder dispersal, and decreased significantly 42 days 
after powder dispersal. 

At the N0 level, the GBSS activity of Suiza7 reached its peak at 28 d after powder 
dispersal; At the N100 level, GBSS reached the peak value 28 days after powder 
dispersal; At the N200 and N300 levels, GBSS reached the peak value 21 days later 
powder dispersal, and then began to decrease significantly. 

 
 

 

Figure 6. (A) Effect of nitrogen application on the activity of GBSS in grains of Keza15. (B) 
Effect of nitrogen application on the activity of GBSS in grains of Suiza7. Error bars 

represent ± S.E. of the mean 
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The effect of nitrogen application on the activity of AGP in grains 

From the analysis of Figure 7, it can be seen that the AGP activity of the two 
sorghum varieties increased first and then decreased with the development of the 
growth process and grain development, and the AGP activity of the N0 treatment was 
significantly lower than that of the other three treatments, indicating that the AGP 
activity of the low nitrogen treatment would be significantly reduced. 

At the level of N100, N200 and N300, the AGP activity of Keza15 reached its peak 
at 35 d after powder dispersion, and decreased significantly at 42 d after powder 
dispersion. 

At the N100 level of Suiza7, the AGP activity was significantly increased 21 days 
after powder dispersion, reached the peak value 28 days after powder dispersion, and 
began to decrease 35 days after powder dispersion. At the level of N200 and N300, 
AGP activity increased significantly at 14 days after powder dispersion, peaked at 
28 days after powder dispersion, and decreased significantly at 35 days after powder 
dispersion. The response of different genotypes to AGP activity was different. The peak 
value of Keza15 was reached 35 days after powdering, and Suiza7 was advanced to 
28 days. The increasing range of AGP activity between the N200 and N300 treatment 
and the N0 treatment of Suiza7 was significantly higher than that of Keza15. 

 
 

 

Figure 7. (A) Effect of nitrogen application on the activity of AGP in grains of Keza15. (B) 
Effect of nitrogen application on the activity of AGP in grains of Suiza7. Error bars 

represent ± S.E. of the mean 
 
 

Effect of nitrogen application on the activity of UGP in grains 

The results of Figure 8 showed that the UGP activity of the two varieties of sorghum 
increased first and then decreased from 7 to 42 days after powder dispersion. The UGP 
activity of nitrogen application was higher than that of N0 in each period after powder 
dispersal. Under the level of N0, the UGP activity of Keza15 and Suiza7 increased 
significantly 21 days after powder dispersal, reached the peak 28 days after powder 
dispersal, and decreased significantly 42 days after powder dispersal. 

At the N100 level, Keza15 reached the peak value 35 days after powder dispersal; at 
the N200 and N300 levels, at 28 days and 42 days after powder dispersal, the activity 
value of UGP was significantly lower than that at 7 days after powder dispersal. 

At the N100 level, Suiza7 reached its peak at 28 days after powder dispersion and 
decreased significantly at 35 days after powder dispersion. At the level of N200 and 
N300, the peak value was reached at 28 days after powder dispersal and decreased 
significantly at 35 days after powder dispersal. 
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Figure 8. (A) Effect of nitrogen application on the activity of UGP in grains of Keza15. (B) 
Effect of nitrogen application on the activity of UGP in grains of Suiza7. Error bars 

represent ± S.E. of the mean 

Discussion 

Effect of nitrogen application on starch accumulation and related enzyme activities in 

the grain of high-density planting sorghum 

Starch is an important energy storage material of plants, its content and quality will 
directly affect the yield and economic value of crops. There was a significant positive 
correlation between the amount of nitrogen application and the yield of total starch, 
amylopectin and amylose in a proper range, but nitrogen application played an opposite 
role when it exceeded a certain level (Wang et al., 2006). The starch content increased 
with the increase in nitrogen application in a certain range, and there were differences 
among varieties (Zhao et al., 2003). The results showed that there was a great change in 
the total starch content in the nitrogen-sensitive varieties compared with the low -
nitrogen-tolerant varieties, and the difference between the treatment of Suiza7 N0 and 
each nitrogen application was significantly higher than that of Keza15. From 7 to 
21 days after powder dispersal, the starch of the two sorghum varieties increased 
greatly, which was the rapid growth period of starch accumulation, and played an 
important role in the starch synthesis of grains. The content of amylopectin increased 
with the development of sorghum varieties with different genotypes. The amylose 
content of the two different sorghum varieties reached the peak value under the N200 
treatment, and that of the N0 treatment was lower than that of the other nitrogen 
treatments. There was no significant difference among the nitrogen treatments of 
Keza15, but from 21 days after the powder dispersal of Suiza7, the N300 treatment was 
significantly lower than the N200 treatment, which indicated that high nitrogen was 
disadvantageous to amylose accumulation of nitrogen-sensitive varieties. 

The AGP activity, SSS activity and GBSS activity were significantly related to the 
amount of nitrogen applied in the later stage. ADPG pyrophosphorylase is the key 
enzyme that controls the rate of starch accumulation, and starch-branching enzyme is 
the key enzyme that affects the synthesis of amylopectin (Li et al., 2005). It is as 
important in the process of grain filling as ADPG pyrophosphorylase (Kouich et al., 
1992; Yang et al., 2005). The activity of SSS, SBE, GBSS, AGP and UGP increased 
first and then decreased with the development of grain. The results showed that the 
application of nitrogen was beneficial to the activity of the four enzymes, but too much 
of application nitrogen would lead to a decrease, which indicated that nitrogen had an 
important regulatory effect on the four enzymes. In this study, the N0 treatment was 
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significantly lower than each nitrogen application, indicating that nitrogen application 
promoted the activity of SSS. The GBSS activity of N-sensitive sorghum was earlier 
than that of low-N-tolerant sorghum. The increase of GBSS activity of the N-sensitive 
sorghum in the low-N treatment was higher than that of the low-N-tolerant sorghum, 
and the AGP activity in the low-N treatment was significantly reduced. The results 
showed that the AGP activity of low-N-tolerant varieties was slower than that of 
nitrogen-sensitive varieties, which indicated that different varieties needed different 
nitrogen amounts, which is consistent with other research (Li et al., 2005; Tan et al., 
2016). 

 
Effect of nitrogen application on Yield of sorghum with different genotypes 

The increase of corn yield by nitrogen application mainly depends on the number of 
grains per spike and 1000-grain weight (Yang et al., 2008). The proper application of 
nitrogen fertilizer could speed up grain filling rate, and too high or too low application of 
nitrogen fertilizer would reduce grain weight (He et al., 2005). Nitrogen fertilizer helps 
the decomposition of soil organic matter, promotes the absorption of nutrients by 
sorghum, and improves the small environment of sorghum root area (Ni et al., 2016). The 
application of nitrogen increased the number of spikes per unit and the grain weight, but 
the excessive application of nitrogen had the opposite effect on the grain weight (Sun et 
al., 2008). The results showed that the yield of the two sorghum varieties with different 
genotypes increased first and then decreased with the increase in nitrogen application. The 
maximum yield of Suiza7 was in the N200 treatment, and that of Keza15 was in the N100 
treatment. Suiza7 was 2.16% higher than that of Keza15, which indicated that Suiza7 had 
a higher yield than that of the low-N-tolerant variety under the condition of sufficient 
nitrogen fertilizer. There were significant differences in yield between the treatments of 
Suiza7; the difference between N200 and N0 was 53.65%, the difference of Keza15 
between N100 and N200 was not significant, and the difference between N100 and N0 
was 33.3%, which indicated that the yield of the low-N-sensitive variety increased more 
than that of low-N-tolerant variety, and nitrogen absorption and utilization were more 
efficient. Nitrogen had a significant positive correlation with the number of grains per 
spike and the 1000-grain weight of the two sorghum varieties. When nitrogen exceeded 
N200, the number of grains per spike and 1000-grain weight no longer increased and 
began to decrease. The spike weight had the strongest direct relationship with the number 
of grains per spike, followed by the 1000-grain weight. 

Conclusion 

The response of the low-N -sensitive varieties to nitrogen was faster than that of the 
low-N-tolerant varieties. Under the condition of low nitrogen, the absorption and 
utilization of nitrogen by amylopectin of the low-N-sensitive varieties were lower than 
that of the low-N-tolerant varieties. 

Nitrogen application is beneficial for the increase of SSS, SBE, GBSS, AGP and 
UGP activities, but the excessive application of nitrogen will lead to a decrease. The 
best nitrogen application amount was 200 kg N ha-1 (N200) to achieve the highest yield. 
Therefore, it can be concluded that N200 is optimal nitrogen application for the 
production potential under high plant density for sorghum production in northern China, 
whereas insufficient or excessive nitrogen application will lead to the decrease of starch 
content. 
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Abstract. To acquire a potential strain that may be used for the bioremediation of lead (Pb2+) 
contaminations, an indigenous lead-resistant fungus Penicillium sp. Pb-G (GenBank No.MK372218) was 
isolated from lead contaminated soil, and the Pb2+ biosorption characteristics were determined in this 
study. The results showed that Penicillium sp. Pb-G was highly tolerant to Pb2+, and it could survive on 
PDA medium with Pb2+ concentration up to 4000 mg/L. Under these circumstances, the spores of the 
strain Pb-G becomes shrunk and malformed as observed by scanning electron microscopy (SEM). X-ray 
diffractometer (XRD) analysis further revealed that the Penicillium sp. Pb-G’s mycelia had a good 
biosorption capability for Pb2+. The best biosorption effect of strain Penicillium sp. Pb-G was recorded at 
the Pb2+ concentration of 1500 mg/L, with the biosorption rate and biosorption amount of 53.05% and 
178.02 mg/g, respectively. Collectively, these results demonstrated that the strain of Pb-G had strong Pb2+ 

resistance and biosorption abilities, which provides an attractive application prospect in bioremediation of 
heavy metal contamination. 
Keywords:maximum resistance level, identification, Penicillium, scanning electron microscopy, X-ray 
diffractometer 

Introduction 

Heavy metal pollution in soil and water has become an increasingly prominent 
environmental problem, among the heavy metals lead gained special attention as a 
pollutant due to its high persistence and toxicity. It mainly derives from minerals, metal 
smelting, leaded gasoline, municipal sewage, industrial waste and paint spraying 
(Gisbert et al., 2003; Ganesh et al., 2015). It could be taken up by various crops and 
then threaten human health (Szczygłowska et al., 2011; An et al., 2018). Conventional 
physical and chemical approaches applied for the remediation of heavy metal have 
several drawbacks, such as high operational cost, low removal rate and secondary 
pollution. Microbes are widely present in the soil, due to their large surface area, they 
have strong adsorption capability for heavy metals and without any undesirable effects, 
thus, using microorganisms as an alternative biomaterial in dealing with heavy metal 
contaminated wastewater and soil have been widely concerned by scientists and become 
the research hot spots in the field of green environmental protection (Velmurugan et al., 
2010; Wu et al., 2010;Deng et al., 2011;Kayalvizhi et al., 2019). 

Generally, contaminated soils are sources of heavy metal tolerant microorganisms. 
Recent studies indicated that there existed a certain amount of anti-heavy metal 
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microbial groups in soils that have been subjected to one or more heavy metal stresses 
for a long time, including bacteria, fungi, actinomycetes and algae, and these microbial 
groups usually have strong biosorption capacity for heavy metals (Wu et al., 2010; 
Jacob et al., 2013; Iram et al., 2015; Kayalvizhi et al., 2019). Fungi have been 
recognized as one promising class of low-cost biosorbents for the removal of heavy 
metal ions from aqueous waste streams. There are several mechanisms in fungi to 
tolerate and detoxify metals, including extra and intracellular precipitation, 
transformation of metals, and biosorption to cell wall. The cell walls of fungi are 
composed of polysaccharides, proteins, and lipids that contain reactive functional 
ingredients with potential metal binding capacities (Viraraghavan et al., 2011; 
Mohammadian et al., 2017). 

Terry et al. (2018) reported that a total of 425 fungal strains were obtained from 
tropical forest soil, which showed heavy metal tolerance, the most common and diverse 
genera isolated were identified as Penicillium. Since the fungus Penicillium has strong 
vitality, rapid reproduction and extensive sources in environments, and it had been 
found as being most tolerant to many kinds of heavy metals, such as Zn, Hg, Cr and Pb 
(Ye et al., 2018; Kayalvizhi et al., 2019; Chang et al., 2020; Long et al., 2020), its anti-
lead characteristics have been studied by some researchers particularly (Zucconi et al., 
2003; Say et al., 2003; Velmurugan et al., 2010; Mohammadian et al., 2017;Ye et al., 
2018). Zucconi et al. (2003) reported that a strain of Penicillium (Penicillium lilacinus) 
can grow in a medium containing Pb2+ up to 1434 mg/L. As reported by Sun et al. 
(2007), Penicillium sp. Psf-2 can grow in a solution with Pb2+ concentration of 4 
mmol/L. Velmurugan et al. (2010) isolated a high lead-resistant strain (Penicillium sp. 
MRF-1) from South Korean mining soil, where the lead content is 357 mg/kg, the strain 
showed high removal efficiency of Pb2+, so it would be an excellent biosorbent for the 
removal of lead from aqueous solution. The Penicillium oxalicum SL2 had tolerance to 
1000 mg/L Cr6+ and 2500 mg/L Pb2+ in potato-dextrose agar, and had excellent removal 
efficiency of Cr6+and Pb2+via reduction with acidic metabolites and form transformation 
in the mycelium, the strain showed a promising new candidate for bioremediation of 
heavy metal pollution (Ye et al., 2018;Long et al., 2020). 

Most previous reports on heavy metal resistant fungi have been focusing on the 
adsorption capacity of dead fungi biomass, and less on the biosorption capacity of living 
fungi biomass (Say et al., 2003; Fan et al., 2008; Velmurugan et al., 2010). Moreover, 
although these studies showed that Penicillium was tolerant to Pb2+ and had Pb2+ 

biosorption capability, their performance about tolerance and biosorption were slightly 
weak. Therefore, it is far-reaching significant to use living fungi to cope with the 
seriously lead contaminated soil for long-term bioremediation effect. 

In this study, a fungus strain with high Pb-resistance was isolated and acclimated 
from Pb-contaminated soil, and its biological characteristics were studied. The 
biosorption effects of Pb2+ by living strains were also determined. This study would 
potentially provide a theoretical basis for the bioremediation of lead pollution in the 
environment. 

Materials and methods 

Collection of soil samples and Pb content analysis of soil samples 

The soil samples were collected from a demonstration zone of the National Loess 
Fertility and Fertilizer Benefit Monitoring Base in Wuquan Town, Yangling County, 
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Shaanxi Province (34°17′51″N, 108°00′48″E), China. In the test site, 350 mg/kg Pb (in 
the form of Pb(NO3)2solution) was artificially added in the soil in May 2010. The 
surface soil (0-20 cm) was collected with the Z-shape 5-point sampling method in 
December 2013. After mixed, approximately 0.5 kg of soil from each site was collected. 
A standard soil corer device was used to collect samples without disturbing plant roots. 
Five collected soil cores from each plot were pooled as a replicate. A total of 3 sample 
replicates were transferred to laboratory. The soil samples were sieved through 2-mm 
mesh to remove plant residues and stones. A subsample of each soil core was sealed in a 
sterilized self-sealing bag in an icebox and delivered to laboratory, then stored in the 
refrigerator at 4℃ for isolating fungal strains. The remaining sample was air-dried at 
room temperature until a stable weight was reached, and air-dried soil samples were 
ground and passed through a 0.25-mm sieve for Pb content analysis. 

Total concentration of Pb in the soils were determined by standard soil testing 
procedures (Bao, 2000), 5 g soil samples were digested by HNO3:HCl:HClO4(1:2:2) to 
extract the total Pb. Total Pb concentration was measured with ICP-MS (Thermo, model 
XseriesⅡ, USA). 

Isolation of Pb-tolerant fungal strain 

A total of 10 g of the collected soil sample was weighed and dissolved in 100 mL 
distilled water held in a 500-mL flask. The mixture was shaken at 25 ºC, 120 r/min for 
2 h and kept still for 20 min, 1 mL of the suspension was removed and diluted to 10-1, 
10-2, 10-3, and 10-4 concentrations with a gradient-dilution method (Li et al., 2010b). 
With a sterilized pipettor, 100 µL of each dilution was transferred onto potato-dextrose 
agar (PDA) plates supplemented with 200, 300, 400 and 500 mg/L of Pb2+, respectively. 
The plates were incubated at 28 ºC for 5-7 d, three replications were performed for each 
treatment. According to fungus growing characteristics, the blooming colonies with 
different morphology were picked and re-inoculated onto new PDA plates until the pure 
strain was obtained. The obtained strains were further examined on PDA plates that 
contain 600, 800 and 1000 mg/L of Pb2+, respectively. After isolation, the obtained pure 
strains were preserved with PDA slant and glycerol media. All the operations were 
conducted under sterilized conditions. 

The above PDA culture medium formula was: peeled potato 200.0 g, glucose 15.0 g, 
peptone 3.0 g, MgSO4 2.0 g, KH2PO4 3.0 g, agar powder 15.0 g, and distilled water 
1000 mL. Pb(NO3)2 solution was prepared and stored at 4 °C for adding to the PDA 
medium. 

Maximum Pb resistance level of strain Pb-G 

The maximum concentration of the heavy metal that a strain can tolerated is the 
maximum resistance level (MRL). To determine the MRL of the isolated strain, the 
strain was cultivated with PDA containing different concentrations of sterilized 
Pb(NO3)2 solution. Five Pb2+concentrations (treatments) were selected, that is, 0 mg/L 
(CK), 1000 mg/L, 2000 mg/L, 3000 mg/L and 4000 mg/L, three replicates per treatment. 
After 5 days of cultivation at 28 ℃, the colonies were observed and photographed. 

Molecular identification for strain Pb-G 

The conservative ITS rRNA gene in fungi was used to identify the screened Pb-G 
strain. The ITS rRNA gene form Pb-G was amplified using the primer ITS1 (5’-
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TCCGTAGGTGAACCTGCGG-3’) and ITS4 5’-TCCTCCGCTTATTGATATGC-3’) 
(Velmurugan et al., 2010). The PCR amplification system was 50 μL, containing 5 μL 
10×LA Taq Buffer II (Mg2+ Plus (TaKaRa, Japan), 8 μL dNTP, 5 U LA Taq enzyme 
(TaKaRa), 1 μL of each primer (0.5 mmol/L), and 2 μL 10.3 ng/μL DNA template). The 
PCR program was as follows: pre-denaturation at 94℃ for 5 min, 31 cycles of 
denaturation at 94℃ for 45 s, annealing at 58℃ for 45 s, extension at 72℃ for 90 s, and 
finally preservation at 4℃ for less than 12 h. The PCR products were detected by 
agarose gel electrophoresis, and the qualified ones were sent to the Beijing Liuhe Huada 
Gene Technology Co., Ltd. for sequencing the ITS gene. 

To analyze the homology of the strain, the sequences of the samples were aligned 
against NCBI databases (http://www.ncbi.nih.gov/index.html) by BLAST, and a 
phylogenetic tree was constructed using the software MEGA 5.05, using 
Neighbor-joining analysis for the ITS rRNA. 

Effects of temperature and pH on the growth of Pb-G 

Temperature and pH are the decisive factors affecting the growth of the strain, and 
the metabolic rate and growth rate of the strain will be increased at the appropriate 
temperature and pH. Therefore, the two factors were selected to determine the optimal 
growth conditions of the strain. 

The Penicillium sp. Pb-G strain was rejuvenated on PDA medium without Pb2+, and 
then agar dishes attached with plenty of mycelia were taken out using a sterilized hole 
puncher (Φ=1.2 cm). The agar dishes were put onto PDA medium and inoculated for 7 
d at 20 ℃, 25 ℃, 30 ℃ and 35 ℃, respectively. The colony diameter was then measured 
by the Cross-crossing method at a fixed time every day. The colonial average growth 
rate was calculated according to equation (1): 
 

 𝐺𝑡 = 𝐷𝑡 − 𝐷0𝑡  (Eq.1) 

 
where, Gt (v, cm/d) is the average growth rate; Dt (φ, cm) is the average colony diameter; 
Do (φ, cm) is the disk diameter, and t (d) is the culture time. 

The pH of solid PDA medium was adjusted to 6.0, 7.0, 8.0 and 9.0 respectively using 
sterilized 1 mol/L HCl and NaOH solutions. The rejuvenated Penicillium sp. Pb-G were 
then inoculated onto these media by agar dish inoculation method using a sterilized hole 
puncher (Φ=1.2 cm) and cultivated at 25 °C for 7 d. Every treatment repeats three times. 
The colonial diameter was measured by the Cross-crossing method at a fixed time every 
day. The colonial average growth rate was also calculated according to equation (Eq.1). 

Scanning electron microscopy (SEM) analysis 

The scanning electron microscopy (SEM) was used to analyze the morphological 
characteristics of Penicillium sp. Pb-G cultured in different Pb2+ concentrations. The 
sterilized Pb(NO3)2 solution was added into PDA medium to get the final concentrations 
of 0 mg/kg (CK), 2000 mg/kg, 3000 mg/kg and 4000 mg/kg. The Penicillium sp. Pb-G 
was then inoculated in these PDA liquid media at 28℃. After 5 d, fungal biomass was 
harvested by centrifugation at 8000 r/min (15℃) for 10 min. To remove any loosely 
associated and unsequestered Pb2+, the collected mycelia were soaked in 2% oxalic acid 
for 10 min and then soaked in distilled water for another 10 min for two times. Then the 
samples were dried by vacuum freeze drier (Thermo Fisher, USA), coated with gold and 
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examined under SEM (FLEXSEM1000, Hitachi, Japan), photographed with optimum 
magnification (Glukhova et al., 2018). 

X-ray diffraction (XRD) analysis 

To analyze the Pb2+ biosorption capability of Penicillium sp. Pb-G, it was cultivated 
in PDA liquid medium with Pb(NO3)2concentrations of 0 mg/L (CK) and 4000 mg/L 
respectively. Every concentration was set for three repetitions. The strain was cultured 
on an oscillator at 25°C, 120 r/min for 5 d, centrifuged at 6000 r/min for 15 min to 
precipitate the fungal biomass, the supernatant was discarded and the precipitates were 
rinsed with distilled water, repeat these steps twice. The precipitates were taken out and 
dried at 65°C. After grinding the sample was analyzed by an XRD (Nippon science 
Minniflex 600, Japan), and parameters were set as the light pipe current, 15 mA; the 
voltage, 40 kV; the width of the slit, 0.02 deg; the scanning angular velocity, 0.25 º/min; 
and the scanning angle ranging from 3º to 90º. The characteristics of Penicillium sp. Pb-
G were analyzed and plotted by MDI Jade 6.5 software (Materials Data Inc. Liverpool, 
CA) and Origin 8.5 (Origin Lab, USA) respectively based on the average value of three 
repetitions. 

Biosorption properties of the strain Pb-G to Pb2+ 

The mycelium from the vigorous Penicillium sp. Pb-G colony was picked, inoculated 
into 100 mL PDA liquid medium, and cultivated on a shaker at 120 r/min and 25℃. 
After 5 d of inoculation, the fungus was filtered with four layers of gauze, rinsed three 
times with deionized water, dried together with filter paper, and then weighted. 

To examine the biosorption capability of Pb-G, the collected mycelium was 
inoculated in Pb(NO3)2 solution (pH=7) with initial Pb2+ concentrations of 0 mg/L(CK), 
500 mg/L, 1000 mg/L, 1500 mg/L, 2000 mg/L and 2500 mg/L respectively, three 
repeats per Pb2+ concentration. For inoculation, 1 g fungi were put into 50 mL Pb(NO3)2 

solution contained in a flask, fully dispersed by a glass rod, and shaken on shaker at 
25℃, 150 r/min. After 24 h, all the mycelia were filtered with the filter paper, and then 
the hyphae were dried to a constant weight in a drying oven at 80 °C for 12 h with the 
filter paper together. The weight of the filter paper was then subtracted to obtain the dry 
weight of the biomass. Finally, the collected mycelia weight was calculated (Pan et al., 
2010). The biosorption rate (Q) and the biosorption amount (q, mg/g) of fungus 
Penicillium sp. Pb-G were calculated based on mycelium dry weight according to the 
equation (Eq.2) and (Eq.3), respectively. 
 

 𝑄 = (𝐶0 − 𝐶𝑡)𝐶0 × 100% (Eq.2) 

 

 𝑞 = (𝐶0 − 𝐶𝑡)𝑚 × 𝑉 (Eq.3) 

 
where, C0 (mg/L) is the initial Pb2+ concentration before biosorption; Ct (mg/L) is the 
final Pb2+ concentration after biosorption; V (L) is the volume of the reaction solution; 
and m (g) is the mass of dried biomass of fungi in the reaction solution. 

The supernatant was digested by nitric acid (HNO3) and hydrogen peroxide (H2O2) 
for measuring Pb2+amount. 
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Data analysis 

The growth rate and biosorption capability were performed with three repetitions and 
the data were reported as mean ± standard deviation (SD) in the figures and table. The 
significant differences among the treatments were evaluated using One-way analysis of 
variance (ANOVA) followed by LSD test at a level of p < 0.05 using SPSS 22.0 
software for Windows (SPSS Inc., Chicago, IL, USA). 

Results 

The maximum resistance level of strain Pb-G 

The average concentration of total Pb in collected soil samples was 331.13 mg/kg that 
exerted a selection pressure on microbial communities, including filamentous fungi. After 
isolation and culturing, a strain of fungus with high resistance capacity to Pb2+ was 
obtained, named Pb-G. The center of the colony was cyan, and the periphery of the 
colony showed white. The Figure1 demonstrated that the morphology of the Penicillium 
sp. Pb-G remained same with the blue-green color and no prominent changes were 
detected under the different concentration of Pb2+ from 1000 to 2000 mg/L. Whereas, 
when the Pb2+ concentration was raised to 3000 mg/L, the growth of strain Pb-G slowed 
down, showing low hyphae amount, deeper color and white colony edge, which indicated 
that the growth of the fungi was inhibited to a certain extent and when Pb2+ reached up to 
4000 mg/L in the medium, Pb-G strain still grew, but the number of hyphae was reduced, 
the colony was obviously small in diameter, and no obvious changes were found for 
hyphae even after 25 d of cultivation. So the MRL of the Pb-G strain was 4000 mg/L. 

 

 

Figure 1. The growth status of Penicillium sp. Pb-G in medium with different concentrations of 
Pb2+. A, 1000 mg/L; B, 2000 mg/L; C, 3000 mg/L; D, 4000 mg/L 
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Molecular identification of the Pb-tolerant microorganism (Pb-G) 

The ITS rRNA gene was amplified from Pb-G stain and analyzed by software 
MEGA 5.05. The ITS rRNA gene in Pb-G strain was about 600 bp in length, the ITS 
rRNA sequence of Pb-G was deposited to GenBank and accession number was obtained, 
the GenBank accession was No. MK372218 (http://www.ncbi.nih.gov/index.html). A 
phylogenetic tree was constructed with the obtained homologous sequences from 
GenBank according to the sequence similarity over 97% using the ITS nuclear 
ribosomal RNA (Torres et al., 2018). If the similarity of ITS rRNA gene sequences was 
more than 99% between a studied strain and its nearest neighbor, the strain can be 
identified as the same species with its nearest neighbor (Mohammadian et al., 2017). In 
the present study the results of phylogenetic tree showed the strain Pb-G was closely 
related to Penicillium in evolution, and its nearest neighbor was the Penicillium 
JN397373.1 in the phylogenetic tree (Figure2). Therefore, based on the fungal 
morphology and sequence alignment of ITS rRNA gene, the strain Pb-G was identified 
as Penicillium genus. 
 

Figure 2. The phylogenetictree of strainstolerantto Pb2+ 
 
 
Effects of different temperatures and pH on the growth of Pb-G 

The growth rate of Penicillium sp. Pb-G changed under the influence of different 
temperatures (Figure3). On the first day, the Penicillium sp. Pb-G strain at 25 °C grew 
slowly, the strain at other temperatures did not change at all. On the 2-4th day, 
Penicillium sp. Pb-G had the highest growth rate at 25 °C, while they grew fast at 20 °C 
on the 4-7th day. For the Penicillium sp. Pb-G at 30 °C, they grew fast on the 2-4th day, 
but the growth rate decreased on the 4-7th day. The Penicillium sp. Pb-G was almost no 
obvious growth at 35°C. These results indicated that the strain Pb-G grow well within 
the temperature range of 20-30 °C, but inhibited at 35°C, therefore, 25 °C was the most 
suitable temperature for its growth. 

http://www.ncbi.nih.gov/index.html
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Figure 3. Effects of different temperatures on the growth rate of Penicillium sp. Pb-G. 

Data are means ± SD (n=3) 
 
 

The growth rate of strain Penicillium sp. Pb-G also changed under the influence of 
different pH values (Figure4). The growth rate of Penicillium sp. Pb-G was highest at 
pH 7 among all pH conditions, followed by the growth rate at pH 6, while it was 
decreased when the pH reached up to 8 and 9. The results indicated that the pH 7 was 
the optimal pH value for the strain growth, and the growth rate reached the highest on 
the 4th day. 
 

Figure 4. Effects of different pHs on the growth rate of Penicillium sp.Pb-G. 

Data are means ± SD (n=3) 
 
 
Morphological characteristics of strain Pb-G’s spores with different Pb2+ 

concentrations 

The spore morphologies of the Penicillium sp. Pb-G in medium with different Pb2+ 
concentrations were observed by scanning electron microscopy. As shown in Figure 5, 
the spores of Penicillium sp. Pb-G in the CK group (0 mg/kg of Pb2+) were more than 
that treated under 4000 mg/kg of Pb2+, and the individuals were full and evenly 
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distributed. However, the amount of spores was reduced under different Pb2+ treatments, 
and it showed morphologies of collapse, shrinkage and deformity. Furthermore, some 
spores dissolved and joined into pieces in “strips” shape (as indicated by the arrows). 
With the increase of Pb2+ concentration, the phenomenon of spore shrinkage and 
connection into pieces also increased. After magnified, the Penicillium sp. Pb-G spores 
under the 4000 mg/kg of Pb2+ treatment showed obvious distortion and deformation 
compared with the CK group, and some of them had irregularly shaped blocky material 
attached, as shown by the arrows (Figure 5-E and F). 
 

Figure 5.Scanning electron microscopy (SEM) micrographs of strain Pb-G treated by different 
concentrations of Pb2+. (A and E, 0 mg/kg (CK); B, 2000 mg/kg; C, 3000 mg/kg; D and F, 4000 
mg/kg; A, B, C and D were amplified by 3000 times, and E , F were amplified by 20000 times) 

 

XRD analysis 

The Penicillium sp. Pb-G grown under 0 mg/L (CK) and 4000 mg/L Pb(NO3)2 
treatments were further analyzed by X-ray diffractometry. The XRD patterns of 
Penicillium sp. Pb-G cells treated with 0 and 4000 mg/L Pb(NO3)2 were different 
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(Figure 6). Analysis by using Jade 6.0 software and phase retrieval, it was found that the 
characteristic peaks of Pb-G cells under the treatment of 4000 mg/L Pb2+ (marked by 
black triangles) contained Pb elements, in which the characteristic peaks were the highest 
when the diffraction angle was 30.16°-30.30°. But there was no obvious characteristic 
peak under CK treatment and no Pb elements were found by phase retrieval. In this study, 
Pb-G cells treated with 4000 mg/L Pb(NO3)2 contained Pb with different compound 
forms, of which the characteristic peak was highest and there was no Pb element in the 
fungi of CK group when the diffraction angle was 30.16°-30.3°. It can be inferred that the 
Pb elements in Pb-G mainly come from the exogenous Pb(NO3)2 solution, indicating that 
the strain Penicillium sp. Pb-G had biosorption capability to exogenous Pb2+. 
 

Figure 6. X-ray diffractogram of strain Penicillium sp. Pb-G treated by different concentrations 
of Pb2+ 

 
 
Analysis of the biosorption of Pb2+ by the strain Pb-G 

In this study, as the results shown in Table 1, it can be seen that the fungus 
Penicillium sp. Pb-G had good biosorption efficiency at different initial concentration of 
Pb2+, and the trend of biosorption characteristics of Pb2+ by Penicillium sp. Pb-G was 
also be shown in Figure 7, both the biosorption capacity and biosorption rate were 
increasing at first and then decreasing with the increasing of Pb2+ concentration. When 
the Pb2+concentration was 1500 mg/L, the biosorption influence of strain Pb-G was 
optimal, on which the biosorption rate and biosorption amount was 53.05% and 178.02 
mg/g, respectively. When the Pb2+ concentration was more than 1500 mg/L, both the 
biosorption amount and the biosorption rate of Penicillium sp. Pb-G showed a rapid 
decline. Based on these findings, this strain has excellent biosorption capacity for Pb2+. 
 

Table 1. The biosorption efficiency of Pb2+by Penicillium sp.Pb-G 

The Initial 

concentration of Pb2+ 

(mg/L) 

The residual 
concentration of Pb2+ 

(mg/L) 

Biosorptioncapacity 

(mg/g) 

Biosorptionrate 

(%) 

500 426.95 ±0.66 28.25 ± 1.6 e 14.61 ± 1.9 e 
1000 729.54 ±0.48 125.45 ± 3.2 b 27.05 ± 1.5 b 
1500 704.25 ±0.16 178.02 ±3.9 a 53.05 ± 1.0 a 
2000 1509.10 ±1.62 88.51 ± 2.8 c 24.55 ± 0.8 c 
2500 2092.70 ±0.68 51.26 ± 0.9 d 16.29 ± 0.9 d 

Note: Values are means ± SD, n=3. Different letters indicate significant differences among the 
treatment means (p <0.05) 
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Figure 7. Biosorption characteristics of Penicillium sp. Pb-G treated by different concentration 
of Pb2+ 

 
 
Discussion 

Pb is highly toxic to living organisms. In a long-term Pb-contaminated environment, 
a number of microorganisms have evolved various mechanisms to counteract Pb stress 
and thereby improved their tolerance to Pb. Jacob et al. (2013) isolated three strains 
which were highly-resistant to Pb and Se from polluted seawater, namely Aspergillus, 
Fusarium and Penicillium, which can still grow on the medium contained high 
concentrations of Pb and Se. Iram et al. (2015) studied two strains of Aspergillus flavus 
and Aspergillus niger isolated from soil, which were highly resistant to Pb2+ and Cu2+, 
and the biosorption capacity of A.niger to Pb2+ was 3.25-172.25 mg/g. Velmurugan et al. 
(2010) reported that Penicillium sp. MRF-1 can grow within the range of Pb2+ 
concentration from 0.31 to 1.24 g/L. Heavy metal resistant strains generally exist in 
areas contaminated by heavy metals, but the resistance levels of the same genus were 
inconsistent, and their resistance levels always depend on the level of contamination at 
the site of separation and the extent of heavy metal contamination in the separation test 
level (Jacob et al., 2013). The resistance of strain Pb-G to Pb in this study was similar to 
that of the previous studies. However, due to the high level of contamination at the 
isolation site, the strain Pb-G in this study can grow at a higher Pb2+ concentration and 
had better biosorption capacity after domestication. 

It has been reported that bacteria, fungi and algae often act as biosorbent to remove a 
variety of heavy metal elements from the environment (Wang et al., 2006; Cain et al., 
2008; Wu et al., 2010; Li et al., 2010a; Jacob et al., 2013; Iram et al., 2015), in 
particular, fungus in the genus of Penicillium had a strong biosorption capacity. Due to 
a large number of extracellular hyphae outside the cell wall of Penicillium, it had the 
function of adsorbing heavy metals, and some heavy metals can precipitate on the 
surface of the growing hyphae (Sintuprapa et al., 2000; Sun et al., 2007). The 
biosorption process is closely related to the concentration of heavy metal ions and the 
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biomass produced by the fungi, the biosorbent has more adsorption sites. When the 
adsorption site of the biosorbent reaches the saturation of the heavy metal, the 
biosorption amount gradually decreased (Fan et al., 2008; Pan et al., 2010; Yang et al., 
2012). Therefore, as the concentration of heavy metal ions increases, the biosorption 
rate of the cells increases, and as the saturation of the adsorption sites increases, the 
biosorption capacity decreases gradually (Yang et al., 2012; Fan et al., 2013). In this 
study, the biosorption rate of Pb2+ by Penicillium sp. Pb-G reached the highest value, 
and the biosorption amount and biosorption rate began to decrease with the increasing 
of Pb2+concentration, which indicated that the adsorption site of the added fungi may be 
close to saturation level in the biosorption test. 

In this study, it was observed by SEM that the spores of Penicillium sp. Pb-G under 
high concentration of Pb2+ were deformed, collapsed and dissolved, and formed a “strip” 
shape in parallel. During fungal growth, the heavy metal resistant fungus can produce 
organic chelators and acids (Liang et al., 2016), the solubilizing effects of these 
compounds may be a probable reason for the spores of Penicillium sp. Pb-G deformed 
and dissolved. XRD analysis showed that Penicillium sp. Pb-G cells with Pb(NO3)2 

treatment contained Pb, but none in CK, which indicated that Pb in Penicillium sp.Pb-G 
cells was derived from exogenously added Pb(NO3)2 solution, indicating Penicillium 
sp.Pb-G had biosorption function to Pb2+. Raheem et al. (2013) reported that the 
Enterobacter sp. could produce nitrate reductase and denitrify Pb(NO3)2 to PbO when it 
was treated by Pb(NO3)2, and PbO peak appeared at a diffraction angle of about 30° 
analyzed by XRD. Liang et al. (2016) reported that Aspergillus niger and Paecilomyces 
grew in Pb(NO3)2-containing medium can produce phosphatase, phyticacid and 
glycerol-2-phosphate can be hydrolyzed by phosphatase, releasing inorganic phosphate 
and oxalic acid, where by Pb(NO3)2 in the solution can be precipitated into Pb-oxalate 
and Pb-chlorite, and the Pb-chloride can be further converted into Pb-oxalate, which is 
insoluble or weakly soluble. The Penicillium sp. Pb-G in this study showed similar 
characteristics to the reported strains, and the specific biosorption mechanism needs to 
be further studied. 

The mechanism of adsorption of metal ions by fungi mainly included cell surface 
adsorption or complexation, intracellular enrichment and efflux, among them, 
enrichment was mainly achieved by transport of cell membranes inside the cells, while 
the stage of intracellular and extracellular excretion was when heavy metal ions reach a 
certain concentration, and the fungi prevented more heavy metal ions from entering the 
cells through efflux (Congeevaram et al., 2007; Sun et al., 2007; Deng et al., 2011). In 
the range of different concentrations of heavy metals, the living microbial fungus 
initiated two different mechanisms, one was biosorption by non-living or non-growing 
biomass, which was a metabolism-independent and passive uptake process, another was 
bioaccumulation by living and growing cells, which was mainly an intracellular 
accumulation (Deng et al., 2011). When the concentration of heavy metal reached a 
certain range that inhibiting microbial growth, the absorbing capacity of the 
microorganisms showed a downward trend. In this study, the biosorption rate of the 
strain Penicillium sp. Pb-G was measured in a specific concentration of Pb2+ solution. 
Within a certain concentration range, the biosorption of Pb2+ by the cell adsorption and 
enrichment achieved. When the concentration of Pb2+ inhibited the activity of fungi, the 
biosorption rate and the biosorption capacity tended to decrease. 
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Conclusions 

After domestication and isolation, a strain of fungus (Penicillium sp. Pb-G) with high 
resistance to Pb was obtained, it can grow in a medium with Pb2+ content of 4000 mg/L. 
According to the morphological feature and molecular analysis, Penicillium sp. Pb-G 
had a close homology with Penicillium, thus the strain Pb-G was classified into the 
genus of Penicillium. The suitable temperature range for the Penicillium sp. Pb-G 
growth was 20-30°C, the most suitable pH was 7, and it had a biosorption effect on Pb2+. 
When the Pb2+concentration at 1500 mg/L, the best biosorption rate of Penicillium sp. 
Pb-G was 53.05% and the biosorption amount was up to 178.02 mg/g. This study 
indicated that Penicillium sp. Pb-G strain had high tolerance and outstanding 
biosorption capacity to Pb2+, it could be as a potential candidate to apply in future for 
metal remediation from wastewater and heavy metal-contaminated soils. 
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Abstract. In this study, samples were collected from 8 sites in the Harbin section of Songhua River, northeast 
China. We aimed to analyze how phytoplankton functional groups and environmental factors change from May to 
October during 2018. We identified 16 functional groups (C, D, F, G, H1, J, L0, MP, P, S1, TB, W1, W2, X1, X2 
and Y) from 84 species and 7 (C, D, MP, W1, W2, X1 and X2) of them were dominant. The seasonal succession 
of dominant phytoplankton functional groups was the following: X2/C→X2/C/MP→X2/C/X1/MP. X2 and C 
always played a dominant role throughout the year. Results of the one-way ANOVA test and RDA revealed that 
WT, SD, NTU, Chl-a, DO, BOD5, NH4+, TP and Fe3 + were the major influencing factors. This study revealed 
that the dominant functional groups were positively correlated with SD and Chl-a and negatively correlated with 
NTU and TP. 
Keywords: phytoplankton functional groups, environmental factors, Songhua River, RDA, spatial and seasonal 
variation, biomass 

Introduction 

Phytoplanktons are microbes that provide the foundation for aquatic food chains, and 
include zooplankton, fish and other aquatic animals in water environments and most 
important biological component in the River ecosystem. As a key part of material circulation 
and energy conversion in river ecosystem, phytoplankton has a very important impact on the 
status of aquatic ecosystem (Qiu et al., 2012). Meanwhile, phytoplankton function groups are 
communities of phytoplankton with similar functions in aquatic ecosystems (Reynolds et al., 
2006; Crossetti et al., 2013; Huszaret al., 2015; Qu et al., 2019). It could be more directly 
described the growth of different species within a group in phytoplankton communities 
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through the relatively simple classification of phytoplankton groups with observed data 
(Maggio et al., 2016). At present, Several studies have reflected the responsiveness of 
phytoplankton to environmental abiotic factors (Kruk et al., 2002; Bohnenberger et al., 2018), 
including water temperature (Hong et al., 2014), acidity (Klug et al., 2001), water level 
fluctuations (Su et al., 2019), total phosphorus and dissolved carbon (Klug et al., 2001), 
nutrient loading (Cupertino et al., 2019), etc. In addition, phytoplankton community 
development is influenced by the inter-specific interaction of organisms (Kim et al., 2020). 
However, most previous studies on phytoplankton functional groups had focused on the 
effects of a single environmental factor or a few species in a phytoplankton communities 
(Wang et al., 2020). The coexistence and succession of different phytoplankton functional 
groups under the same or similar environmental conditions have not been fully explained. The 
seasonal variation of environmental and biological factors are quite dynamic, they have a 
cumulative effect on different phytoplankton functional groups uccessions (Chuo et al., 2019). 
As such, more research is needed to quantify the interactions of stress effects of different 
factors on aquatic organisms in the future. This study can also meet the growing demand for 
sustainable watershed management of aquatic biota. 

Songhua River, one of the 7 largest rivers in China, is the largest river in Heilongjiang 
Province and one of the key monitoring regions of the aquatic biodiversity conservation in 
China. According to the Xinhua News Agency, Songhua River of 1,900-km-long meanders 
through an area of 557,200 km2, spanning Jilin Province and Heilongjiang Province, northeast 
China. According to the topography and channel characteristics, Songhua River is divided 
into three sections: the upper, middle and lower reaches. Harbin section of Songhua River is 
located in the middle reaches of the Songhua River. Harbin section of Songhua River starts 
from Sanjiazi in the upper reaches and ends at Dadingzi mountain in the lower reaches. There 
are two first grade tributaries, Ashi River and Hulan River. Along the Songhua River, there 
are Sanjiazitan wetland, Yangmingtan wetland, Jinhewan Wetland Park, Hulan estuary 
wetland park and other wetland parks. Songhua River would not only meet the domestic 
water demand of Harbin’s industry and its people but also meet the ecological demand of 
landscape. Therefore, in order to ensure the healthy and sustainable development of the water 
ecological environment in the Harbin section of Songhua River, it is particularly important to 
investigate the changes of phytoplankton functional groups and analyze the relationship 
between phytoplankton functional groups and water environmental factors. 

In this study, we monitored and calculated the biomass of the phytoplankton functional 
groups and the related water environmental factors in 2018. we analyzed the interaction 
between phytoplankton functional group and water environmental factors by redundancy 
analysis (RDA). This paper puts forward the experimental data support for the water 
environmental ecosystem and sustainable development of water resources of Songhua River, 
northeast China. 

Materials and methods 

Field sampling and measurements 

According to the local climate and geographical characteristics, we investigated on 
the phytoplankton in the Harbin section of Songhua River, Heilongjaing Province, 
northeast China. Samples were collected seasonally (spring: May 8, 2018; summer: July 
20, 2018; autumn: October 9, 2018) at eight sampling stations (Fig. 1; Table 1), 
respectively. Water samples were collected from 9:00 am to 5:00 bm. 
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Figure 1. The sampling stations in the Harbin section of Songhua River, Northeast China 
 
 
Table 1. The number, GPS and water depth of each sampling station in the Harbin section of 
Songhua River, Northeast China 

Number Station GPS 
Water depth (m) 

Spring Summer Autumn 

1# Daliangzi village 
N：45°58′30″ 

E：126°51′39″ 
4.50  8.30  26.80  

2# Hulan estuary wetland park 
N：45°55′28″ 

E：126°47′20″ 
3.30  9.00  5.70  

3# Sanjiazitan wetland 
N：45°54′40″ 

E：126°45′52″ 
7.50  3.50  4.50  

4# Cement plant 
N：45°51′44″ 

E：126°42′23″ 
13.20  12.10  10.20  

5# The second water source 
N：45°45′23″ 

E：126°32′59″ 
9.80  11.70  12.70  

6# Yangmingtan wetland 
N：45°46′12″ 

E：126°31′13″ 
7.90  15.30  13.70  

7# Jinhewan wetland park 
N：45°46′10″ 

E：126°28′55″ 
2.50  3.10  2.20  

8# Sanjiazi village 
N：45°32′23″ 

E：125°53′11″ 
1.30  5.50  1.80  
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Sample collection and determination 

Phytoplankton samples were collected with a 5-L water sampler, and mixed samples 
of the upper water layer, the mid-water layer and the bottom water layer. Integrated 
1000 mL water samples were preserved with acid Lugol iodine solution immediately 
and stored in the dark. Water sample was Siphoned to 30 mL into polythene plastic 
bottle after 48 h. And then qualitative and quantitative analysis was performed with 40 
times magnification by optical microscope (Motic BA210, Motic Inc., China) 
(V = 0.1 mL) (Utermöhl, 1958). Phytoplankton species were identified using the 
references s from different literature (Hustedt, 1930; Prescott, 1954; Patrick et al., 1966; 
Komarek, 1983; Lange-Bertalot, 2001; Hu et al., 2006). The species were grouped into 
functional group as described by literature of science (Reynolds et al.; 2002; Reynolds, 
2006; Padisak et al., 2009). 

Transparency (SD) was estimated with a 20-cm diameter, black-white Secchi disc. 
Water depth and Flow rate (FR) were measured with the LCD digital sounder 
(HONDEX PS-7, HONDEX Inc., Japan) and hand-held current meter of YSI (YSI 
FlowTracker, YSI Inc., USA), respectively. Water temperature (WT) was measured 
with thermometer. PH, turbidity (NTU) and dissolved oxygen (DO) were recorded real-
time by a multi-parameter water quality sonde (YSI 6600, YSI Inc., USA). Chlorophyll 
a (Chl-a), potassium permanganate index (CODMn), chemical oxygen demand (CODCr), 
5-day biochemical oxygen demand (BOD5), ammonium nitrogen (NH4

+), total 
phosphorus (TP), total nitrogen (TN), fecal coliform (FC), and Fe3+ were checked and 
analyzed according to standard examine methods on drinking water (GB/T5750-2006) 
of the Chinese standard methods proposed by Ministry of Environmental Protection of 
People’s Republic of China (MEP, 2006). 

 
Statistical analyses 

For this analysis, these phytoplankton species we selected were identified the 
dominant species (y ≥ 2) of the study period, and their relative abundance > 1 at least in 
one sampling station (Xu et al., 1989; Lopes et al., 2005). The dominant species of 
phytoplankton (Y) was calculated by Equation 1 (Lampitt et al., 1993): 

 

 i
i f

N
Y n )(=  (Eq.1) 

 
ni is an individual amount of the phytoplankton species, N is the sum of all individual 
amount (Gafan et al., 2005), fi is the appearance frequency of the occurrence of i species 
in all phytoplankton samples, i is considered as the dominant species if y ≥ 0.02. 

We selected one-way analysis of covariance (ANCOVA) to establish the significant 
difference among physico-chemical characteristics during the study period, and the 
ordinations to run using computer program SPSS 16.0. All biomass data of functional 
groups and continuous environmental factors except for pH were log10

(X+1) transformed 
to stabilize variance and reduce the influence of dominant taxa on the ordination and 
subjected to redundancy analysis (RDA) using down weighing of rare species (Jongman 
et al., 1987; ter Braak, 1988, 1990, 1994). Relationships between the phytoplankton 
functional groups and the environmental factors were assessed using redundancy 
analysis (RDA), which is a linear method of direct ordination. RDA was performed 
using CANOCO for Windows 4.5 (ter Braak et al., 1998), with forward selection to 
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identify the environmental variables that explained the phytoplankton functional groups, 
which is a linear method of direct ordination (ter Braak, 1994). The significance of the 
variables and the first ordination axis was determined using Monte Carlo permutation 
testing (499 permutations), implemented in CANOCO. 

This kind of technique can perform both regression and data ordination concurrently. 
The significance of the correlations between environmental factors and the species 
distribution was tested by one-way ANOVA test and redundancy analysis (RDA). 
Environmental factors measurement included WT (℃), pH, FR (m/s), SD (cm), 
turbidity (NTU), DO (mg/L), Chl-a/ (ug/L), CODMn (mg/L), CODCr (mg/L), BOD5 
(mg/L), NH4

+ (mg/L), TP (mg/L), TN (mg/L), FC (mg/L), Fe3+ (mg/L). Only the 
samples which most environmental data were used in the RDA analysis to study the 
correlations with environmental factors on phytoplankton distribution. 

Results 

Characteristics of phytoplankton functional groups 

A total of 84 species of phytoplankton were identified in the 24 samples collected 
from Harbin section of Songhua River, northeast China, belonging to 6 phyla, 8 classes, 
15 orders, 26 families and 50 genera. Among these species, 37 belong to Chlorophyta, 
29 belong to Bacillariophyta, and 9 belong to Cyanophyta, which represent 
approximately 44%, 35%, and 11% of the total species, respectively. In addition, the 
samples included six species in Euglenophyta (7%), two species in Cryptophyta (2%), 
and one species in Dinophyta (1%). And then classified into 16 functional groups 
namely: C, D, F, G, H1, J, L0, MP, P, S1, TB, W1, W2, X1, X2, Y (Table 2). There 
were 4 important functional groups, which with relative biomass > 20% at each 
sampling stations: C, MP, X2, Y. And there were 7 dominant function groups: C, D, 
MP, W1, W2, X1, X2 (Table 3). The seasonal relative biomass of functional groups in 
this study, X2 and C were dominant at 38.30% and 29.68% in spring, respectively; X2, 
C and MP were dominant at 40.97%, 15.87% and 13.20% in summer, respectively; X2, 
C, X1 and MP were dominant at 47.53%, 12.92%, 10.70% and 10.51% in autumn, 
respectively. It could be seen X2 and C were dominant in this year. In particular, 
X2 > 50% in 2# and 3# of spring, 2# of summer, 1#,3# and 7# of autumn, respectively. 
The distribution variation of phytoplankton functional groups is shown in Figure 2. 
Phytoplankton abundance was (407.40-767.40)×104 ind./L and its mean was 
524.10×104 ind./L in spring; it was (51.00-156.60)×104 ind./L and its mean was 
88.95×104 cell/L in summer; it was (69.60-184.80)×104 cell/L and its mean was 
119.03×104 cell/L in autumn. Biomass ranged from 3.06 to 5.10 mg/L and its mean was 
3.85 mg/L in spring; it ranged from 0.45 to 1.34 mg/L and its mean was 0.79 mg/L in 
summer; it ranged from 0.50 to 1.79 mg/L and its mean was 1.02 mg/L in autumn. 

 
Environmental variables 

The average concentration of physico-chemical characteristics of Songhua River is 
shown in Table 4. WT ranged between 13.60-23.37 ℃ with maximum in summer and 
minimum in spring. WT showed distinguishing seasonal differences (p < 0.001) which 
were higher in summer and relatively lower in autumn. On the contrary, SD ranged 
between 10.50-58.50 cm with maximum in spring and minimum in summer. SD 
differed significantly seasonally (p < 0.001) with higher significant values in spring than 



Zhao et al.: Relationship between phytoplankton functional groups and environmental factors in the Harbin section of Songhua 
River, Northeast China 

- 5764 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5759-5774. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_57595774 
© 2020, ALÖKI Kft., Budapest, Hungary 

in summer and autumn. NTU ranged between 7.55-170.30 with maximum in summer 
and minimum in spring. The river’s NTU also varied seasonally (p < 0.001) with 
summer recording the highest values. The Chl-a ranged between 0.45-21.10 with 
maximum in spring and minimum in autumn. Chl-a differed with higher significant 
values (p < 0.001) in spring than in autumn. DO ranged between 4.70-9.75 mg/L with 
lower significantly values (p < 0.001) in summer than in spring and autumn. BOD5 was 
significantly higher in spring and relatively lower in autumn (p < 0.001). NH4

+ ranged 
between 0.07-0.83 mg/L with lower significantly values (p < 0.001) in autumn than in 
spring and summer. On the contrary, total phosphorus (TP) ranged between 0.04-
0.19 mg/L with higher significantly values (p < 0.001) in autumn than in spring and 
summer. Fe3+ ranged between 0.10-1.64 mg/L with lower significantly values 
(p < 0.001) in spring than in summer and autumn. 

 
Table 2. Phytoplankton functional groups (FGs) and their relative biomass (%) in the 
Harbin section of Songhua River, Northeast China 

FGs Genera Biomass (%) 

C Asterionella formosa, Cyclotella meneghiniana 24.73% 

D 
Nitzschia palea, Synedra acus, Synedra amphicephala, Synedra tabulata, 

Synedra ulna 
3.24% 

F 
Oocystis parva, Oocystis elliptica, Micractinium pusillum, Kirchnerilla 
lunaris, Selenastrum gracile, Westella botryoides, Westellopsis linearis, 

Stichococcus bacillaris 
0.62% 

G Eudorina elegans, Pandorina morum 0.20% 

H1 Anabaena variabilis, Anabaena circinalis 0.01% 

J 

Golenkinia radiata, Chodatella quadriseta, Chodatella ciliata, Tetraëdron 
trigonum, Tetraëdron regulare, Actinastrum hantzschii, Crucigenia aiculata, 
Crucigenia quadrata, Crucigenia tetrapedia, Tetrastrum staurogeniae forme, 

Tetrastrum elegans, Scenedesmus ovalternus, Scenedesmus platydiscus, 
Scenedesmus dimorphus, Scenedesmus abundans, Scenedesmus acuminatus, 

Scenedesmus bijuga, Scenedesmus quadricauda 

1.97% 

L0 Gyrosigma acuminatum, Merismopedia minima, Chroococcus minutus 0.06% 

MP 

Cocconeis placentula, Achnanthes linearis, Epithemia turgida var. granulata, 
Surirella capronii, Surirella angustata, Cymbella ventricosa, Pinnularia 
major, Pinnularia gibba, Navicula exigua, Navicula radiosa, Navicula 

dicephala, Navicula anglica, Diatoma vulgare, Diatoma vulgare var. linearis, 
Coelosphaerium kützingianum, Ulothris variabilis 

5.91% 

P 
Fragilaria virescens, Fragilaria brevistriata, Fragilaria ca pucina, Melosira 

granulata, Melosira granulata var. angustissima, Melosira granulata var. 
angustissima f. spiralis, Closterium sp. 

1.09% 

S1 
Planktothrix agardhii, Phormidium allorgei, Phormidium beggiatoiforme, 

Phormidium lismorense 
0.70% 

TB Melosira varians 1.59% 

W1 
Heteronema discomorphum, Lepocinclis steinii, Euglena oxyuris, 

Trachelomonas cylindrica, Strombomonas urceolata 
1.92% 

W2 Trachelomonas granulosa 2.35% 

X1 
Ankistrodesmus angustus, Ankistrodesmus acicularis, Chlorella vulgaris, 

Schroederia nitzschioides, Schroederia robusta 
7.73% 

X2 Chlamydomonas ovalis, Chlamydomonas globosa, Chroomonas acuta 40.34% 

Y Glenodinium pulvisculus, Cryptomonas ovata 7.53% 
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Figure 2. Distribution of relative biomass of phytoplankton functional groups in the Harbin 
section of Songhua River, Northeast China 

 
 
Table 3. Appendix list of dominant genus of phytoplankton functional groups in the Harbin 
section of Songhua River, Northeast China 

FGs Phylum Genus 
Dominance 

Spring Summer Autumn 

D Bacillariophyta Synedra acus  0.03  0.03  

C Bacillariophyta Cyclotella meneghiniana 0.47  0.32  0.25  

W2 Euglenophyta Trachelomonas granulosa 0.07  0.11  0.12  

W1 Euglenophyta Trachelomonas cylindrica 0.08  0.04   

X1 Chlorophyta Ankistrodesmus angustus 0.03    

X1 Chlorophyta Chlorella vulgaris 0.04  0.10  0.10  

MP Chlorophyta Ulothris variabilis   0.05  

X2 Chlorophyta Chlamydomonas ovalis  0.02  0.03  

X2 Cryptophyta Chroomonas acuta 0.08  0.11  0.11  
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Table 4. Environmental parameters, which contained water temperature (WT), pH, flow rate 
(FR), Secchi depth (SD), turbidity (NTU), Chlorophyll a (Chl-a), dissolved oxygen (DO), 
Permanganate index (CODMn), Chemical oxygen demand (CODCr), 5-day biochemical 
oxygen demand (BOD5), NH4

+, total phosphorus (TP), total nitrogen (TN), Fecal Coliform 
(FC), Fe3+, in each season in the Harbin section of Songhua River, Northeast China 

Parameters Spring Summer Autumn P value 

WT (℃) 17.55 ± 1.63 22.9 ± 0.45 14.52 ± 0.4 0.000** 

pH 7.86 ± 0.41 7.59 ± 0.18 7.72 ± 0.08 0.142  

FR (m/s) 0.73 ± 0.58 0.97 ± 0.36 0.45 ± 0.24 0.070  

SD (m) 37.5 ± 10.27 11.44 ± 0.82 18.5 ± 3.97 0.000** 

NTU 15.91 ± 6.1 141.01 ± 26.9 43.9 ± 11.25 0.000** 

Chl-a (ug/L) 14.27 ± 6.94 8.02 ± 2.45 5.98 ± 2.42 0.004** 

DO (mg/L) 7.84 ± 0.93 6.6 ± 1.17 8.9 ± 0.29 0.000** 

CODMn (mg/L) 5.56 ± 1 5.33 ± 0.7 4.65 ± 0.55 0.070  

CODCr (mg/L) 12.25 ± 0.6 13.08 ± 1 12.53 ± 1.13 0.217  

BOD5 (mg/L) 4.74 ± 1.08 2.96 ± 0.8 2.31 ± 0.48 0.000** 

NH4
+ (mg/L)  0.43 ± 0.3 0.18 ± 0.11 0.13 ± 0.06 0.010** 

 TP (mg/L) 0.07 ± 0.03 0.1 ± 0.02 0.15 ± 0.03 0.000** 

TN (mg/L)  2.05 ± 0.79 2.26 ± 0.46 1.83 ± 0.11 0.288  

FC (mg/L) 14050.25 ± 11553.15 26284.88 ± 12806.46 22707.88 ± 12551.8 0.149  

Fe3+ (mg/L)  0.19 ± 0.07 0.98 ± 0.22 1.23 ± 0.49 0.000** 

**The environmental factors were significantly different at the level of 0.01 

 
 

Correlation analysis of phytoplankton functional groups and environmental factors 

The results of DCA performance by using CANOCO for Windows 4.5 showed that 
the Standard Deviation value was less than 3, so RDA analysis was carried out to 
analysis the relationship between phytoplankton functional groups and environmental 
factors in the Harbin section of Songhua River. The eigenvalue for RDA axis 1 (0.691) 
and axis 2 (0.156) together explained 84.7% of the functional groups variance out of 
which 69.1% of the total variability was from axis 1 (Table 5). The results of Monte 
Carlo test revealed that there were significant differences between the first axes and all 
canonical axes (F = 17.921, p = 0.0002, F = 4.109, p = 0.004). Axis 1 mainly positive 
correlated with SD (r = 0.8729), BOD5 (r = 0.7026) and negatively correlated with Fe3+ 
(r = –0.8241), NTU (r = –0.8163). Axis 2 positively correlated with Chl-a (r = 0.2453) 
and CODMn (r = 0.2453) and negatively correlated with NH4

+ (r = –0.3812), TP (r = –
0.3112). 

 
Table 5. Summary of redundancy analysis (RDA) of phytoplankton functional groups for the 
first two axes 

Axes I II III IV 

Eigenvalues 0.691 0.156 0.027 0.008 

Species-environment correlations 0.972 0.838 0.930 0.893 

Cumulative percentage variance of species data 69.1 84.7 87.4 88.2 

Cumulative percentage variance of species-environment relation 78.1 95.7 98.7 99.7 

Sum of all canonical eigenvalue 0.885    
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Discussion 

Variation of phytoplankton functional groups in the Harbin section of Songhua 

River, Northeast China 

In previous studies, the use of classification of organisms into phytoplankton 
functional groups have been to be the best way to explain the influence relation between 
factors of phytoplankton community structure and aquatic systems (Heebert et al., 
2016). The Padisak J’s study also showed the changes of life-history and physiological 
activity of phytoplankton functional groups have limited by factors of nutrient, light 
condition, hydrodynamic character, foraging behavior of zooplnation and hydrology 
dynamic change characteristics (Padisak et al., 2009). In the recent past, phytoplankton 
functional groups based on the morphological, as the primary producer in aquatic 
ecosystem, is a reliable indicator to analysis on water environmental quality and 
illustrate the trend of spatial and temporal variations (Li et al., 2017). Many recently 
studies focused on the change trend of biomass of phytoplankton functional groups in 
relation to their surviving environment (Mwagona et al., 2018; Ma et al., 2019; Sun et 
al., 2019). During the study period, the average biomass of phytoplankton was 
3.85 mg/L in spring, 0.79 mg/L in summer and 1.02 mg/L in autumn. The aforesaid 
experimental datum were lower compared to the datum of average biomass during 
spring (4.03 mg/L), summer (2.78 mg/L) and autumn (5.07 mg/L) recorded by Yan 
(2011) in the Harbin section of Songhua River, and also lower than those during 
summer (2.30 mg/L) and autumn (2.57 mg/L) of Li (2013) accepted for publication in 
the Harbin section of Songhua River. So far, the results showed that average biomass of 
phytoplankton reduce continuously. 

Our research showed that the main dominant phytoplankton functional groups were 
group C and X2 in the whole year. The two phytoplankton functional groups which we 
investigated were also the dominant functional groups studied by An et al. in Small 
Xingkai Lake and by Ma et al. Sanhuanpao wetland reservation which located in the 
same province (An et al., 2016; Ma et al., 2016). Group C represents the eutrophic small 
and medium sized lakes, and it was suitable for the water environment of no 
stratification or suspension (Yang et al., 2014). According to Reynolds’ phytoplankton 
functional group theory indicated, group X2, sensitive to the filtering food zooplankton, 
was inhibited when the filtering food zooplankton were rich (Reynolds et al., 2002). 
Sampling stations (1#, 2# and 3#) were located in the middle and upper reaches in the 
Harbin section of Songhua River recorded high relative biomass dominated by group 
X2 corresponding to low filtering food zooplankton (An et al., 2016; Feng, 2014). 
Group MP (mainly composed of Ulothris variabilis) was important corresponding to 
frequently disturbed, inorganic and turbid water areas. In autumn, the wind was strong, 
the river was disturbed frequently, and the turbidity increased obviously, which was 
beneficial to the growth of MP (Yang et al., 2014). Therefore, the relative biomass of 
group MP is not only more than 10% in summer and autumn, but also one of the 
dominant functional groups in autumn. 

 
Influence factors of water environment of Harbin section of Songhua River, 

Northeast China 

Any environmental factors needed for phytoplankton growth, including temperature, 
light intensity and hydrodynamics, could be the limiting factors influenced the growth 
of phytoplankton, and may also be the environmental influencing factor for the 
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distribution of phytoplankton function groups (Xiao et al., 2011). The RDA analysis 
was used to explain clearly the relationship between crucial factors and phytoplankton 
functional groups and to further explore the driving factors changing the composition 
and distribution of phytoplankton functional group. The results of RDA analysis 
displayed that phytoplankton functional groups in the Harbin section of Songhua River 
were affected by SD, BOD5, Fe3+, NTU, Chl-a, CODMn, NH4

+ and TP. Among them, 
SD was the key of environmental factors (r = 0.8729), which affected the change of 
functional groups throughout the year. 

Studies of lakes and reservoirs in different regions of country showed that, such as 
Tianmu Reservoir of Shahe Reservoir located in north subtropical regions, Changshou 
Lake located in mid-subtropical regions, Yuqiao Reservoir located in warm temperate 
zone and Small Xingkai Lake located in temperate zone, SD was the main 
environmental factors influencing and changing the phytoplankton function groups (Cui 
et al., 2014; Yan et al., 2018; Liu et al., 2016; An et al., 2016). According to Cui et al. 
(2014), it was beneficial for phytoplankton growth to be in water bodies of low NTU 
and high SD, and it found a positive correlation between SD and the biomass of 
Bacillariophyta and Chrysophyta. Similarly, most of phytoplankton functional groups 
for this experiment were positive correlation with SD and negative correlation with 
NTU in the Harbin section of Songhua River. Li et al. (2013) also recorded that the 
water sediment content was high, SD was low and NTU was high in perennial water of 
Songhua River. Compared to other water bodies, SD in our research environment was 
remarkably lower. For instance, in Small Xingkai Lake located in Southeast 
Heilongjiang Province, An et al. (2016) recorded 0.46 m, 0.21 m, and 0.21 m mean 
values of SD for spring, summer and autumn respectively. In Aha reservoir, one of the 
three drinking water sources in Guiyang, SD mean value in spring, summer and autumn 
was 0.90 m, 0.83 m, and 1.19 m, respectively (Li et al., 2015). According to Ostos et al. 
(2008), SD of El Gergal reservoir located in southwest Spain ranged from 0.2 m to 
8.0 m and its mean was 1.77 m between 1979 and 2003. According to Chai et al. 
(2016), SD of Pearl River Estuary located in southern China ranged from 0.2 m to 3.2 m 
and its mean was 1.2 m in spring (March 2012) and ranged from 0.5 m to 2.0 m and its 
mean was 0.8 m in autumn (November 2011). There were many factors that limited SD, 
including not only phytoplankton, but also the concentration of sediment, the speed of 
FR, the amount of suspended solids and many other factors in the water (Pace et al., 
1992). The faster FR will increase the suspended matter in the water, and the increase of 
sediment content will reduce the content of DO in the water. It was not simply to 
describe this with a single linear correlation (Pace et al., 1992). 

Groups X2 were mainly comprised of minute-celled Chlamydomonas ovalis and 
Chroomonas acuta, and it was easier to be found it in waters with lower phosphorus levels 
(Laamanen, 1997). The study of Ma et al. (2019) also showed that group X2 with widely 
adaptability to nutrients was preferred to grow in slight alkaline water environment. We 
can see from the RDA biplot diagram in Figure 3, that groups X2 had a negative 
correlation with TP. On the one hand, the research of Siebielec et al. (2015) and da Silva 
and Fitzsimmons (2016) clearly proved that dissolved calcium ion will react with the 
phosphate in water forming insoluble calcium phosphate and other compounds that were 
not conducive to phytoplankton growth and propagation when the water environment was 
slight alkaline. On the other hand, the presence of large numbers of predators will reduce 
the number of filter feeders and the grazing pressure of filtering food zooplankton on 
group X2 (Padisak et al., 2009). Asplanchna priodonta, Polyarthra trigla and Synchaeta 
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stylata were the dominant species (rotifer) found by Li et al. (2013) in Songhua River. 
Synchaeta stylata priodonta, as one kind of macrofilter-feeders, ate Dictyotaceae, 
filamentous algae, dinoflagellate, and other 20-50 μm zooplankton. Asplanchna and 
Polyarthra trigla, as group RC (predators), ate macroscopic algae, protozoa, rotifer and 
microcrustacea (Wen et al., 2017). It was more suitable for them to living in the alkaline 
water like the Songhua River with low temperature and high dissolved oxygen (Li et al., 
2013). A study even showed the number of filter feeders increased and the number of 
phytoplankton decreased when the SD exceeded 80 cm (Li and Li, 2001). 

 

 

Figure 3. Correlation plots of the redundancy analysis (RDA) on the relationship between the 
environment variables and phytoplankton functional groups 

 
 
Researchers had also noted that Chl-a, CODMn, BOD5, Fe3+, NH4

+ and FC were 
fundamental factors in shaping phytoplankton community composition. The study of 
Guo et al. (2020) in Xidayang Reservoir showed that phytoplankton density and 
biomass were significant positive correlation with Chl-a and CODMn (P < 0.05) and 
significantly negatively correlated with NH4

+ (P < 0.05). Liu et al. (2014) pointed out 
that Chl-a, as the main pigment of phytoplankton photosynthesis, which growth was a 
significant positive predicator of the rapid growth of phytoplankton. In Muling River, 
the researchers analyzed the CODMn was positively related with the predominant 
phytoplankton functional groups (Sun et al., 2019). In Dalian Songshu Reservoir, the 
researchers analyzed the BOD5 was positively related with the phytoplankton density 
(Yang, 2019). Arnaldo concluded that the growth rate of the dominant phytoplankton 
community structure limited by the concentration of Fe3+ in the upper waters layer of 
the Bransfield Strait in Antarctic Peninsula (D’Amaral et al., 2015). Similarly, from the 
RDA results, BOD5, Chl-a and CODMn were positive correlated with the dominant 
functional groups, while Fe3+ and NH4

+ were negatively correlated with the dominant 
functional groups. Under the same experimental conditions, Mao et al. (1998) 
monitored the effect of phytoplankton with different densities or community 
composition on the amount of FC in the culture ponds. It was proved that there was a 
restrictive relationship between phytoplankton community composition and FC 
population. FC will release non-specific antibiotics substances to kill algae cells. When 
the amount of FC in the culture ponds was reduced, the densities of phytoplankton 
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continued to increase within 24 h. Same as the results in this experiment, the growth of 
FC and the biomass of phytoplankton had a negative correlation. 

Conclusions 

In this current study, a total of 84 species of phytoplankton species belonging to 16 
functional groups (C, D, F, G, H1, J, L0, MP, P, S1, TB, W1, W2, X1, X2 and Y) were 
identified in the Harbin section of Songhua River, northeast China. There were 7 
dominant functional groups: C, D, MP, W1, W2, X1 and X2. The seasonal dominant 
functional group succession: X2/C (spring)→X2/C/MP (summer)→X2/C/X1/MP 
(autumn). The result of one-way ANOVA test and RDA showed that WT, SD, NTU, Chl-
a, DO, BOD5, NH4

+, TP and Fe3+ were the major factors that influencing phytoplankton 
functional groups in the Harbin section of Songhua River, northeast China. RDA result 
revealed that SD and Chl-a were positive correlated with the dominant functional groups, 
while NTU and TP were negatively correlated with the dominant functional groups. This 
study revealed that the phytoplankton functional groups followed certain predictable 
pattern in the seasonal and spatial gradient. It could be useful for assessing and predicting 
the growth and development of phytoplankton in the future. At the same time, these 
environmental factors can also be considered as an important basis for the management 
and protection of rivers in northeast China for future studies. 
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APPENDIX 

Table A1. Environmental parameters in each season in the Harbin section of Songhua River, Northeast China 

 
WT 

(℃) 
pH 

FR 

(m/s) 

SD 

(m) 
NTU 

Chl-a/ 

(ug/L) 

DO 

(mg/L) 

CODMn 

(mg/L) 

CODCr 

(mg/L) 

BOD5 

(mg/L) 

NH4+ 

(mg/L) 

TP 

(mg/L) 

TN 

(mg/L) 

FC 

(mg/L) 

Fe3+ 

(mg/L) 

Spring1# 17.50  7.85  1.26  58.50  7.55  8.85  7.30  5.04  12.70  5.80  0.72  0.07  3.00  24196.00  0.12  

Spring2# 18.00  7.88  0.83  48.00  10.00  12.25  7.00  6.00  12.40  4.30  0.83  0.10  3.32  24196.00  0.22  

Spring3# 17.80  7.85  0.28  32.00  23.80  15.20  7.50  5.20  12.20  5.70  0.50  0.09  1.42  12997.00  0.10  

Spring4# 18.10  7.99  0.39  31.50  15.15  19.75  7.00  5.84  12.20  5.60  0.63  0.10  2.20  24196.00  0.15  

Spring5# 18.50  7.83  0.57  34.50  15.30  15.30  7.90  7.28  12.70  5.30  0.09  0.06  1.68  754.00  0.12  

Spring6# 18.40  8.21  0.18  32.00  18.30  20.90  8.60  5.52  11.60  3.50  0.08  0.04  1.01  24196.00  0.23  

Spring7# 18.50  8.31  1.89  29.00  24.60  21.10  7.70  5.84  13.00  4.80  0.11  0.06  1.61  393.00  0.22  

Spring8# 13.60  6.95  0.41  34.50  12.55  0.80  9.75  3.76  11.20  2.90  0.48  0.04  2.18  1474.00  0.32  

Summer1# 22.37  7.57  0.70  11.50  145.35  7.15  6.43  5.65  11.37  3.30  0.23  0.12  2.26  34305.00  1.00  

Summer2# 22.93  7.58  0.87  11.50  170.30  10.05  5.93  5.23  13.20  3.53  0.25  0.12  2.17  36593.00  0.92  

Summer3# 22.80  7.38  0.63  12.00  101.60  8.40  4.70  4.88  14.10  1.80  0.12  0.10  3.04  48392.00  0.64  

Summer4# 23.30  7.64  0.64  10.50  157.65  8.45  6.63  4.85  13.27  3.73  0.38  0.11  2.01  28283.00  0.99  

Summer5# 23.20  7.57  1.50  11.50  152.15  9.65  7.07  6.13  11.80  2.97  0.08  0.08  1.89  15291.00  1.28  

Summer6# 23.10  7.34  1.05  11.00  146.70  8.90  6.20  4.56  14.10  1.70  0.08  0.09  2.90  17328.00  1.08  

Summer7# 23.37  7.74  1.50  13.00  157.30  9.20  7.07  4.85  13.37  3.03  0.09  0.11  1.94  18975.00  1.20  

Summer8# 22.10  7.88  0.84  10.50  97.00  2.35  8.80  6.51  13.47  3.63  0.22  0.06  1.88  11112.00  0.69  

Autumn1# 14.55  7.73  0.23  19.00  30.30  6.05  8.60  4.56  14.00  2.20  0.19  0.08  2.05  36294.00  0.61  

Autumn2# 14.35  7.72  0.29  19.00  34.60  5.65  8.75  4.48  12.95  2.05  0.23  0.16  1.84  32860.00  1.56  

Autumn3# 14.50  7.78  0.29  20.00  47.50  6.80  9.30  3.76  11.80  2.60  0.07  0.14  1.70  17329.00  0.56  

Autumn4# 14.75  7.68  0.66  12.50  64.65  6.75  8.75  5.36  10.60  2.95  0.16  0.19  1.86  36294.00  1.64  

Autumn5# 14.90  7.63  0.45  14.00  49.45  8.65  8.75  5.20  13.55  2.90  0.09  0.15  1.89  11857.00  1.64  

Autumn6# 14.00  7.84  0.94  18.00  46.80  7.30  9.40  4.08  11.50  2.30  0.07  0.17  1.72  4106.00  0.76  

Autumn7# 15.10  7.77  0.29  20.00  45.40  6.20  8.75  5.04  12.95  1.55  0.18  0.17  1.82  13252.00  1.63  

Autumn8# 14.00  7.59  0.47  25.50  32.50  0.45  8.90  4.72  12.85  1.95  0.09  0.16  1.79  29671.00  1.40  
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Abstract. With the rapid increase of nanomaterial production and application, their incidental, accidental 
and intentional release into the environment is inevitable. Most nanoparticles (NPs) could be highly 
reactive, even those conventionally considered to be inert (e.g., TiO2 and Au). Environmental 
transformation can remarkably alter the physicochemical properties of NPs, and consequently, their fate, 
transport and biological effects. Meanwhile, current facilities for wastewater treatment and waste 
management are not equipped to remove nanoparticles effectively and prevent their entry into the 
environment. The effluent from urban wastewater treatment plants (WWTPs) is considered a significant 
source of manufactured nanomaterial emissions into aquatic and terrestrial environments. Dissecting how 
the properties of nanoparticles may change once released into the environment is urgently needed to 
improve our understanding of their toxic effects in the environment. For this purpose, specialized methods 
are needed to recognize, separate and characterize nanoparticles in complex environmental media. The aim 
of the study was to determine silver nanoparticles in liquid environmental samples collected in Poland 
(surface water, treated sewage, tap water, water extraction of waste from the oil and gas mining industry) 
using single particle inductively coupled plasma mass spectrometry (sp ICP-MS). 
Keywords: NPs, AgNPs, sp ICP-MS, surface water, inductively coupled plasma mass spectrometry 

Introduction 

Advances in nanotechnology are forecast to have a major impact on a broad range of 
industry sectors. The very large surface area of these nanomaterials may cause novel 
physical and chemical properties, such as increased catalytic activity, improved 
solubility or different optical behaviour. Nanotechnology offers many advantages. It 
allows for miniaturization, cost reduction, more sustainable use of resources among 
many others. Due to all its promises, nanotechnology has found an application across the 
fields of science and technology, ranging from scientific materials, electronics through 
energy, cosmetics, and agriculture to medicine, implants, and sensors. Metal 
nanoparticles are also widely used in the oil and gas industry sectors, e.g. during 
exploration, characterization of a field, drilling, cementing, production and stimulation, 
enhanced oil recovery (EOR), refining and processing (Krasodomski et al., 2013; Zima, 
2017). The nanotechnology industry is rapidly generating new forms of waste streams 
because of the production and use of engineered nanomaterials (ENMs); however, only 
limited literature on the fate, behaviour and impacts of these waste streams on the 
environment and human health is available (Krasodomski et al., 2009; Aznar et al., 
2013). 

With the rapid increase of nanomaterials production and application, their incidental, 
accidental and intentional release into the environment is inevitable, and diverse types 
of engineered nanomaterials (ENMs), e.g., nano Ag and TiO2, have already been 
detected in various environmental media (Kim, 2010; Weinberg et al., 2011; Wagner et 
al., 2014). Increased production and widespread use of nanomaterials can lead to NPs 
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migrating into the environment and interacting with organisms. Nanoparticles can be 
transported through air, water and soil and the process depends on their characteristics 
including size, charge, solubility, diffusion, deposition, bioavailability and 
biodegradability. Nanomaterials (NM) can be released into the environment in three 
ways: (1) during production, (2) during use, and (3) end-of-life release of products 
containing nanoparticles (from waste). 

The release pattern and mass depend on the NP’s type and its application. Metal 
containing nanoparticles are a significant class because their use in consumer and 
industrial applications makes them the fastest growing category of nanoparticles (Prasad 
et al., 2017). Particularly, silver nanoparticles (AgNPs) are used in many consumer 
products because of their proved antimicrobial properties attributable to the release of 
Ag+. 

The environmental impact of silver nanoparticles (AgNPs) has become a topic of 
interest recently, this is due to the fact that AgNPs have been included in numerous 
consumer products including textiles, domestic appliances, food containers, cosmetics, 
paints and nano-functionalised plastics. Various applications have been found in the 
medical field for Ag NPs; for example, they can be used for biosensors, drug delivery 
systems, and medical devices (Bundschuh et al., 2018). 

The production, use and disposal of these AgNP containing products are potential 
routes for environmental exposure. Therefore, in the near future, we can expect 
accumulation of NPs in the environment, which can have major implications for human 
health and environment. Although some information on NPs emission is available, it is 
of high importance to quantify their amounts and concentrations in the environment. 
Moreover, during deposition NPs can undergo physical, chemical and biological 
transformations (by redox reactions, dissolution, sorption of contaminant, or 
bioaccumulation) forming substances of different properties and toxicity than their 
native form. Therefore, both NPs forms, native and after conversion, should be 
monitored. As a result, there is a growing need for a rapid, accurate, sensitive technique 
for characterizing and quantifying NPs in a wide range of sample types. Specifically, 
techniques are needed to determine the size and concentration of NPs in complex 
matrices. 

The basic parameter characterizing nanomaterials is the size of their particles and the 
distribution of this size. At present, there are several well-known methods for such a 
characterization (Laborda et al., 2016). Table 1 presents methods of nanoparticles 
separation from matrices of environmental samples as well as analytical techniques 
currently used in nanoparticles testing. 

The process of nanoparticle determination consists of three basic stages: sampling 
and sample preparation, nanoparticle separation and identification. Sampling and 
preparation of the sample is a critical step in the process of nanoparticle determination 
as it may affect the state of dispersion. The stage of sample preparation depends to a 
large extent on the type of matrix being tested. Ideal sample preparation should be 
optimized by finding the right balance between reducing the matrix effects of the sample 
and maintaining its representativeness. The analysis of the data collected in Table 1 
shows that nanoparticles are separated by centrifugation, ultrafiltration, cloud point 
extraction (CPE) and flow fractionation in an asymmetric flow field (AF4). Due to the 
complexity of environmental matrices, nanoparticle separation techniques should take 
into account, among others, the selectivity against NPs and the influence of interference 
from the matrix (Majedi et al., 2016). 
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Table 1. List of methods of nanoparticle separation and techniques for their determination in 
various types of matrices (Laborda et al., 2016) 

Sample type 
Designated 

nanoparticles 
Sample preparation* Technique* 

Sewage 

Ag Filtration (5µm + 0.45µm) sp ICP-MS 

SiO2, Al2O3 CPE + MW SEM-EDS 

Ag CPE + MW ET-AAS 

Ag CPE + MW ICP-MS 

Ag Filtration (0.45µm) AF4-ICP-MS 

Au SPE ( magnetic matrix + acid etching ) ICP-MS 

ZnO CPE + MW ICP-MS 

Ag CPE ET-AAS 

Ag SPE (ions exchange) ET-AAS 

Ag Serial filtration (0.45µm-0.1µm-10kDa) sp ICP-MS 

Ag Serial filtration (0.45µm-0.1µm-10kDa) sp ICP-MS 

CuO CPE+MW ICP-MS 

Lake water 

TiO2 Aqueous suspension 
ICP-MS 

sp ICP-MS 

Ag CPE + MW ET-AAS 

Ag CPE + MW ICP-MS 

Ag Filtration (0.45µm) SEC-ICP-MS 

River water 

CuO CPE ET-AAS 

Ag CPE + MW ET-AAS 

Ag SPE (ions exchange) ET-AAS 

Ag Sedimentation AF4-ICP-MS 

Ag Filtration (0.45µm) HDC-ICP-MS 

Au CPE ET-AAS 

Ag CPE ET-AAS 

Surface waters Ag SPE (magnetic matrix + acid etching) ICP-MS 

Sea waters 

Ag Filtration (0.45µm) PCC 

Ag Filtration (0.45µm) VIP 

Ag Filtration (0.45µm) VIP electrochemical 
sensors 

Ag Filtration (0.45µm) VIP 

Au SPE (magnetic matrix + acid etching) ICP-MS 

Ag CPE ET-AAS 

Sewage sediments 

TiO2 Centrifugation 
FESEM 

TEM 

Ag Filtration (0.45µm) HDC-ICP-MS 
TEM 

Ag Filtration (0.45µm) HDC-ICP-MS 

Ag Filtration (0.45µm) SEC-ICP-MS 

Ag Centrifugation TEM-EDS 

Ag Filtration (0.02µm) EXAFS 

Ag CPE + MW ICP-MS 

ZnO Centrifugation EXAFS 

Ag, Au Centrifugation 
TEM-EDS 

EXAFS 

Ag, ZnO Centrifugation 
XANES 
EXAFS 

Soil enriched with 
sewage sediment 

TiO2 Centrifugation 
FESEM 

TEM 

TiO2 Aqueous suspension TEM-EDS 

Natural waters 

Ag, 
TiO2 

Functionalisation + extraction in the liquid-liquid 
system 

ICP-MS 

Ag 
Filtration (35µm) 

Filtration (0.45µm) 
Ultrafiltration (3kDa) 

sp ICP-MS 
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* Abbreviations used in the table: AF4 - asymmetric flow field-flow fractation, CPE+MW – microwave 
assisted cloud point extraction, DLS - dynamic light scattering, EDS - energy dispersive X-ray 
spectroscopy, ESEM - environmental scanning electron microscopy, ET-AAS - electrothermal atomic 
absorption, EXAFS - extended X-ray absorption fine structure, FESEM - field-emission scanning 
electron microscopy, ICP-MS - inductively coupled plasma mass spectrometry, NTA - nanoparticle 
tracking analysis, PCC - particle collision coulometry, SPE - solid phase extraction, sp ICP-MS - single 
particle ICP-MS, TEM - transmission electron microscopy, VIP - voltammetry of immobilized particles, 
HDC-ICP-MS - hydrodynamic chromatography coupled to ICP-MS, UV-Vis - Ultraviolet-visible 
spectroscopy 

 
 

In complex matrices, the separation of dissolved species from NPs before their 
determination might be required. For instance, dissolved Ag(I) can be physically 
separated by ultrafiltration, ultracentrifugation, and centrifugal ultrafiltration. Solid-
phase extraction (SPE) is currently one of the most widely practiced sample preparation 
procedures and has been shown to separate metal nanoparticles (MNPs) efficiently. 
Liquid phase extraction of hydrophilic NPs into water (also known as water-soluble NPs) 
and hydrophobic NPs into an organic solvent or a mixture of solvents has been reported 
for the purification and size separation of synthetic NPs. Cloud point extraction (CPE) 
was employed for the reversible extraction and separation of different NPs such as Au, 
TiO2, multiwalled carbon nanotube (MWCNT), fullerene (C60) and Fe3O4 (Proulx et al., 
2014; Mori, 2015; Mourdikoudis et al., 2018). 

Several methods have been developed to analyse inorganic and organic nanoparticles 
(Table 1). The most common analytical methods for the determination of nanoparticles 
are field flow fractionation (FFF) with ICP-MS, HPLC or UHPLC coupled to high 
resolution mass spectrometry (HRMS), LC-UV and FFF coupled to HRMS, multi angle 
light scattering and dynamic light scattering. Recently, single particle inductively 
coupled plasma mass spectrometry (sp ICP-MS) was proposed for the simultaneous 
determination of NPs and dissolved ions of metals (Folens et al., 2018; Mozhayeva et 
al., 2019). sp ICP-MS is well suited to nanoparticle characterization as it provides 
determination of the particle number and size distribution, along with the concentration 
of both the particles and the dissolved element component. 

Fresh waters 

Au SPE (magnetic matrix+acid etching) ICP-MS 

Ag 
Filtration (35µm) 

Filtration (0.45µm) 
Ultrafiltration (3kDa) 

NTA 
DLS 

UV-Vis 

Soil extract Ag Filtration (0.45µm) AF4-ICP-MS 

Soil 

Au Centrifugation 
ESEM 

FESEM 

Ag Ultrafiltration 
ESEM 

FESEM 

Ag Filtration (0.02µm) EXAFS 

Artificial sea water Ag Filtration (0.45µm) AF4-ICP-MS 
sp ICP-MS 

Sewage sediment Au Ultracentrifugation 

ESEM 
FESEM 

TEM 
NTA 

Tap water 

Ag SPE (magnetic matrix+acid etching) ICP-MS 

Ag Filtration (0.45µm) HDC-ICP-MS 
TEM 

ZnO CPE + MW ICP-MS 

Ag CPE ET-AAS 

Soil suspension ZnO Particles sedimentation AF4-ICP-MS 
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The objective of this study was to determine AgNPs size distribution and particles number 
concentration in environmental water samples. In this study AgNPs was chosen as the 
representative of metallic nanoparticles due to their broad applications and potential release into 
the environment. 

Materials and methods 

Reference materials and sample preparation 

Alfa Aesar reference materials, such as AgNPs with a diameter of 20 nm and a concentration 
of 0.02 mg/ml, AgNPs with a nominal diameter of 40 nm ± 3 nm and a concentration of 0.02 
mg/ml, AgNPs with a nominal diameter of 60 nm ± 3 nm and a concentration of 0.02 mg/ml 
(used to determine nebulization efficiency, diluted in demineralized water to 200 ng/l) and 
AgNPs with a nominal diameter of 100 nm ± 3 nm and a concentration of 0.02 mg/ml were 
used for testing. Nanoparticles in reference solutions were stabilized by the manufacturer with 
2 mM sodium citrate. Reference materials and samples were diluted to 10-200 ng/L in 
deionized water and sonicated for 10 minutes before dilution and before analysis, with the 
addition of cooling cartridges to ensure sample homogeneity. Solutions were prepared on the 
day of analysis. To determine the response factor (cps/ppb), the Agma standard from Sigma 
Aldrich TraceCERT was used at a concentration of 0.994 ± 0.003 mg/l, which was diluted to 
1 µg/l in 1% nitric acid solution (HNO3). 

Samples of surface water were taken with a hand scoop with a telescopic rod near Krakow 
(Poland). Samples of treated sewage were collected from a domestic sewage treatment plant 
located near a detached house in the vicinity of Krakow. Samples of the tap water were 
collected in polyethylene bottles directly from the tap after 3 minutes of draining the water from 
the tap. Water extract of waste from the oil and gas industry was prepared in accordance with 
PN-EN 12457-2:2006 and PN-EN 12457-4:2006 standards. More detailed information about 
samples collection object is in Table 2.  
 

Table 2. Description of the places of real samples collection 

Collected sample 
The description of the method and place of collection. 

GPS coordinates 

Water from supply system collected in 
the area of Krakow 

Three samples of tap water were taken from three different taps in one 
building in Krakow. 50°02'15.9"N 20°00'04.2"E 

Water from supply system collected in 
one of the villages near Krakow 

Two samples of water were collected from a tap located in a detached house 
in one of the towns south of Krakow. 

49°58'41.3"N 20°06'48.8"E 

Water from a drainage ditch 
Three water samples were collected from a ditch located in one of the towns 

to the north of Krakow. 50°08'51.7"N 20°05'25.6"E 

Water from the settling tank at a car 
workshop 

Three water samples were taken from a settling tank at a car workshop in 
one of the towns north of Krakow. 

50°08'44.3"N 20°05'32.0"E 

Treated sewage from domestic sewage 
treatment system 

Treated sewage taken from a domestic sewage treatment system located 
near a detached house in a village south of Krakow, 3 samples. 

49°58'41.5"N 20°06'49.4"E 

Rainwater from storage tank 
Two samples taken from a rainwater storage tank situated near a house in a 

locality north of Krakow. 
50°08'45.1"N 20°05'32.0"E 

Surface water1 
Water from a watercourse located in Krakow. 

50°02'00.8"N 20°02'30.7"E 

Surface water2 
Water from a watercourse located in a village south of Krakow. 

50°02'04.6"N 20°02'30.4"E 

Water extract from industrial waste 
Water extraction of waste from the oil and gas mining industry was 

prepared (excavation after the application of polymer-potassium scrubber). 
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All studies were conducted in Krakow (Poland). All samples were stored without 
access to light at the temperature 2-5°C. Before use, the bottles (and all flasks, pipettes 
and laboratory utensils used) were washed with 20% solution of HNO3. Samples were 
not stabilised and were analysed up to 24 hours after collection. 

Instrumentation 

The mass spectrometer ICP-MS 7900 from Agilent was used for measurements. Data 
acquisition was done using the Agilent Mass Hunter software in the time resolved analysis 
(TRA) mode with a 60 s acquisition time. ICP-MS was equipped with a standard 
MicroMist nebulizer, nickel cones, quartz burner (1.0 mm). The samples were introduced 
directly into the instrument using a peristaltic pump and 1.02 mm internal diameter tubing 
(sample flow velocity was 0.346 ml/min). Prior to and between AgNPs analysis, the 
sample feed system was washed with 1% HNO3. 

The instrument was calibrated on the day of the analysis using Agilent solution (1 µg/l, 
Li, Co, Y, Tl, Ce, Ba w 2% HNO3). The nebulization efficiency was in the range of 
0.059-0.095. No internal standard was employed, because only 107Ag was detected during 
the run. To ensure the absence of significant instrumental drift over time, a 200 ng/l Ag 
dissolved standard was run in single particles mode for every 10 AgNPs samples 
analyzed. 

The measurement parameters used in the NPs analysis are listed in Table 3. 
 

Table 3. Parameters of analysis and mass spectrometer (sp ICP-MS) used for the 
determination of AgNPs 

Parameter (unit) Value 

Power RF (W) 1550 

Carrier gas flow velocity (l/min) 1.05 

Temperature of the mist chamber (°C) 2.0 

Nebulizer pump velocity (revolutions/min.) 0.1 

Sampling depth (mm) 8.0 

Integration time (ms) 0.5 

Data collection time (s) 60 

Data collection mode TRA 

Monitored weight 107Ag 

Density of particles (g/ml) 10,5 

Mass fraction of Ag 1 

 
 

The background equivalent diameter (BED) was calculated based on the results 
obtained. It allows to estimate the approximate smallest detectable NPs size. Mass 
equivalent to instrument noise (mbkgnd - background equivalent mass) is expressed by the 
equation (Eq. 1) (Laborda et al., 2016): 
 

 𝑚𝑏𝑘𝑔𝑛𝑑_𝑟𝑚 = 𝐼𝑛𝑜𝑖𝑠𝑒𝐼𝑟𝑚 ∙ 𝑚𝑠𝑡𝑑 (Eq.1) 

 

 𝑚𝑏𝑘𝑔𝑛𝑑_𝑢𝑛𝑘𝑛𝑜𝑤𝑛 = 𝐼𝑛𝑜𝑖𝑠𝑒 ∙ 1𝑠 ∙ 𝑡𝑑 ∙ 𝑉 ∙ 𝜂𝑛𝑒𝑏 ∙ 106 ∙ 𝑓𝑑 ∙ 160 (Eq.2) 
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BED (dbkgnd, nm) can be calculated from dependency (Eq. 3): 
 

 𝐵𝐸𝐷 = √6𝜋 ∙ 𝑚𝑏𝑘𝑔𝑛𝑑1015 ∙ 𝜌𝑝3 ∙ 107 (Eq.3) 

 
where, 𝐼𝑛𝑜𝑖𝑠𝑒 – signal intensity for noise (cps)), 𝐼𝑟𝑚 – the arithmetic mean of the signal intensities for RM reference solutions (cps), 𝑚𝑠𝑡𝑑 – particulate mass of the standard (fg), 
s – response rate (cps/ppb), 𝑡𝑑 – integration time (s), 
V – sample flow velocity (ml/min), 𝜂𝑛𝑒𝑏 – nebulisation efficiency, 𝑓𝑑 – molar mass of the particle/analyte, 
T – total time of data collection (min), 𝜌𝑝 – density of particles (g/cm3). 

Results and discussion 

This paragraph presents the test results and determination of selected validation 
parameters for the developed method (such as background equivalent diameter, 
correctness, recovery, NPs stability over time and reproducibility). 

Background equivalent diameter (BED) 

Equation 3 shows that BED depends on the effectiveness of nanoparticle detection. 
Therefore, the improvement of ionization conditions for elements with a low ionization 
potential, as well as the increase of ion transmission through the use of more efficient 
instrumental systems, may reduce the limit of particle size detection. sp ICP-MS allows 
to detect nanoparticles of metal above ∼20 nm, while the size of oxides increases 
depending on their stoichiometry. In terms of mass, the detection limits are about tens of 
attograms per NP (Laborda et al., 2016). 

The value of the smallest detectable size (BED) of silver nanoparticles obtained for 
the implemented method is 9-15 nm. The values obtained are similar to those provided in 
literature (Laborda et al., 2016). No partial results were reported due to their large 
number. BED was determined by the instrument for each sample. 

Correctness of the method 

Correctness of measurement means the conformity of a test value with a true value or 
an accepted reference value. Most often, correctness is expressed in terms of load, i.e. 
total systematic error. In order to determine the load (and verify the correctness), a 
standard is added, and a recovery calculation is used. 

Tables 4-6 summarise the test results obtained for reference materials. Table 4 shows 
the results obtained for a series of reference solutions with a nominal diameter of 20 nm; 
Table 5 shows the results obtained for a series of reference solutions with a nominal 
diameter of 40 nm; and Table 6 shows the results obtained for a material with a diameter 
of 60 nm. The correctness of the method is expressed as a percentage of recovery. 
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Table 4. Results obtained for a series of reference solutions with a nominal diameter of 20 nm 

Parameter 
Nominal diameter - 

mean * [nm] 

Number of particles 

[particles/l] 

Concentration of 

Ag [µg/l] 
Value provided by manufacturer 20.0 Not provided 0.050 

Measured value (n=6)* 25.58 8.04·107 0.045 

Recovery [%] 128 - 90 

Value provided by manufacturer 20 Not provided 0.100 

Measured value (n=4)** 20.91 6.25·107 0.114 

Recovery [%] 104.6 - 114 

 
 

Table 5. Results obtained for a series of reference solutions with a nominal diameter of 40 nm 

Parameter 
Nominal diameter-

mean [nm] 
Number of particles 

[particles/l] 
Concentration of 

Ag [µg/l] 
Value provided by manufacturer 40±3nm 4.25·107 0.050 

Measured value (n=6) 40.1 3.99·107 0.051 

Recovery [%] 100 93.8 102 

 
 

Table 6. Results obtained for a series of reference solutions with a nominal diameter of 60 nm 

Parameter Nominal diameter-mean [nm] Number of particles/L 
Concentration of 

Ag [µg/l] 
Value provided by manufacturer 60±3nm 1.7·108 0.200 

Measured value 
(n=4) 

54.4 1.72·108 0.219 

Recovery [%] 90.7 101 110 

Value provided by manufacturer 60±3nm 8.50·107 0.200 

Measured value (n=4) 62.5 7.15·107 0.218 

Recovery [%] 104 84,1 109 

Value provided by manufacturer 60±3nm 1.7·108 0.200 

Measured value 
(n=4) 

54.4 1.72·108 0.219 

Recovery [%] 90.7 101 110 

Value provided by manufacturer 60±3nm 1.7·108 0.200 

Measured value (n=6) 63.6 1.51·108 0.218 

Recovery [%] 106 89 109 

 
 

The recovery obtained for the number of particles/L was within the range of 
84.1-101%, while the recovery determined for the nominal diameter was within the range 
of 90.7-128%. The recovery value for the nominal diameter of 128% was obtained for 
particles of 20nm size, which are close to LODsize. 

On the basis of the conducted research and calculations it can be stated that the 
validated method of determination of AgNPs by sp ICP-MS is correct. 

Figure 1 shows the particle size distribution for reference solutions of 20 nm (a), 40 nm 
(b), 60 nm (c) Ag NPs. 

The resulting particle size distributions are wide. Reference materials are crucial for 
checking the quality and metrological traceability of analytical results. They are also 
essential for the validation of particle size analysis methods and instrument calibration. 
The number of reference materials for nanoparticle analysis is currently limited. In 
addition, matrix reference materials for nanoparticles are not commercially available. 
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Therefore, NP calibrators that are used to calibrate methods and for initial experiments 
should be characterized by size and size distribution (homogeneity) using scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). 
 

  

 

Figure 1. Particle size distribution for 20, 40 and 60 nm AgNPs 
 
 
Reproducibility 

Reproducibility is the degree of agreement between independent test results obtained 
under steady state conditions. Reproducibility does not refer to an actual value or other 
specified value. It depends only on the distribution of random errors and is a concept that 
describes the variability of repeated results. The reproducibility measure is usually taken 
as the standard deviation of the test results (the standard deviation of the sample). The 
higher the standard deviation, the lower the precision. RSD, i.e. relative standard 
deviation, is most commonly used to assess reproducibility. 
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Table 7 shows the measurement results used to determine the reproducibility of the 
method. The reproducibility of the method has been determined in % as the RSD (Relative 
Standard Deviation). 
 

Table 7. Measurement results used to determine the reproducibility of a method 

Value provided by manufacturer Measured diameter [nm] RSD [%] 

60±3nm 

62.0 
62.8 
62.0 
63.1 
62.6 

0.366 

20 nm 26.8 4.3 

Calculated RSD values do not exceed 5%. The method is reproducible for the tested range 

 
 
Recovery 

Example results of analyses of mixtures prepared from real samples (surface waters) 
with the addition of a reference material with a particle size of 60 nm are presented in 
Table 8. Recovery was calculated for the mass concentration of Ag. 
 

Table 8. Results of analyses of mixtures prepared from real samples 

Matrix 

Mean diameter 

of particles 
[nm] 

Most common 

particle size 
[nm] 

Number of 
particles per L 

Mass 

concentration 
[ng NPs/L] 

Recovery 
determined for 

mass 
concentration 

[%] 

Surface water 1 28.6 26 2.79·108 41.8 
106 Surface water 1 + 60 nm 

NPs (100 µg/l) 51.4 50.7 1.71·108 150.3 

Surface water 2 23.2 20.4 1.83·108 14.3 
86 Surface water 2 + 60 nm 

NPs (100 µg/l) 52.1 56 8.23·107 98.0 

 
 

The recovery values are 86% and 106%. After adding the 60 nm standard to the 
analyzed samples, the number of particles/L decreased. More tests would be needed to 
determine the cause of this dependency (e.g. checking particle size distribution, 
agglomeration, optimising sonication parameters and sonication efficiency after adding 
the standard to the sample, tests for more diluted samples). 

Stability of nanoparticles over time 

Measurements were taken for the reference material 60 nm on the day of solution 
preparation and for the same solution 10 days after preparation. The reference solution 
was stored in the dark and cooled to 2-5°C. The results of the particle size distribution are 
shown in Figures 2a) and 2b) and Table 9. 

On the basis of the conducted research it can be stated that Ag nanoparticles are not 
stable in aqueous solution. It is necessary to keep the samples in the dark, to cool them 
and possibly to add a stabilising agent to the sample, e.g. sodium citrate or 
3-aminopropyltrimethoxysilane. 
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Figure 2. Particle size distribution for a) 60 nm reference material prepared on the day of 
determination b) results 10 days after preparation of the solution 

 
 

Table 9. Testing for stability of nanoparticles 

Reference solution Most common size [nm] Mean size of particles [nm] 

60 nm 48 56.6 

60 nm after 10 days 24 41.2 

 
 

Nanoparticles can undergo many transformations under biological or environmental 
conditions. Primary nanoparticles may form larger agglomerates or aggregates, being 
reversible only in the first case. On the other hand, some metal-containing NPs (e.g. silver, 
zinc oxide) may dissolve, releasing soluble compounds. 

Analysis of the data in Table 10 shows that silver nanoparticles have been found in all 
environmental samples analysed. The most common nanoparticles were those of the sizes 
16-28 nm. 

The highest content of AgNPs was determined for one of the samples of water taken 
from a drainage ditch (76 ng/l). However, the total concentration obtained for this sample 
is not the highest. The highest concentration of silver was determined in the sample of tap 
water taken in Krakow. The total Ag content obtained for tap water samples does not 
exceed the limit given in the Minister of Health's Ordinance of 7 December 2017 on the 
quality of water intended for human consumption (0.010 mg/l). However, if the obtained 
silver concentration values were close to the limit value given in the regulation, it would 
be advisable to make a particle size distribution and check if the smallest size particles 
that may have toxic properties do not constitute a large proportion in this distribution. 

The analysis of environmental samples shows that there is no direct correlation 
between the amount of silver nanoparticles and the concentration of silver in the sample, 
and therefore the interpretation of environmental data is difficult and requires the analysis 
of many factors. 
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Table 10. Results obtained for real samples 

Matrix 

Mean 

particle 
diameter 

[nm] 

Most common 

particle size in a 
sample [nm] 

Number of 
particles/L 

Mass 

concentration of 
AgNPs [ng/l] 

Concentration of 
Ag [µg/l] 

Water from supply 
system collected in the 

area of Krakow 

20.1 18 1.56·107 < 0.10 0.9761 

29.6 18 1.94·107 < 0.10 5.112 

16.2 16 9.35·106 0.341 0.0076 

Water from supply 
system collected in one 

of the villages near 
Krakow 

19.01 16 3.57·107 2.18 0.0095 

19.18 16 2.07·107 1.23 0.0065 

Water from a drainage 
ditch 

33.3 24 2.68·108 76.00 0.1059 

21.7 20 2.33·108 14.35 0.0430 

21.5 22 1.99·108 11.90 0.0402 

Water from the settling 
tank at the car workshop 

21.5 22 2.06·108 12.43 0.041 

20.0 18 2.00·108 11.84 0.036 

19.9 18 1.53·108 7.42 0.030 

Rainwater from storage 
tank 

31.51 26 2.95·107 8.075 0.085 

21.81 20 9.87·106 0.648 0.021 

Treated sewage from 
domestic sewage 
treatment system 

18.6 18 8.24·107 4.11 0.0183 

17.9 16 1.28·108 4.54 0.0215 

18.0 18 9.10·107 3.29 0.0184 

Surface water1 18.1 17 1.42·107 0.860 0.008 

Surface water2 23.2 20 1.53·108 14.25 0.029 

Water extract of waste 30.00 28 1.00·107 4.00 0.142 

 
 

The graph showing the number of counts as a function of CPS time (counts per second) 
and the particle size distribution for a sample of tap water taken in Krakow is presented 
in Figure 3. The analyzed sample contained nanoparticles of different sizes. The mean 
diameter of particles was 16.2 nm, but there were also nanoparticles with a diameter 
above 50 nm. The particle size distribution was wide. 
 

Figure 3. CPS (counts per second) as a function of time and the particle size distribution for the 
sample of tap water collected in Krakow 
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Conclusions 

At present, the scale of nanoparticles' applications is enormous, which means that their 
presence in the environment is becoming more and more common. Nanoparticles are 
separated by centrifugation, ultrafiltration, cloud point extraction (CPE) and flow 
fractionation in an asymmetric flow force field (AF4). The most popular methods of 
nanoparticles determination in environmental samples are: Nanoparticle Tracking 
Analysis (NTA), Dynamic Light Scattering (DLS), Scanning Electron Microscopy 
(SEM) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS, sp ICP-MS). The 
literature review confirmed that sp ICP-MS technique is a sensitive, effective, fast and 
modern technique used for the determination of metal nanoparticles in environmental 
samples. 

The method of determination of Ag nanoparticles in liquid environmental samples 
using sp ICP-MS has been validated. Reproducibility, correctness, recovery, BED and 
stability of nanoparticles were determined. Validation of the analytical method showed 
its ability to determine silver nanoparticles in the matrices tested. 

The results of tests of liquid real samples confirm the presence of Ag nanoparticles in 
the analyzed samples (e.g. environmental samples and aqueous extracts of mining waste). 
Nanosilver was present in most of the analysed samples at concentrations of 
0.291-76 ng/l. The mean diameter of AgNPs in the examined samples was in the range of 
16.2-33.3 nm. Silver nanoparticles were also found in tap water and their sizes were 
widely distributed over the whole range of nanometre size. The mean diameter of 
nanoparticles in tap water was 16.2-29.6 nm, which is quite disturbing as nanoparticles 
smaller than 100 nm can easily penetrate cell membranes and cause damage to all cells, 
including organs and brain (Zhang et al., 2019). Particle size is the main factor affecting 
the toxicity of AgNPs (Cho et al., 2018). The determined particle sizes are comparable to 
those used in nanomaterials and consumer products (Kessler, 2011). 

The total Ag content obtained for tap water samples does not exceed the limit given in 
the Minister of Health's Ordinance of 7 December 2017 on the quality of water intended 
for human consumption but it would be advisable to perform a particle size distribution 
for samples with a concentration near the limit value given in the regulation. 

Determination of NPs in environmental matrices has not been carried out in Poland so 
far. This study improves the knowledge on the quality of drinking and surface waters, 
indicates the presence of nanoparticles in environmental samples and aqueous extracts of 
mining waste. However, it is necessary to conduct more tests on NPs content and to 
extend the validation to other parameters and matrices, given the potential impact of NPs 
on human health. In addition, other methods of nanoparticle separation found in literature 
should be examined and the parameters for separating NPs from the matrix should be 
optimized.  
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Abstract. Mexican petunia (Ruellia brittoniana), belongs to the of family Acanthaceae. It is native to 
Mexico but it has escaped cultivation and established in disturbed areas in the south eastern of the United 
States and can be found invading habitats across the state of Florida which is regarded as the second largest 
producer of ornamental plants in the United States (Hodges and Haydu, 2002). Water scarcity is the greatest 
crisis that humanity face in the 21st century (Singh, 2008). May be water is a renewable resource, but its 
availability is variable and limited. Nearly every country in the world experiences water shortages during 
certain periods of the year (Gleick, 1993) and more than 80 countries suffer from serious water deficiency 
(Jin et al., 2007). To face the deficiency of fresh water for the sustainable development of agriculture, there 
is increasing awareness among agricultural scientists and planners in the utilization of at least diluted 
seawater for irrigation of crops (Liu et al., 2003). A series pot of experiments were conducted at 
Kaferelsheikh University Farm during 2014/2015 and 2015/2016 throughout the year. Seawater was diluted 
with freshwater to obtain the required percentages of 0, 5, 10, 15, 20 and 30%, in addition; the plants were 
foliar sprayed with organic or bio materials (humic acid, amino acids and active dry yeast). Each pot (20 cm 
diameter plastic pots) received 200 ml of the suitable diluted seawater every two days and foliar sprayed 
with organic materials fortnightly throughout the study course (Rahman et al., 2019). The obtained results 
showed that, plants treated with 5% seawater in combination with humic acid surpassed control one in all 
measured traits, namely plant height, shoot fresh and dry weights, as well as improved the root length and 
weight, increased the flowering number and duration, as well as total chlorophyll. All measured traits 
gradually declined as the seawater percentage increased in the irrigation water. Seawater at 20% in 
combination with amino acids treatment significantly increased plant proline content. 
Keywords: Mexican petunia, Ruellia brittoniana, L., diluted seawater, biostimulant materials 

Introduction 

Ruellia brittoniana, L. (Mexican petunia) (Mexican blue bell) (Katie blue Ruellia) 
belonging to Acanthaceae family is widely used as an ornamental plant (Richard and 
Hamilton, 1997). It is a tender evergreen perennial, herbaceous plant spreading upright with 
moderate density and growth rate and is propagated by seeds or cuttings. It grows in semi 
shade places and has moderate tolerance to draught. It will be attractive when planted in a 
container or in perennial borders and can be used as ground covers (Gilman, 1999). 

Salinity is one of the major environmental factors limiting plant growth and productivity. 
In most arid and semiarid areas the competition among agriculture, industry and landscape 
users for high quality water has promoted the use of alternative water sources for irrigation 
thus, marginal quality water, somewhat saline, became important in these areas 
(Chartzoulakis et al., 2002) for the irrigation of ornamental plants (Carter et al., 2005). 

Seawater irrigation in agriculture should be developed in the places where there is 
sufficiently high saline water or seawater. Using saline water to irrigate salt-tolerant crops 
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or halophytes is a viable strategy for developing agriculture production as well as, for 
saving fresh water resources. 

In Egypt, the water used for irrigation is often mixed with seawater especially in the area 
near the coasts. It has a long sea coast, which encourages the utilization of seawater in 
irrigation and as a mineral fertilizer (Miyamoto et al., 1996; Glenn et al., 1998). 

Salt effects involved different results due to the complex interaction among the different 
morphological, physiological, and biochemical processes (Singh and Chatrath, 2001) that 
lead to growth inhibition (Sairam and Tyagi, 2004). 

Humic acid has a direct effect on plant as a hormone–like compound or indirect effect by 
increasing nutrients uptake through the chelating effect and retaining membrane 
permeability of microorganisms, serves as a buffer to neutralize both excessive soil acidity 
and alkalinity, it also improves both the uptake and retention of vital nutrients, stimulates 
root development, enhances natural resistance against diseases and stimulates over all plant 
growth (Atiyeh et al., 2002). Hadi et al. (2011) on Matricaria chamomilla L. obtained the 
biggest flower head diameter after spraying amino acids solution at the flowering bud stage. 

Humic acid improved the vegetative growth and increased carbohydrate formation in 
plant as all these factors helped in prolongation of the flowering duration (Zadeh and 
Mirzakhani, 2012). 

Amino acids can regulate both plant growth and development through their influence on 
the bio-synthesis of gibberellins and may also play an important role in plant metabolism 
and protein assimilation necessary for cell formation (Walter and Nawacke, 1978; Sadak, 
2015). 

Active dry yeast (Saccharomyces cerevisiae) is a natural source of cytokinins that 
stimulate cell proliferation and differentiation, control shoot and root morphogenesis, 
chloroplast maturation and it is a rich source of vitamin B complex, carbohydrates, sugars, 
enzymes, and minerals (Amer, 2004; Ezz El-Din and Hendawy, 2010). 

Active dry yeast was more effective and enhanced all flowering aspects of Dahlia 
pinnata plants (Manoly and Nasr, 2008). 

Ali and Hassan (2013) reported that the longest flowering duration resulted from using 
humic acid at 150 ppm or proline at 4 ppm, respectively with salinity of fresh water 
(304 ppm). 

This search aimed to study the effect of diluted seawater irrigation and the effect of 
organic materials such as humic acid, amino acids and active dry yeast on growth and 
chemical composition of Ruellia brittoniana, L. plants. 

Materials and methods 

A series of pot experiments were conducted at the Experimental Farm of the Faculty of 
Agriculture, Kafer El-Sheikh University, Egypt, during 2014/2015 and 2015/2016 
seasons to study the effect of diluted seawater irrigation combined with foliar application 
of biostimulant materials (humic acid, amino acids and active dry yeast) on the growth 
and chemical constituents of Ruellia brittoniana, L. Physical and chemical analysis of the 
experimental soil was determined and illustrated in Table 1. 

 
Water salinity 

Sampels of Mediterranean water (Balteem) were diluted with freshwater to obtain the 
required percentages (0, 10, 15, 20, 25 and 50% seawater) and pH and EC values of the 
obtained mixtures were measured and illustrated in Table 2. 
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Table 1. Physical and chemical properties of the experimental soil in 2014/2015 and 
2015/2016 seasons 

Anions (meq/l) Cations (meq/l) EC 

dsm-1 
pH 

Clay 

% 

Silt 

% 

Sand 

% 
Season 

SO4
- Cl - HCO3- CO3- K+ Na+ Mg++ Ca++ 

3.72 7.68 3.13 - 0.32 6.50 3.63 4.08 1.42 8.59 50.21 25.67 24.12 1st 

5.41 7.60 2.19 - 0.45 6.85 2.89 3.52 1.40 8.2 49.81 25.85 24.34 2nd 

 
 
Table 2. pH and EC values of the different diluted seawater mixtures in 2014/2015 and 
2015/2016 seasons 

2nd season 1st season 
Seawater % 

Ec (dsm-1) pH Ec (dsm-1) pH 

0.46 7.66 0.47 7.75 Control (0) 

6.95 7.55 7.20 7.67 5% 

9.23 7.57 9.36 7.68 10% 

11. 17 7.58 11.28 7.69 15% 

12.59 7.56 12.68 7. 66 20% 

14.87 7.54 14.97 7.64 30% 

 
 

Plant material and procedure 

Stem cuttings of Ruellia brittoniana, L (average of 7 cm in length) were planted in 
September 1st during 2014 /2015 and 2015/2016 seasons in pots filled with a clayey 
soil. After two months the rooted cuttings were transplanted into plastic pots with a 
diameter of 20 cm (without drain holes) filled with a clayey soil. 

Each pot received 200 ml of the suitable diluted seawater after two months from 
transplantation every two days and organic or bio stimulants (humic acid, amino acids 
and active dry yeast) were used as a foliar spray on plant leaves fortnightly throughout 
the study course. Humic acid was used at 5 ml/L, amino acids 1 g/L and active dry yeast 
at 5 g/L. 

The experimental layout was split plot design. The experiments were conducted 
twice and the obtained data were subjected to one-way analysis of variance (ANOVA) 
and Duncan multiple range comparison test (p < 0.05) using them static statistical 
package. 

 
Determination and measurements 

At the end of the experiments on the 1st September, the following data were recorded 
in the two experimental seasons: 
Survival %. 
Plant height (cm). 
Leaf area (cm2) calculated by CI-202 Portable Laser Leaf Area Meter (CID Bio-Science 
Made In USA). 
Shoot fresh and dry weights (g)/plant/season. 
Main root length (cm). 
Root fresh and dry weight (g)/plant/season. 
Flowering duration (days) and number of flowers /plant/season. 
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Leaf total green color was measured using a portable chlorophyll meter (Minolta 
SPAD-502, Japan). 
Proline content (µ moles/100 g fresh weight) was determined and calculated on a fresh 
weight basis according to Baters et al. (1973). 
Nitrogen (%) was determined by modified microkjeldahl method as described by 
A.O.A.C. (1970). 
Magnesium and sodium were measured using an atomic absorption spectrophotometer 
(Jackson, 1973). 
Chloride was assayed by titration method indicated by Jackson (1973). 

Results 

Effect of diluted seawater, humic acid, amino acids, active dry yeast on Ruellia 
brittoniana, L. was examined. 

 
Vegetative growth parameters 

Diluted seawater of 30% was completely lethal for plants. The highest survival 
percentage was recorded with control treatment (fresh water only) followed by 5% and 
10% seawater then gradually declined as sea water percentage increased (Fig. 1). 

 

 

Figure 1. Effect of diluted seawater and biostimulants and their interaction on survival % of 
Ruellia brittoniana, L. (mean of both seasons) 

 
 
Utilizing diluted seawater at 5% significantly improved all traits such as plant height, 

shoot fresh and dry weights with significant differences in between whereas control 
treatment recorded the widest leaves without significant differences. Raising seawater 
percentage in irrigation water from 10 to 20% gradually decreased all parameters of 
vegetative growth (Figs. 2-7). 

As for organic or bio stimulants, humic and amino acids significantly augmented the 
survival%, plant height, leaf area, shoots fresh and dry weights followed by active dry 
yeast against the control treatments. 

These results confirmed the contribution of organic or bio stimulants with seawater 
for improving all parameters as survival %, plant height, leaf area, shoot fresh and dry 
weights. Seawater at 5% combined with each of humic acid, followed by amino acids 
then active dry yeast improved all traits which surpassed control treatment. The 
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combination between diluted seawater and organic or bio stimulants resulted in a 
gradual increment in the parameters comparing to uncombined one. 

 

 

Figure 2. Effect of diluted seawater and biostimulants and their interaction on plant height of 
Ruellia brittoniana, L. (mean of both seasons) 

 
 

 

Figure 3. Effect of diluted seawater and biostimulants and their interaction on leaf area of 
Ruellia brittoniana, L. 

 
 

 

 

Figure 4. Effect of diluted seawater and biostimulants and their interaction on shoots fresh 
weight of Ruellia brittoniana, L. 
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Figure 5. Effect of diluted seawater and biostimulants and their interaction on shoots dry 
weight of Ruellia brittoniana, L. 

 
 
In general, increasing seawater percent from 10 to 20% combined with organic or bio 

stimulants significantly decreased all parameters except for 10% seawater which gave 
(100%) survival. 

 
Root growth parameters 

Diluted seawater (5%) treatment significantly enhanced either root length, roots fresh 
and dry weights which sometimes surpassed or were equivalent to control treatment. 
Increasing seawater percent in irrigation water from 10 to 20% gradually decreased all 
roots parameters (Figs. 6 and 7). 

Adding organic or bio stimulants significantly increased root length and root fresh and 
dry weights. 

It was noticed that, humic or amino acids increased root indices followed by active dry 
yeast and control. 

These results are in accordance with those reported by Abourayya et al. (2013) on 
Manzanillo, who observed an increase in root length due to the reduction in the uptake of 
salt caused by amino acid proline and potassium humate applications which is probably 
due to the role of humic acid that affects root processes and increases nutrient uptake. 

The interaction between seawater and biostimulant substances showed that, 5 or 0 % 
seawater with humic acid recorded the highest values of root length, root fresh and dry 
weights followed by amino acids or active dry yeast with 5% seawater. Raising seawater 
percentage from 10 to 20% with humic acid, amino acid or active dry yeast decreased 
salinity effects on root length and root fresh and dry weights. 

The lowest values were obtained when seawater was used at 20% without organic or 
bio stimulants while diluted seawater (20%) with humic acid, amino acids or active dry 
yeast increased root length and root fresh and dry weights. Diluted seawater (10 or 15%) 
with humic acid, amino acids or active dry yeast gave higher values of root fresh and dry 
weights than that resulted from diluted seawater (10 or 15%) without biostimulant. These 
results are in agreement with those of El-Mahrouk et al. (2008) on Conocarpus erectus L. 

 
Flowering characters 

The longest flowering duration (days) and the highest flowers number /plant resulted 
from plants irrigated with diluted seawater at 5 or 10% followed by 15% diluted 
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seawater (Figs. 8 and 9). The shortest flowering duration and the least flower number 
/plant was obtained when diluted seawater at 20% was used. These results are in 
accordance with those of Abdel-Maksoud et al. (2014) on Bellis perennis. 

 

 

Figure 6. Effect of diluted seawater and biostimulants and their interaction on root length of 
Ruellia brittoniana, L. during in the first and second seasons 

 
 

 

 

Figure 7. Effect of diluted seawater and biostimulants and their interaction on roots fresh and 
dry weights of Ruellia brittoniana (mean of both seasons) 

 
 
As for organic materials, it was noticed that humic or amino acids application 

resulted in the significantly highest values of flowering duration and flower 
number/plant followed by active dry yeast compared to control (Hadi et al., 2011) on 
Matricaria chamomillu, L. 
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The combination between diluted seawater irrigation and humic acid, amino acid or 
active dry yeast beside control resulted in the significantly longest flowering duration 
and highest flower number/plant compared to diluted seawater irrigation without 
organic or bio stimulants treatments (Srivastava et al., 2007) on Gladiolus. 

 

 

Figure 8. Effect of diluted seawater and biostimulants and their interaction on flowering 
duration of Ruellia brittoniana (mean of both seasons) 

 
 

 

Figure 9. Effect of diluted seawater and biostimulants and their interaction on the number of 
flowers/plant of Ruellia brittoniana (mean of both seasons) 

 
 

Biochemical composition 

Data presented in Table 3 cleared that using diluted seawater at 5% followed by fresh 
control significantly increased leaves total chlorophyll, but 20% diluted seawater 
significantly decreased it. Proline leaves content was significantly augmented with the 
increase in seawater percent in the irrigation water. Meanwhile, the deficient in leaves 
proline contents was observed with the lacking of seawater in the irrigation water. 

Regarding organic materials, it was found that leaves total chlorophyll was 
significantly increased by using humic acid followed by amino acids and then active dry 
yeast compared to control. Amino acid and humic acid significantly increased leaves 
proline content followed by active dry yeast. 

As for the combination between diluted seawater and organic or bio stimulants it was 
clear that, seawater at 5, 10% or fresh water with humic acid, amino acid or active dry 
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yeast significantly increased leaves total chlorophyll contents. In contrast, proline 
content took an adverse trend as seawater at 20% only or combined with amino acid 
resulted the highest values of leaves proline content. 

 
Table 3. Effect of diluted sea water and organic or bio stimulants and their interaction on 
chlorophyll and proline constituents of Ruellia brittoniana (mean of both seasons) 

Seawater 

% 

Chlorophyll (SPAD) Proline (M.mole/100g fw.) 

0.0 H.A A.A Y Mean 0.0 H.A A.A Y Mean 

Control 44.55bcd 49.32ab 46.52abc 45.22cde 46.40b 4.5f 5.9 f 6.7c-f 5.0f 5.5d 

5% 45.29bcd 50.30a 49.28ab 46.58abc 47.86a 5.2ef 6.8 c-f 7.5c-f 5.8ef 6.3cd 

10% 40.75d-g 47.10ab 43.13cde 41.00d-g 43.00c 6.3def 8.3b-f 8.6b-f 7.1c-f 7.6bc 

15% 35.82hi 42.50c-f 39.58e-h 36.82ghi 38.68d 8.7b-f 10.9a-d 11.5abc 9.9a-e 10.3b 

20% 32.84i 37.69f-i 35.87 hi 33.99i 35.10e 10.9a-d 13.5a 14.5a 12.5abc 12.9a 

30% - - - - - - - - - - 

Mean 39.79c 45.38a 42.88b 40.72bc  7.1c 9.1ab 9.8a 8.1b  

H.A = humic acid, A.A = amino acid, Y = active dry yeast 
Means of each factor designed by the same letters within a column or row are not significantly different 
at 5% level according to Duncan’s multiple range test 

 
 

Chemical composition 

Nitrogen and magnesium 

The percent of nitrogen and magnesium significantly declined as seawater percent in 
the irrigation water increased (Table 4). 

Amino acids or humic acid followed by active dry yeast significantly increased both 
nitrogen and magnesium %. The least values of nitrogen and magnesium % resulted 
from control treatment. 

As for the interaction between diluted seawater and organic or bio stimulants data 
presented in Table 4 showed that, amino acids, humic acids or active dry yeast 
increased leaves N % and Mg %. 

 
Table 4. Effect of diluted sea water and organic or bi stimulants and their interaction on 
nitrogen and magnesium % of Ruellia brittoniana (Mean of both seasons) 

Seawater

% 

N% Mg% 

0.0 H.A A.A Y Mean 0.0 H.A A.A Y Mean 

Control 2.59bcd 2.82ab 2.92a 2.66bc 2.75a 0.62a 0.66a 0.68a 0.63a 0.65a 

5% 2.20ef 2.36de 2.45cde 2.24 e 2.31b 0.52b 0.54b 0.55b 0.53b 0.54b 

10% 1.59hi 1.80ghh 1.97fg 1.68h 1.76c 0.40 cd 0.42cd 0.43c 0.41cd 0.42c 

15% 1.19jk 1.31jk 1. 36ij 1.24 jk 1.28d 0.35de 0.37cd 0.39cd 0.36cde 0.37d 

20% 1.07k 1.28jk 1.31jk 1.19jk 1.22e 0.26f 0.28ff 0.30ef 0.27f 0.28e 

30% - - - - - - - - - - 

Mean 1.73c 1.91b 2.00a 1.80bc  0.43b 0.45ab 0.47a 0.44b  

H.A = humic acid, A.A = amino acid, Y = active dry yeast 
Means of each factor designed by the same letters within a column or row are not significantly different 
at 5% level according to Duncan’s multiple range test 
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Diluted seawater at 20% combined with amino acids, humic acid or active dry yeast 
significantly increased leaves N % and Mg% while, 10 and 15% diluted seawater 
combined with amino acids, humic acid, active dry yeast gave intermediate values. 

 
Sodium and chloride percentage 

Diluted seawater at 20% progressively increased Na and Cl percent in the leaves 
whereas the percentages were gradually decreased when seawater increased in the 
irrigation water (Table 5). The lowest Na and Cl % in the leaves were obtained from 
control treatment. 

 
Table 5. Effect of diluted sea water and organic or biostimulants and their interaction on Na 
and Cl % of Ruellia brittoniana (mean of both seasons) 

Seawater 

% 

Na% Cl (mg/g D.W.) 

0.0 H.A A.A Y Mean 0.0 H.A A.A Y Mean 

Control 0.53e 0.49e 0.51e 0.52e 0.51e 4.15h 3.65h 3.87h 4.00h 3.92e 
5% 1.01cd 0.86de 0.88de 0.91de 0.92d 9. 07f 8.04g 8.15g 8.32 g 8.40d 

10% 1.43c 1.21cd 1.24cd 1.32cd 1.30c 11.17e 10.75e 10.88e 10.97e 10.94c 
15% 2.53b 2.11b 2.20bc 2.44b 2.32b 15.13d 14.73d 14.94d 15.00d 14.95b 
20% 3.82a 3.41a 3.71a 3.75a 3.67a 20.42a 18.74c 19.07c 19.80b 19.51a 

30% - - - - - - - - - - 

Mean 1.86a 1.62c 1.71b 1.79ab --- 11.99a 11.18c 11.38 bc 11.62b  

H.A = humic acid, A.A = amino acid, Y = active dry yeast 
Means of each factor noted by the same letters within a column or row are not significantly different at 
5% level according to Duncan’s multiple range test 

 
 
Diluted seawater at 5 and 10 % combined with organic or bio stimulants decreased 

Na and Cl % in the leaves as compared to control treatment. These values gradually 
increased with increasing seawater percent. These results agree with those reported by 
Khaled Fawzy (2011) on Nigella sativa L. 

Discussion 

Effect of diluted seawater, humic acid, amino acids, active dry yeast on Ruellia 
brittoniana, L. was examined. 

 
Vegetative growth 

Diluted seawater of 30% was completely lethal for plants whereas 5% significantly 
improved all traits such as plant height, shoot fresh and dry weights. This may be due to 
that, salt stress inactivated proteins and enzymes as well as destroyed cell membrane 
structure and permeability by causing lipid oxidation (Winston, 1990). Also Parida and 
Das (2005) reported that, salt stress can affect plant survival, biomass and the capacity 
of plant to collect water and nutrient. 

Organic or bio stimulants, humic and amino acids significantly augmented the 
survival%, plant height, leaf area, shoots fresh and dry weights followed by active dry 
yeast against the control treatments. This may be due to that, humic acid has a direct 
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effect as a hormone like compound or indirect effect by increasing nutrient uptake 
through chelate, renewal effects and retaining membrane permeability of 
microorganisms, improving the physical condition of the soil and increasing shoot 
growth (Aliyeh et al., 2002). 

Also, amino acids could directly or indirectly improve the physiological activities of 
the plant and regulate growth and development through their influence on the bio-
synthesis of gibberllins (Walter and Nawacke, 1978) and may also play an important 
role in plant metabolism and protein assimilation which is necessary for cell formation 
(Sadak, 2015). 

Active dry yeast contains cytokinines and vitamin B which increases the vegetative 
growth (Ezz El-Din and Hendawy, 2010). 

The decrease in all parameters with increasing seawater percent from 10 to 20% 
combined with organic or bio stimulants may be attributed to that seawater stress has 
exerted the strongest effect in alleviating the harmful effect of seawater salinity (Abd el 
Kafie et al., 2010) on Tuberose. 

 
Root growth 

Salt stress may have a negative effect on roots growth. Kumar et al. (1988) observed 
a decrease in root length with the progressive increase in salt stress. Proline might 
counteract the negative effects of high salinity on carbohydrates and nitrogen 
metabolism which promote the whole plant growth (Lobartini et al., 1997). 

 
Biochemical composition 

The significant increase in leaves total chlorophyll by using humic acid followed by 
amino acids and then active dry yeast compared to control may be due to the role of 
humic acid in providing the plants with various nutrients necessary for synthesis of 
active constituents in the plant organs. This may be due to that application of NaCl 
significantly decreased chlorophyll contents in plant tissues (Oyetunji and Francis, 
2004). These results are in accordance with those of (El sayed and Youssef, 2013) on 
Jasminum sambac. Likewise, spraying cotton plants with amino acid tended to increase 
proline in the leaves (Gebaly et al., 2013). 

 
Chemical composition 

Nitrogen and magnesium 

High level of water salinity may reduce plant absorption of some important elements. 
The lowest N% and Mg% resulted from plants irrigated with 20% diluted seawater 
(Abdel-Fatah et al., 2008) on Tifway and (Caparros et al., 2017) on Aloe vera, L. Amino 
acids are the fundamental ingredients in the process of protein synthesis because of their 
nitrogen content (Kamar and Omar, 1987). Applying humic acid caused a limitation in the 
absorption of both Na and Cl elements (Khaled and Fawzy, 2011) on Nigella sativa, L. 

 
Sodium and chloride percentage 

Plants accumulate Cl ions in leaves which is more toxic in leaf tissues, plants make 
root production to remove excess ions and delay ion accumulation in tissues (Tozlu 
and Guy, 2000) on Poncirus trifoliata and (El-Mahrouk et al., 2008) on Conocarpus 
erectus L. 
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Humic acid and amino acids significantly decreased Na and Cl % in the leaves 
followed by active dry yeast (Abdel- Fatah, 2008) on Tifway turf. 

Conclusion 

It is recommended to irrigate Ruellia brittoniana plants with 5% diluted seawater 
combined with organic or bio stimulants (humic acid 80% concentration 5 ml/L, amino 
acids 26.18% concentrated free amino acids 1 g/L or active dry yeast 5 g/L) as foliar 
spray on plant leaves fortnightly (20 spray/ season) to obtain the best growth and 
flowering characters. 
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Abstract. Organohalogenated compounds contaminations in feed ingredients and feeds pose threats to 
the safety of food animals, and public health. Pigs are exposed through ingestions of feed contaminated 
with organohalogenated compounds. Microbes – organohalogens interactions in the gut cause changes in 
mean species diversities of bacteria, and induce gut dysbiosis. Along with metabolites from first–pass 
metabolisms, they affect proteins and molecular pathways that regulate ROS sensing, and induce 
oxidative stress. They also bind to estrogen receptors and mimic estrogen activities to impair reproductive 
endocrine functions. Nutritional interventions such as feed and feed ingredients substitutions, and 
harnessing non-conventional feed resources (NCFR) can offer sustainable alleviations. This will mitigate 
the risk of exposure to organohalogens whilst providing the needed nutrients to meet the animals’ 
nutritional requirements. In addition, it will enhance the biological defense mechanisms in pigs. 
Phytonutrition can enhance biodegradation, and detoxification of recalcitrant organohalogenated 
xenobiotics. This provides a low cost, “green” strategy to alleviate adverse effects of organohalogenated 
xenobiotics in pigs. The low costs associated with makes this a viable remedy, especially for low income 
countries. 
Keywords: feed ingredients, phytonutrition, dysbiosis, metabolism, xenoestrogen 

Introduction 

Pigs are the most widely consumed terrestrial food animals. Pig production is one of 
the fastest growing livestock enterprise. Pigs are efficient convertors of feeds to meats 
making pig production one of the most profitable livestock enterprise. Feeds and feed 
ingredients used in pig nutrition have been found to also contain xenobiotics such as 
organohalogens (Sapkota et al., 2007; Li et al., 2019). Organohalogenated compounds 
contaminations in feed ingredients and compound feeds pose threats to health, and 
performance of food animals, and meat safety and public health (Bernard et al., 2002; 
Barone et al., 2019; Das et al., 2019). 

Organohalogens are ecotoxins produced as results of anthropogenic, biogenic, and 
geogenic activities (Xu et al., 2013). Persistence organic pollutants (POPs), pesticides, 
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and pharmaceutical and personal care products (PPCPs) and dibutyl phthalate (DBPs) 
are produced from industrial, agricultural, and domestic activities (Bakhiyi et al., 2018). 
Polychlorinated biphenyls (PCBs) deposits in marine sediments gets transported 
(through microplastics) into oceans as micro pollutants (Gerdes et al., 2019). They get 
adsorbed by benthos, and biomagnify in adipose tissues of fish and other marine 
organisms at high trophic levels (Fernández-González et al., 2013; Jamieson et al., 
2017; Li et al., 2019). Feed processing, and feed additives inclusions may also result in 
organohalogens contamination (Zijlstra and Beltranena, 2013). Environmental 
pollutions are the main sources organohalogenated compounds contaminations in food 
chains (Li et al., 2019). Oral route is the primary means of exposure in animals through 
the ingestion of organohalogenated compounds contaminated feeds (Sapkota et al., 
2007; Li et al., 2019). 

The tripartite linkage between livestock, humans, and the environment makes them 
prone to ecotoxins contaminations (Rabinowitz and Conti, 2013). In the setting of our 
time, organohalogenated xenobiotics have assume importance in food animal 
productions due to interdependence between livestock and the environment (Malisch, 
2017). Humans and animals share health risk from environmental pollutions and 
zoonosis (Watanabe et al., 2010; Rabinowitz and Conti, 2013). There are increasing 
evidence of organohalogenated xenobiotics-induced degenerative diseases, and 
reproductive disorders in animals and humans (Barthold et al., 1999; Rabinowitz and 
Conti, 2013). Organohalogenated xenobiotic exposures in animals increase the risk of 
zoonosis (Barthold et al., 1999; Watanabe et al., 2010; Rabinowitz and Conti, 2013). 
Organohalogenated compounds have significant toxic effects even at low 
contaminations due to their ability to biomagnify, persist and bioaccumulate in food 
chains (El-Shahawi et al., 2010). Animal nutrition should therefore be critical 
component of comprehensive interdisciplinary preventive health strategies stipulated as 
in “One health” concept (Muthuvel et al., 2006). Nutritional interventions can modify 
the gut microbiome, and enhance the ability of (gut) bacteria to metabolize 
organohalogenated xenobiotics (Zhang et al., 2015b; Jin et al., 2017; Petriello et al., 
2018). Utilizing plants bioactive compounds as immuno-nutritional supplement is an 
important nutritional intervention. The main therapeutic strategy is modulations of 
microbial compositions in the gut to enhance xenobiotics metabolisms (Petriello et al., 
2014). 

Homeostasis in the gut microbiota has been found to be critical in ensuring optimum 
immune, metabolic, and endocrine functions in pigs (Kim and Isaacson, 2015; Everaert 
et al., 2017; Patil et al., 2019). The gut serves as host to bacteria of different taxonomic 
diversities, referred to as microbiota (Mwaikono et al., 2018; Patil et al., 2019). The 
composition of bacteria taxa, and their metabolic functions defines the gut metagenome 
(Kim and Isaacson, 2015; Patil et al., 2019). First -pass (pre-systemic) metabolism of 
halogenated xenobiotics in the gut and liver produces toxic metabolites (Grimm et al., 
2015). These metabolites are stored in hepatocytes, and endocrinocytes (Grimm et al., 
2015). 

Studies from our laboratory evaluated the adverse effects of PCBs extracted from the 
Zhanjiang marine offshore sediments on molecular pathways involved in 
gastrointestinal, metabolic, and development abnormalities in zebrafish (Liu et al., 
2016; Nie et al., 2016; Yu et al., 2017). Mice have also been used as model animals to 
study the effect of organohalogenated xenobiotics on gut microbiota (Petriello et al., 
2018; Chi et al., 2019). There is a homology in morphological, biochemical, and 
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physiological characteristics between these model animals and some food animals (Hill 
et al., 2005; Chi et al., 2019). This review highlights potential effect of PCBs on 
underlying physiological mechanisms involved in gut health, cellular oxidative redox, 
and reproductive functions in pigs. Pigs are susceptible to PCB exposure, 
bioaccumulation, and biomagnification due to contaminations of their feeds, and 
bioaccumulations in their fatty tissues (Hoogenboom et al., 2004; Weber et al., 2018; 
Barone et al., 2019). The gut metagenome of pigs is important due to the influence on 
immune developments, and (reproductive) endocrine functions (Mach et al., 2015). It is 
also critical at post-weaning to prevent oxidative stress, a key pathophysiological 
disorder in pigs (Round and Mazmanian, 2009; Kim and Isaacson, 2015). Based on 
evidence from animal models and in vitro experiments, we discussed the potential 
effects of organohalogenated xenobiotics on gut abnormality, oxidative stress, and 
reproductive malfunctions in pigs. Nutritional, and husbandry interventions for “green”, 
safe, and sustainable alleviations are also suggested in this review. This will also add to 
literature, as well as offer basis for future scientific research and interventions to 
alleviate the adverse effects of the organohalogenated compounds in pigs to enhance 
animal health, and public health. 

Organohalogenated compounds pollutions 

Organohalogenated compounds have acidic, alkaline, and thermal resistance (Xu et 
al., 2013). They were therefore used as coolants, and insulators in capacitors, flame-
retardants, plasticizers, and a host of industrial materials (Xu et al., 2013; Bakhiyi et al., 
2018). Organochlorines pesticides were used to control insect pests to improve public 
health, and agricultural productivities (Xu et al., 2013; Bakhiyi et al., 2018). In addition 
to these anthropogenic sources, geogenic events such as volcanos, and wildfires also 
produce polychlorinated dibenzop-dioxins and furans (PCDD/F), referred to as dioxins. 
Biogenic activities such as the biodegradation and biotransformation of some inorganic 
chemicals in biosolids also yield toxic organohalogens. Antibiotics such as 
fluoroquinolones, enrofloxacin, and florfenicol used for therapeutic, and subtherapeutic 
uses, also contain organohalogens (Fernández-González et al., 2013; Zijlstra and 
Beltranena, 2013). 

Polychlorinated biphenyls (PCBs) largely refers to any class of organohalogenated 
compound prepared by a reaction of chlorine with biphenyl. Typical mixtures of PCBs 
contain over 100 compounds which are colorless, viscous liquids. PCBs are long-lived 
organic compounds, owing to their resistance to biological, photolytic, and chemical 
degradations (Xu et al., 2013). They are hydrophobic, and lipophilic, making them 
bioaccumulate, and biomagnify in fatty tissues. They have a long-range transportability 
making them widely present in almost every geographical location and environment, 
including areas they were not utilized (Bakhiyi et al., 2018). The Stockholm convention 
listed PCBs, and dioxins among the dirty dozen hazardous chemicals in the world (Xu 
et al., 2013). The chemical structure of PCB is shown in Figure 1. 

Following the Stockholm convention in 2001, PCBs and dioxins production and 
utilizations have been banned, however secondary emissions from sinks, and stockpile 
in old gadgets continues to cause pollutions (Xu et al., 2013; Spongberg and Witter, 
2007). Significant levels have been detected in marine offshore sediment in 
industrialized countries in the northern and middle latitude (Nie et al., 2016; Yu et al., 
2017). It is worth mentioning that, over the years studies on persistent organic pollutants 
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(POPS) have been largely focused on industrialized (and developed) regions in the 
northern and middle latitudes, where they were largely produced and utilized 
(Spongberg and Witter, 2007). However, evidence from tropical developing countries in 
the southern latitude have revealed significant POPs contaminations in sediments, and 
water bodies in these areas (Spongberg and Witter, 2007; Gioia et al., 2014). Electronic 
waste dumping and their improper recycling in these regions may largely account for 
this (Spongberg and Witter, 2007; Hogarh et al., 2012; Bakhiyi et al., 2018). PCBs 
concentrations have been found to be increasing in warm tropical regions in the 
southern latitude owing to the high water temperatures and rate of air/gas exchange (Fu 
and Wu, 2006; Spongberg and Witter, 2007). This may partly account for the presence 
of highly halogenated and toxic congeners in the tropical warms regions (Spongberg 
and Witter, 2007). The atmospheric total sum (∑190PCB) concentration in 
Agbogbloshie (in Ghana), an improper e-waste recycling hub in tropical Africa, was 
found to be as high as 4.64 ng/m3 (Hogarh et al., 2012). Concentration in plumes in the 
area was about 11.10 ng/m3 (Amoyaw-Osei et al., 2011). They may be carried as 
effluent into water bodies, and biomagnify through marine food web resulting in 
pollutions of marine-sourced feed resource (El-Shahawi et al., 2010). 

 

 

Figure 1. Chemical structure of PCBs 

Effect of organohalogenated xenobiotics on the gut microbiota of pigs 

Like most mammals, the pig’s gut is the largest interface between their internal and 
external environments (Farhadi et al., 2003; Patil et al., 2019). It extends from the 
buccal cavity, passes through the intestines, and ends at the anal orifice. It contains the 
highest amount of bacteria of different taxonomies (Mach et al., 2015; Holmann et al., 
2017). The term “gut metagenome usually includes the microbes and their metabolic 
interactions with the host (Patil et al., 2019). The gut bacterial ecology of pig is 
composed of 35% Firmicutes, 21% Bacteroidetes, 3% Proteobacteria and 2% 
Spirochetes (Kim and Isaacson, 2015; Patil et al., 2019). In the cecum and colon of pigs, 
firmicutes predominate at 75% or more, followed by proteobacteria at 13% (Kim and 
Isaacson, 2015; Patil et al., 2019). There is a mutually beneficial relationship between 
commensal bacteria and the host (Patil et al., 2019). The pigs’ gut provide bacteria with 
nutrients, and energy for signal transductions (Kim and Isaacson, 2015). Short chain 
fatty acids (SCFAs) viz acetate, butyrate, and propionate are the ligands of guanine 
nucleotide-binding proteins (G-proteins), energy substrates for gluconeogenesis, and 
inhibitors of histone deacetylase (Layden et al., 2013). The probiotic (beneficial) 
bacteria such as Bifidobacteria longum and Lactobacillus casei biotransform primary 
bile acids (BA), produced in the liver, into secondary bile acids, to enable binding of the 
G-protein receptors to regulate intestinal barrier functions (Farhadi et al., 2003). This is 
important in resisting colonization of pathobionts, and preventing endotoxemia. The gut 
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microbiota is sensitive to xenobiotics (Zhang et al., 2015b; Lefevera et al., 2016; Jin et 
al., 2017). The bacteria diversities exist in homeostatic state. 

There are some similarities in the gut anatomy, physiologies, and biochemistry 
between pigs and laboratory animals such as mice, and zebrafish (Choi et al., 2010; Yu 
et al., 2017; Petriello et al., 2018). The observed effects of organohalogenated 
xenobiotics on their gut microbiota, and gut histology provide insights on the potential 
effects on gut abnormalities in pigs (Choi et al., 2010; Yu et al., 2017; Petriello et al., 
2018). Ingested PCBs can therefore disrupt gut microbiota homeostasis, and reduce the 
mean species diversity as observed in mice (Choi et al., 2013; Petriello et al., 2018; Chi 
et al., 2019). Ingestion of 150 µmol/kg of 3 PCBs congenors (PCBs 153, 138, and 180) 
caused decreases in Proteobacteria species, and the overall abundance of bacteria in 
C57BL/6 mice (Petriello et al., 2018). They also caused a reduction in Firmicutes -
Bacteroidetes ratio in the cecum (Jin et al., 2017; Petriello et al., 2018) likely due to a 
surge in the relative abundance of Flavobacteria, and Clostridia (Petriello et al., 2018). 
2,3,7,8- tetrachlorodibenzofuran caused an increase in the level of Flavobacteria in the 
gut of mice (Zhang et al., 2015b). Similarly, oral administration of a dioxin, 2,3,7,8-
tetrachlorodibenzo-p-dioxin at 24 μg/kg for 5 days caused an increase in the relative 
abundance of Butyrivibrio spp, and a decline in Oscillibacter spp level thereby resulting 
a decreased Firmicutes-Bacteroidetes ratio in cecal microbiota of mice (Zhang et al., 
2015b). On the contrary, dioxin at a dose of 6 μg/kg biweekly for 26 weeks, increased 
Firmicutes/Bacteroidetes ratio, as results of increase in Lactobacillaceae and 
Desulfovibrionaceae levels and decrease in Prevotellaceae, without exacerbating 
streptozotocin-induced hyperglycemia in mice (Lefevera et al., 2016). It is therefore 
apparent that the degree of halogenation and toxicity have influence on the gut bacteria 
dynamics. Metabolic activities of gut bacteria are critical in biodegrading 
organohalogens xenobiotics, similar to soil bacteria degradations (Zhang et al., 2015a, 
b). Organohalide-respiring bacteria undergoes organohalide respiration to dehalogenate 
organohalogens (El-Shahawi et al., 2010; Zhang et al., 2015a, b; Jugder et al., 2016). 
The less toxic, less stable congeners further undergo aerobic and fermentative 
degradations to produce energy substrates such as carbon and phosphorous for the 
animal’s biochemical and physiological processes (Zhang et al., 2015a, b). Genomes of 
Alistipes, Blautia, Eubacterium, Faecalibacterium, Roseburia and other core gut genera 
are reservoirs of (S)-2-haloacid dehalogenase genes (Shetty et al., 2017). They can 
chemically replace the halogen substitutes with hydrogen through a reduction reaction 
(Smidt and de Vos, 2004; Atashgahi et al., 2016, 2018). The reduction reaction 
biodegrades chemically stable (locked) organohalogens into less stable and less toxic 
congeners (Yim et al., 2008; Atashgahi et al., 2018). Clostridium spp (genus 
Desulfitobacterium) such as C. perfringens and C. beijerinckii may undergo metabolic 
reductive dehalogenation to dechlorinate hexachlorobiphenyl, and tetrachlorobiphenyl 
(toxic congeners) to pentachlorobiphenyl, and trichlorobiphenyl (Smidt and de Vos, 
2004; Lefevera et al., 2006; Atashgahi et al., 2016; Jin et al., 2017). Mwaikono et al. 
(2018) characterized the fecal microbiota of dumpsite-scavenging pigs. Municipal 
dumpsites are potential sources of organohalogenated xenobiotics in the developing 
countries in Sub-Sahara Africa and other low-income countries (Watanabe et al., 2010). 
Using a high throughput Illumina MiSeq sequencing technology for 16S rRNA 
amplification, it was observed that the fecal microbiota of the scavenging pigs are 
characterized by the predominance of mobile genetic elements and pathogenic 
Proteobacteria (Watanabe et al., 2010). Increase in the relative abundance of the 
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pathogenic phyla leads to disruption of gut microbiota homeostasis, changes in BA 
metabolism, and dysregulation of Farnesoid X receptor signaling pathways (Zhang et 
al., 2015b; Patil et al., 2019). This results in dysfunctional intestinal barriers, polydipsia 
and polyphagia, and liver toxicities (Lefevera et al., 2016; Petriello et al., 2018). 
Advances in the “omics” further support the corroboration that, a functional immune 
system is dependent on gut microbiome homeostasis (Round and Mazmanian, 2014; 
Lefevera et al., 2016; Chi et al., 2018). Suppression of antibodies production, and innate 
and adaptive immune responses have been linked to organohalogens-induced gut 
dysbiosis (Thomas and Hinsdill, 1978; Choi et al., 2010; Lefevera et al., 2016). Toll-
like receptors (TLRs) are transmembrane glycoproteins involved in signal transduction 
to respond to active moiety of gram negative bacteria and endotoxins such as 
lipopolysaccharides (Round and Mazmanian, 2009; Lefevera et al., 2016). TLRs 
decrease in the jejunum and colon upon PCBs exposures in animals (Round and 
Mazmanian, 2009). Using Amarex-MT4 assay and turbidimetric immunoassay, 
Watanabe et al. (2010) suggested that the observed reduced plasma IgG and T4 levels in 
pigs scavenging on dumpsite was due to dioxin and related compounds pollutions in 
dumpsites. A metagenome analysis of fecal samples of pigs scavenging on dumpsites in 
Tanzania also showed expressions of functional pathways associated with biosynthesis 
of Staphylococcus aureus and other pathogenic infections of zoonotic potentials 
(Mwaikono et al., 2018). It is therefore apparent that, organohalogenated xenobiotic can 
cause gut dysbiosis, immunosuppression, and increase the risk of zoonotic diseases. 

Effects of organohalogenated xenobiotics on oxidative stress 

Gut dysbiosis from halogenated xenobiotics induce gut oxidative stress and systemic 
gut inflammations (Choi et al., 2010; Yu et al., 2017; Petriello et al., 2018). Gut 
oxidative phosphorylations, and cellular processes produce oxygen metabolites referred 
to as reactive oxygen species (ROS). These metabolites are by-products from partial 
reductions of oxygen (Ray et al., 2012; Buha et al., 2015). They include superoxide 
anion, hydroxyl radical, and hydrogen peroxide. At the oxidative interface, ROS may 
signal critical molecules for cell proliferation and survival (Ray et al., 2012). However, 
a disturbance in the oxidative redox causes oxidative imbalance, which induces 
oxidative stress (Ray et al., 2012; Buha et al., 2015). 

Mechanism by which PCB ligands generates ROS is shown in Figure 2. Metabolism 
of organohalogenated xenobiotic produces four key hydroxylated metabolites viz 
polychlorobiphenylols (OH-PCBs), PCB-methylsulfones, PCB-catechols and PCB-
epoxides (James, 2001; James et al., 2008). They are potentially toxic due to their 
potential effects on hepatic physiologies (Grimm et al., 2015). Incomplete degradation 
and slow rate of biotransformation of highly halogenated and toxic congeners leads to 
the storage of these toxic metabolites in the hepatocytes (Selvakumar et al., 2013; 
Grimm et al., 2015). This affects proteins, and molecular pathways that regulate ROS 
sensing and metabolic processes necessary to maintain oxidative redox (Liu et al., 2014; 
Grimm et al., 2015). They activate Cytochrome P450 1A1 (CYP1A1) to facilitate 
detoxification (Barouki and Morel, 2001). Upregulations of CYP1A1 genes however 
generate induce toxic metabolites (Barouki and Morel, 2001). These metabolites bind to 
aryl hydrocarbon receptor (AhR) to suppress AhR expressions in the hepatocytes 
(Barouki and Morel, 2001; Dietrich et al., 2016; Nie et al., 2016; Nielsena et al., 2017). 
Suppression of AhR expressions to attenuate CYP1A1-inducing cytochrome P450s, 
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generates excess hydroxyl radicals thereby resulting in oxidative imbalance 
(Selvakumar et al., 2013; Liu et al., 2014; Dietrich et al., 2016; Nielsena et al., 2017). In 
addition, the toxic metabolites decrease the synthesis of hepatic glutathione (Muthuvel 
et al., 2006), and also suppress activities of antioxidant enzymes such as SOD, GPx (Liu 
et al., 2014). They further increases stimulation of the pro-oxidants such as Cu (Liu et 
al., 2014; Hong et al., 2015; Nielsena et al., 2017). Metabolites from first-pass 
metabolism of organohalogens can therefore reduce antioxidant capacity and induce 
oxidative imbalance therefore causing oxidative stress in pigs. Proliferations of 
proinflammatory cytokines such as tumor necrosis factor alpha (TNF-α) in the colon, 
ilea lesions, and intestinal inflammations have been observed in animal models upon 
exposure to PCBs and dioxins (Yu et al., 2017; Petriello et al., 2018). DL-PCBs caused 
a mild hydropic degeneration of epithelial cells in the intestine resulting in reduced 
intestinal folds in the gut of zebrafish larvae (Yu et al., 2017). Gut oxidative damage as 
result of PCBs exposure can damage, rupture or shed the intestinal villus in pigs (Choi 
et al., 2010; Brugman, 2016). Dioxin related compounds seem to have a potential to 
induce CYP1A1, and disrupt Peroxisome Proliferator-Activated Receptor (PPAR) 
signaling pathways in pigs (Watanabe et al., 2010; Liu et al., 2014). PPAR is critical for 
inflammatory response and hence disruption of the PPAR signaling pathway can cause 
inflammatory diseases in pigs. Oxidative stress in pigs has been identified as an 
underlying pathogenicity of several pathophysiological disorders such as inflammatory 
diseases, and heat stress in pigs (Lee et al., 2016). 

Effect of PCBs on reproductive functions 

The productivity, and profitability of pigs is largely as results of their high 
reproductive performance. Reproductive physiologies are regulated by folliculogenesis 
and steroidogenesis, which are driven by reproductive hormones (Pocar et al., 2011). 
Reproductive toxicants affect folliculogenesis and steroidogenesis, which impair 
reproductive functions at pre-, peri-, and post-natal stages (Pocar et al., 2011; Brevini et 
al., 2015). 

Organohalogenated compounds share similar chemical properties with estrogens, 
and can bind to the estrogen receptors (Diamanti-Kandarakis et al., 2009; Nie et al., 
2016; Sheng et al., 2019). They mimic estrogen activities, and this prevents estrogens 
from functioning properly (Brevini et al., 2015; Nie et al., 2016; Sheng et al., 2019). 
Findings from studies in our laboratory showed that, PCBs can induce EROD 
expression in zebrafish as results of Arh agonist mechanisms (Liu et al., 2016; Nie et 
al., 2016). Effects of the xenoestrogenic compounds on reproductive physiologies in 
vivo, and in-vitro provide insight into their potential adverse effects on reproductive 
functions in pigs (Miller et al., 2004; Hill et al., 2005). Exposure to pigs can therefore 
induce adverse reproductive malfunctions, fetal malformation, and development 
toxicities (Miller et al., 2004; Pocar et al., 2011). PCB 28, PCB 105, and aroclor 1221 
affected the activities of P450 arom, and inhibited modulation of Follicle Stimulating 
Hormone-induced aromatase activity in vitro (Woodhouse and Cooke, 2004). Very 
low concentrations (0.001-0.01 microg/ml) of Acroclor-1254 decreased oocyte 
maturation and development of bastocytes in an in vitro cumulus-oocytes complex 
(Campagna et al., 2008). OH-PCBs from plasma of sows treated with PCB, at 42 mg/l 
also induced embryotoxicities in vitro (Campagna et al., 2008). Blastomeres per 
expanded blastocyst were reduced at dose dependent manner (Campagna et al., 2008). 
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Results from these studies therefore suggest that, organohalogenated xenobiotics can 
delay puberty, shorten estrous, induce abortions, and still birth, and reduce litter size 
in sows (Woodhouse and Cooke, 2004; Brevini et al., 2005; Campagna et al., 2008). 
Intergeneration toxicities lasting into F3 generations are possible (Pocar et al., 2011). 
Exposure to Aroclor 1221 at low-levels (0.01 – 0.1 µg/ml) during the teratogenic 
sensitive period induced dysregulation and complex adverse effects on the physiology, 
fertility, and fecundity, and sex ratio of F1 and F2 two offspring in Sprague-Dawley 
rats (Steinberg et al., 2008). Abnormalities in testes weight, sperm count, sperm 
viability, seminiferous tubule diameter (in males), and adrenocorticosteroid, estrus 
period, ovary weight, follicular atresia, and oocyte developmental (in female) were 
observed in offspring when dams were exposed to PCBs (Miller et al., 2004; Pocar et 
al., 2011). These could be due to impaired growth and development at the embryonic 
stage (Père and Etienne, 2000; Pocar et al., 2011). Cryptorchidism has been reported 
in F1 pigs upon maternal exposure to toxic 2,3,7,8-TCDD (most toxic dioxin 
congener) during the utero and lactation stages (Barthold et al., 1999). Comparing the 
concentrations of DRCs between dumpsite scavenging pigs and their neonates, 
Watanabe et al. (2010) detected higher concentrations of higher molecular weight 
congeners in piglets, DRCs seem to have higher bioaccumulation in breastmilk than in 
serum. The effect of organohalogenated compounds on reproductive and development 
toxicities is shown in Figure 3. 

 

 

Figure 2. ROS generation mechanism induced by organohalogenated xenobiotics. ARNT: aryl 
hydrocarbon receptor nuclear translocator; XAP2: aryl hydrocarbon receptor interacting 

protein; hsp: heat shock protein; DRE: dioxin response element 
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Figure 3. Schematic diagram on reproductive malfunctions induce by organohalogenated 
xenobiotics 

Exposure of pigs to organohalogenated xenobiotics 

Xenobiotics in animals refer to any synthetic or naturally occurring chemical 
substances present in the animal that are not naturally synthesized by the animal, and are 
hence considered foreign agents to the animal’s body (Atashgahi et al., 2018). Oral intake 
is the commonest and primary means of exposure in farm animals (see Fig. 4). Inhalation 
from polluted air, and ocular, and dermal contacts may also occur. PCBs may be absorbed 
as micropollutants (ng/L - μg/L) or at higher range (μg/L -mg/L). It occurs as means of 
ingestion of organohalogenated contaminated feeds (Hoogenboom et al., 2004). Total 
equivalent quantity of DLPCBs (TEQ DL-PCBs) detected in feed samples from 16 feed 
ingredients was found to be 1.3 ng/kg (Fernández-González et al., 2013). This is slightly 
lower than the maximum level of 1.5 ng/kg TEQDL-PCBs for feeds as specified by the 
European Union as shown in Table 1 (Fernández-González et al., 2013). TEQs PCDDs, 
PCDFs and Co-PCBs of pig feed samples in Japan was also found to be in a range of 0.13 
to 0.32 pg g-1 lipid wt (Guruge et al., 2005). Animal fat (ANFA) feeds contain the highest 
total of PCBs (Weber et al., 2018), about 5 times higher than vegetable oil feeds 
(Fernández-González et al., 2013). This is largely due to the bioaccumulation of 
organohalogenated compounds in marine animal feed resources. Fish meals, fish oil, and 
shell powder have higher amounts of organohalogenated compounds compared to plant 
(vegetable) sources as shown in Figure 5 (Hoogenboom, 2004). Figure 5 shows PCB 
contaminations in sampled animal feeds, and feed ingredients. 

Organohalogenated xenobiotics can also be transferred from lactating dams to 
suckling piglets at breastfeeding. The high levels of fat in piglets makes them 
susceptible to organohalogenated compounds bioaccumulation, and biomagnification. 
Biomagnification factors of 14, and 15 were observed for 2,3,7,8-TeCDF, and 1,2,3,7,8-
PeCDD and 1,2,3,4,7,8- HxCDF respectively in fat of pigs (Traag et al., 2001). The 
biomagnification factor represents the ratio of lipid weight animal fat to mixed feed 
concentration. Exposure of pigs to organohalogens results in bioaccumulation in the 
back fat of pigs (Hoogenboom et al., 2004). Starter pigs exposed to a 10-fold 
contaminated feed from the recycled fat pollution (in Europe) resulted in 123 ng 
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TEQ/kg PCBs in back fat (Hoogenboom et al., 2004). A survey on meats in France 
found PCBs levels in pig meats to be higher (41.8–77.7 ng g−1 live weight) than the EU 
maximum permissible levels (Barone et al., 2019). Therefore, incomplete metabolism of 
organohalogens xenobiotics can affect pig meat safety, in addition to the physiological 
and immune disorders. 

Sustainable alleviation strategies 

Dietary inclusion of fish meal, fish oils, and shell powder are necessary to meet pigs’ 
demands for vitamins, digestible proteins, micronutrients, and essential fatty acids to 
ensure proper physiological, and immune developments in pigs (Kim and Easter, 2001; 
Fernández-González et al., 2013). Fish meal, and fish oil particularly contains 
eicosapentaenoic acid and docosahexaenoic acid, omega-3 long-chain polyunsaturated 
fatty acids (Kouba and Mourot, 2011; Hong et al., 2015; Saini and Keum, 2018). 
Animal feeds serve as a major linkage between animals and environment in the transfer 
of ecotoxins, through ingestion of contaminated feeds (Mizukawa et al., 2015). Safer 
animal nutrition and preventive health therefore needs to be important management 
strategies in alleviating effects of organohalogenated xenobiotics in pigs (Muthuvel et 
al., 2006; James et al., 2008; Zingsstag et al., 2011; Petriello et al., 2016). Improved 
animal husbandry and preventive animal health strategies aimed at mitigating animals’ 
exposures to organohalogenated compounds, and enhancing their biology defenses have 
therefore become necessary (Muthuvel et al., 2006; James et al., 2008; Zinsstag et al., 
2011; Dey et al., 2019). 

 

 

Figure 4. Exposure of pigs to PCB contaminated fish meal 
 
 
Safety evaluation of animal feed and feed ingredients have gained important 

recognition in animal nutrition, and public health since feed and feed ingredient are 
critical components of the supply chains of (animal-derived) foods (Piskorska-
Pliszczynska et al., 2019). Above the threshold levels in feeds, toxicants pose adverse 
effects in food animals. Ensuring that PCB levels in animal feeds are below the 
threshold levels is an important feed safety evaluation protocol. Maximum levels, and 
action levels of dioxins and DLPCBs in feed ingredients have been studied using GC-
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MS/MS based analytical tools. Action levels in feeds and feed ingredients are lower 
than the maximum values, and serve as a safer tool for early warning and detection of 
higher than desirable levels of PCBs in animal feed and feed ingredients (Malisch, 
2017). At levels exceeding the maximum levels, feed ingredients and animal feed are 
prevented from entering the food chains in Europe. At levels closer or above the action 
level in feed (ingredients), investigations and tracing of contaminants are conducted to 
identify the sources of contaminations. The maximum levels and action levels of some 
common feed ingredient used for diets of pigs are shown in Table 1. This is based on 
the European Union maximum levels, and action thresholds of PCBs for feed 
ingredients laid down in Directive 2002/32/EC and amended by Commission 
Regulation (EU) 2019/1869 (Piskorska-Pliszczynska et al., 2019). 

 

 

Figure 5. Total sum of PCBs concentrations (Ʃ PCBs) is feeds (a) and feed ingredients (b) 
(Fernández-González et al., 2013) 

 
 
Table 1. Maximum levels and action level of dioxin and DLPCBs in some feed ingredients 
(at moisture content of 12%) 

Feed and feed ingredients 

Maximum levels Action level 

Dioxins (ng/kg) 
ƩDioxin + DLPCBs 

(ng/kg) 
Dioxins (ng/kg) ƩDLPCBs (ng/kg) 

Cereals 0.5 0.35 0.75 1.25 

Soybean oils 0.5 0.5 0.75 1.5 

Soybean meal 0.5 0.5 0.75 1.5 

Calcium soaps 0.5 0.35 0.75 1 

Egg shell meal 0.5 0.35 0.75 1.25 

Fish oil 4 11 5 20 

Fish meal 1.25 5 1.75 9 

Oyster shell powder 1.25 2 1.75 4 

Salts 0.5 0.5 1.75 1.5 

Vitamin premix 0.5 0.35 1 1.5 

Compound feed 0.5 0.5 0.75 1.5 
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Manipulating dietary compositions to reduce the total PCB levels in feed can be an 
important safety protocol to mitigate exposures to pigs (Sapkota et al., 2007; Petriello et 
al., 2016). Substituting feed ingredients with high contaminations with less 
contaminated feed ingredients provides an important nutritional intervention to reduce 
organohalogenated compounds exposure in food animals. Replacing shell powder 
which are sourced from crustaceans, with egg shell powder sourced from poultry (land) 
can reduce organohalogenated compounds levels in animal feed since marine-origin 
feed bioresources have relative high contaminations (Sapkota et al., 2007; James et al., 
2008; Fernández-González et al., 2013; Petriello et al., 2014; Li et al., 2019). Animal-
derived feed ingredients can be replaced with plant-based ones. Replacing fishmeal, and 
fish oil with vegetable proteins, and vegetable oils can reduce the concentration of 
PCBs in animal feed. In addition, husbandry systems that expose food animals to the 
environment increase their exposure to ecotoxins (Piskorska-Pliszczynska et al., 2019). 
Unlike Europe and other developed countries where pig productions are characterized 
by specialized industrial production systems, productions in Sub-Sahara Africa and 
other low-income countries are a kind of traditional subsistence small-scale production 
characterized by outdoor management systems (Watanabe et al., 2010). This increases 
the risk of the food animal to organohalogenated compounds exposures due to the 
relative higher contact with the environment. Unlike confined pigs in intensive 
management systems, scavenging pigs in outdoor management systems burrow and 
wallow on dumpsites and sewerage sledges contaminated with PCBs (Mwaikono et al., 
2018). Therefore, subsistence indoor pig management systems are necessary to mitigate 
exposure of the food animal to the environment and ecotoxins in low income countries. 
Simple housings systems using locally available materials have become necessary to 
mitigate exposures in pigs. 

In addition, utilizing agro-food by-products such as groundnut cake and palm kernel 
cake, crop residues such as legume haulms and culled vegetables, and leaf meals from 
nutrient-rich herbal plants such as Alfalfa (Medicago sativa) and Siam weed 
(Chromolaena odorata) can also enhance feed safety. Such non-convectional feeds are 
safe, cheap, and environmental-friendly and hence suitable feed for pig nutrition in 
tropical low-income countries. Proximate analysis of such feeds have shown that they 
contain significant amount macro, micro-, and phyto-nutrients (Apori et al., 2000; 
Achilonu et al., 2018). 

Phytonutrition can further enhance immunity, and biological defense systems of pigs 
against PCBs (Muthuvel et al., 2006; James et al., 2008; Gupta et al., 2014; Petriello et 
al., 2016; Dey et al., 2019). Extracts and powders from plants contain significant 
bioactive compounds (polyphenols), and are potential immuno-nutritional supplements 
against halogenated xenobiotics for sustainable pig productions (Petriello et al., 2014). 
They can stimulate eubiosis, xenobiotic metabolism, and steroidogenesis and 
folliculogenesis to enhance gut microbiota, oxidative redox, and reproductive functions 
in pigs (Gupta and Prakash, 2014; Dey et al., 2019). 3,3′-Di-indolylmethane, a 
glucosinolate from cruciferous vegetables (such as cabbage), stimulates hydroxylation, 
and detoxification through glucuronidation of UDP glucuronosyltransferase 1 family 
(UGT1A1) (James et al., 2008). An integration of such herbal feed additives, and leaf 
meals in pig nutrition can provide low cost, and efficient “green” technology to alleviate 
effects of organohalogenated xenobiotics in pigs (James et al., 2008; Gupta and 
Prakash, 2014; Petriello et al., 2014; Achilonu et al., 2018). 
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Conclusion 

PCBs and dioxins contaminations in feeds and feed ingredients expose pigs to 
organohalogenated xenobiotics. Pigs have a high magnification factor for 
organohalogenated xenobiotics. Enterohepatic circulations of organohalogenated 
xenobiotics induce gastrointestinal dysbiosis, and cellular oxidative stress. Metabolites 
of the endocrine disruptions compounds further induce reproductive and development 
abnormalities in pigs. Alleviating the adverse effects of organohalogenated xenobiotics 
in pigs requires nutritional interventions. Non-convectional feed resources can be 
harnessed to reduce pigs’ exposure to organohalogenated xenobiotics whilst meeting 
their nutritional needs. Plants bioactive compounds also offer reliable immuno-
nutritional supplements to enhance xenobiotics metabolisms, and immune-potentiation, 
and endocrine functions. 
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Abstract. Roadside areas are multifunctional elements of road surroundings (including their protective, socio-
aesthetic and biocenotic functions). The purpose of the article was to determine the impact of management and 
succession process on the herbaceous species composition of expressways roadsides in Poland. The research 
was conducted on the roadsides of expressways (S7, S8) in the Mazowieckie voivodship and the S17 express 
road in the Lubelskie voivodship in Poland. Three roadside zones were identified during this study. 29 transects 
were distinguished, in each of them 4 phytosociological records were taken. It was done analysis of plant 
species composition in projects, floral analysis and plant cover, phytosociological analysis, synoptic table and 
DCA, life forms, effects of the different factors as roads age, slope of the slope⁰, slope length on vegetation 
biodiversity. There were from four to five species of grass mixtures in roadside areas in the studied projects. 
Festuca rubra from 30% to 50% cover were dominating there. There were 116 species of vascular plants 
identified and they belong mostly to grasses communities such as Nardo-Callunetea (41%) and Molinio-
Arrhenatheretea (31%). Mesohemerobes and perennial plants were dominating on roadside areas. Annual 
plants constitute 21% of the total while biennial plants as much as 5%. The age of road has got impact on 
decrease number of plants form the Poaceae family and when the slope length increases, the level of 
biodiversity of vegetation increases, too. On the basis of the analyzed cases, the mixtures used for sowing 
roadside slopes have a poor composition. This is an unfavorable situation that does not guarantee species 
stability. In order to preserve the spread of species composition, additional financial outlays and actions 
implementing the principles of sustainable development are necessary. 
Keywords: grasses, perennials, road surroundings, vegetation biodiversity 

Introduction 

Roadside areas are elements of road surroundings and carry important functions, i.e. 
safety, socio-aesthetic, biocenotic, air quality and service quality (Coffin, 2007; Tong et 
al., 2015; Chen et al., 2019). In recent years, the expressway network in Poland has 
been under development. Back in 2001, there was only 401.5 km of this class of roads, 
in 2016 there were already 1533.9 km. By the beginning of 2018, 30% of the planned 
expressways had been built, which is a clear disproportion between 85% of motorways 
completed. This simple data analysis shows how much new space will appear in Poland 
in the coming years, which well need to be developed using plants. Most publications 
about vegetation of roadsides elaborate on, trees and shrubs (Hasan et al., 2016; 
McGrath and Henry, 2016; Perea et al., 2019). This is probably due to the fact that trees 
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and shrubs are most easily perceived and inventoried. Despite this, herbaceous 
vegetation is the largest contributor to roadside coverage. Its presence is appreciated by 
road users, who consider it proper to move trees and shrubs away from the edge of the 
road to create the so-called "belts forgiving drivers’ mistakes" eng. forgiving roadside 
(Calvi, 2015). In Poland, even if trees often occur below them, only herbaceous 
vegetation is found. Thus, when analyzing the layout of the expressway, it should be 
stated that the herbaceous vegetation covers over 50% of the area of the road. Some 
authors, inter alia (Forman et al., 2003; Spooner and Smallbone, 2009; Kollarou and 
Kollaros, 2014) have observed that herbaceous roadside herbage is increasingly 
appreciated. 

Currently, roadside slopes are mainly covered with grasses, which are one of the 
most resistant to road pollution plants (Koda et al., 2010). However, they do not always 
withstand other adverse habitat conditions (Niemandt and Greve, 2016). In Poland, this 
is related with, among others, the guidelines developed for establishing and maintaining 
roadside greenery for the needs of the General Directorate for National Roads and 
Motorways (GDDKiA) (Maranda et al., 2013) in which only two out the nine species 
listed are legumes that can be used to complete the mixture. It should be noted that there 
are studies indicating that the mixtures, e.g. Medicago lupulin, Lotus corniculatus (for 
various purposes) should be diversified (Koda et al., 2010). Unfortunately, this solution 
is rarely applied in Poland. The way of carrying out maintenance works on expressways 
in Poland has been presented, among others in the document "Guidelines for 
establishing and maintaining roadside greenery for the needs of the General Directorate 
for National Roads and Motorways" (Maranda et al., 2013). For safety reasons, 1-3 m 
wide strips closest to the road are cut more often (grass height should not exceed 
10 cm). For further areas, mowing 2-3 times a year is used. The grass is usually cut at a 
height of 5 cm. Cut grass remains on the slopes. No other care treatments such as 
weeding or aeration are carried out. However, there are some problems related to the 
GDDKiA guidelines. System changes are currently being made to allow for less 
frequent mowing, which results, among others, from climate change - until now 
contractors have been obliged to carry out the number of mowing, as a result of which 
work was carried out even after snowfall or in hot weather, which resulted in drying out 
of low vegetation. Sowing is also being slowly implemented using seed mixtures for 
flower meadows. Polish producers have already developed a special blend composition 
that allows smog reduction (so-called "anti-smog seed mix"), appreciated at the 
international Smogathon competition. 

Expressway roadsides were chosen for research because of the technical solutions 
and the volume of transport routes which affect the level of arduousness of road 
transport on the environment (Trombulak and Frissell, 2000; Pezeshki et al., 2018; Al-
Taani et al., 2019) and thus on the vegetation (Trombulak and Frissell, 2000; Truscott et 
al., 2005; Babcock and McLaughlin, 2011). 

The purpose of the article was to determine the impact of management and 
succession process on the species composition of herbaceous on expressway roadsides. 

Research hypothesis: The species composition of herbaceous vegetation depends on 
management and succession process on roadsides. 

Study area 

The research was conducted on the roadsides of expressways (S7, S8) in the 
Mazowieckie voivodship and the S17 express road in the Lubelskie voivodship in 
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Poland (Figure 1). There are two-, five- and six-year-old expressways in this area. In 
order to determine the research areas, the following criteria were applied: location 
outside of a large city, area with potential deciduous forest habitat, neighboring 
agricultural area (an analysis carried out at a distance of 250 m from the road, with 50 m 
buffer off from buildings and noise barriers). All roadsides were sown artificially to the 
ground. Regardless of the location and exhibition of the escarpment, a sowing standard 
of 25g / m2 was used, which is in line with the rules set by most grass mix producers 
available in Poland. Sowing was carried out on a 10 cm thick layer of humus. The soil is 
sandy with thin leyer o humus along roadside. 
 

Figure 1. Research areas against the background of voivodships, as well as divisions, lands and 
sub-regions in the division of Poland's geobotanical regionalization (own study based on 

Matuszkiewicz (1993) 
 
 

The expressways have got the roadside areas, which do not include a gravel shoulder, 
which could no to be overgrown by vegetation. The rest areas were diversified by 
plants, some parts were intensively moved, the others less moved (Figure 2) The slope 
of the slopes is wide and ranges from 1° to 50°. The lowest slope values are found on 
the flat surfaces behind the drainage ditch. High slope values (over 40°) occurred 
mainly on slopes located near road viaducts. The average slope inclination was about 
32°. The greatest lengths are reached by the counter-slopes located behind the drainage 
ditch (length about 20 m). The average length of the slopes is about 6 m. 
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Figure 2. View on the roadside areas (photos: M. Żołnierczuk) 
 
 
Methods and statistical approach 

Research areas were designated using ArcGIS 10.5.1. At this stage, the design 
documentation of individual road sections was also analyzed. The composition of 
mixtures for sowing roadside areas available on the Polish market was carried out. Field 
studies were carried out and. the exact date of the survey was from 01.06. to 29.09 
during the years 2016-2019. 

Four roadside zones were identified during this study. 29 transects were 
distinguished, in each of them 4 phytosociological records were taken (one 
phytosociological record in each of the roadside zones). Coordnitates of research study 
plots (phytosociological records) were presented in Table 1. It was done 116 
phytosociological records (one record was on 25 m2 were taken by Dzwonko (2007)). 
All plants were counted on studied plot (phytosociological records). 

During the research, the focus was on the roadside area, which does not include a 
gravel shoulder (A), which could no to be overgrown by vegetation - that's why this 
area (zone) was not analyzed. The research area (one transect) was divided into 3 zones, 
the division of which resulted from observations during pilot studies: 

Zone I - a belt about 1-3 m wide, intensively mowed, for safety reasons (the 
vegetation must not obstruct road markings, so-called "bollards"). 

Zone II - the width of the third lane varies greatly and depends on the total length of 
the slope. It is a belt less often mowed with a uniform plant cover. Because of wider this 
zone, two phytosociological records were taken in this zone: the middle of the 
escarpment and the bottom of the escarpment at the drainage ditch. 

Zone III – is located next to the drainage ditch (Figure 3). 
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Table 1. Coordnitates of research study plots (Geographic Coordinate System: 
GCS_ETRS_1989) 

Number of 
plots 

Location X* Y* 

1. top of the escarpment 21.130507 52.245953 

2. middle of the escarpment 21.130521 52.245942 

3. down of the escarpment 21.130536 52.245929 

4. counterscarp 21.130546 52.245921 

5. top of the escarpment 21.131884 52.251111 

6. middle of the escarpment 21.131930 52.251104 

7. down of the escarpment 21.131964 52.251099 

8. counterscarp 21.131998 52.251092 

9. top of the escarpment 21.133623 52.254509 

10. middle of the escarpment 21.133602 52.254512 

11. down of the escarpment 21.133577 52.254515 

12. counterscarp 21.133557 52.254517 

13. top of the escarpment 21.173512 52.273265 

14. middle of the escarpment 21.173508 52.273269 

15. down of the escarpment 21.173506 52.273271 

16. counterscarp 21.173501 52.273274 

17. top of the escarpment 21.135550 52.260838 

18. middle of the escarpment 21.135539 52.260847 

19. down of the escarpment 21.135523 52.260863 

20. counterscarp 21.135514 52.260879 

21. top of the escarpment 20.230601 52.374519 

22. middle of the escarpment 20.230581 52.374512 

23. down of the escarpment 20.230561 52.374503 

24. counterscarp 20.230515 52.374488 

25. top of the escarpment 20.232107 52.364804 

26. middle of the escarpment 20.232122 52.364807 

27. down of the escarpment 20.232139 52.364809 

28. counterscarp 20.232154 52.364812 

29. top of the escarpment 21.194791 52.282403 

30. middle of the escarpment 21.194804 52.282385 

31. down of the escarpment 21.194814 52.282368 

32. counterscarp 21.194827 52.282355 

33. top of the escarpment 21.204706 52.285571 

34. middle of the escarpment 21.204734 52.285553 

35. down of the escarpment 21.204755 52.285543 

36. counterscarp 21.204777 52.285534 

37. top of the escarpment 21.243987 52.311755 

38. middle of the escarpment 21.244004 52.311746 

39. down of the escarpment 21.244020 52.311738 

40. counterscarp 21.244036 52.311731 

41. top of the escarpment 21.254634 52.320233 

42. middle of the escarpment 21.254646 52.320228 

43. down of the escarpment 21.254658 52.320221 

44. counterscarp 21.254672 52.320211 

45. top of the escarpment 21.274219 52.332497 

46. middle of the escarpment 21.274244 52.332466 

47. down of the escarpment 21.274270 52.332442 

48. counterscarp 21.274297 52.332405 
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Number of 

plots 
Location X* Y* 

49. top of the escarpment 21.274140 52.332554 

50. middle of the escarpment 21.274108 52.332573 

51. down of the escarpment 21.274063 52.332610 

52. counterscarp 21.274028 52.332647 

53 top of the escarpment 22.132280 51.234303 

54 middle of the escarpment 22.132280 51.234299 

55 down of the escarpment 22.132280 51.234274 

56 counterscarp 22.132281 51.234246 

57 top of the escarpment 22.140240 51.233195 

58 middle of the escarpment 22.140240 51.233181 

59 down of the escarpment 22.140240 51.233175 

60 counterscarp 22.140239 51.233167 

61 top of the escarpment 22.152160 51.231525 

62 middle of the escarpment 22.152160 51.231515 

63 down of the escarpment 22.152159 51.231503 

64 counterscarp 22.152160 51.231487 

65 top of the escarpment 22.161559 51.230380 

66 middle of the escarpment 22.161560 51.230374 

67 down of the escarpment 22.161560 51.230369 

68 counterscarp 22.161561 51.230360 

69 top of the escarpment 22.210000 51.220622 

70 middle of the escarpment 22.205997 51.220618 

71 down of the escarpment 22.205994 51.220614 

72 counterscarp 22.205991 51.220610 

73 top of the escarpment 22.231346 51.193209 

74 middle of the escarpment 22.231333 51.193210 

75 down of the escarpment 22.231322 51.193210 

76 counterscarp 22.231312 51.193211 

77 top of the escarpment 22.232060 51.200227 

78 middle of the escarpment 22.232051 51.200228 

79 down of the escarpment 22.232044 51.200228 

80 counterscarp 22.232038 51.200228 

81 top of the escarpment 22.232027 51.201148 

82 middle of the escarpment 22.232034 51.201150 

83 down of the escarpment 22.232044 51.201152 

84 counterscarp 22.232052 51.201154 

85 top of the escarpment 22.212506 51.215109 

86 middle of the escarpment 22.212520 51.215114 

87 down of the escarpment 22.212534 51.215118 

88 counterscarp 22.212550 51.215124 

89 top of the escarpment 22.193357 51.223460 

90 middle of the escarpment 22.193360 51.223482 

91 down of the escarpment 22.193360 51.223491 

92 counterscarp 22.193360 51.223501 

93 top of the escarpment 22.140960 51.233188 

94 middle of the escarpment 22.140968 51.233194 

95 down of the escarpment 22.140978 51.233200 

96 counterscarp 22.140986 51.233207 

97 top of the escarpment 22.100455 51.252644 

98 middle of the escarpment 22.100473 51.252652 
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Number of 

plots 
Location X* Y* 

99 down of the escarpment 22.100487 51.252661 

100 counterscarp 22.100502 51.252666 

101 top of the escarpment 22.075522 51.260096 

102 middle of the escarpment 22.075523 51.260098 

103 down of the escarpment 22.075525 51.260101 

104 counterscarp 22.075526 51.260103 

105 top of the escarpment 22.085278 51.254959 

106 middle of the escarpment 22.085280 51.254961 

107 down of the escarpment 22.085283 51.254964 

108 counterscarp 22.085285 51.254966 

109 top of the escarpment 22.090353 51.254770 

110 middle of the escarpment 22.090360 51.254775 

111 down of the escarpment 22.090368 51.254783 

112 counterscarp 22.090374 51.254786 

113 top of the escarpment 22.084187 51.255277 

114 middle of the escarpment 22.084196 51.255284 

115 down of the escarpment 22.084205 51.255291 

116 counterscarp 22.084212 51.255295 

 
 

Figure 3. Schemate of study transect: A- area (zone) not analyzed I, II, III – zones, 1, 2, 3, 4 – 
phytosociological records (own research) 

 
 

For the determination of plants, the key was used to identify vascular plants of 
lowland Poland (Rutkowski, 2004), species names were adopted after Mirek et al. 
(2002) and plant communities were conducted according to Matuszkiewicz (2012). 

By using the 10 degree hemeroby scale (from ahemerob (natural) to metahemerobic 
(community completely destroyed)) there were measure a departure from naturalness. 
For this purpose, data from the scientific database BiolFlor were used. The Juice 5.0 
program was used to determine the Shannon index (Shannon and Weaver 1963). A 
synoptic table was created using the TWINSPAN method - in this way, types of 
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communities have been specified, characterized by different species composition. Then 
DCA multifactorial analyzes were performed in the Canoco 5 program - it was used to 
illustrate the relationship between occurring species and the age of the road. The last 
stages of the study are the discussion and the conclusions. 

Results 

Analysis of plant species composition in projects 

There were from four to five species of grass mixtures in roadside areas in the 
studied projects. Festuca rubra from 30% to 50% cover were dominating there. 
Roadside sections with a majority of Festuca ovina up to 50% and Lolium perenne up to 
40% were also noticed. For sowing, it was recommended to use the species indicated by 
the General Directorate for National Roads and Motorways. None of the designed 
mixtures included an extra share of other plants, e.g. papilionaceous plants. The 
situation is an example illustrating the state of mixtures used for sowing roadsides in 
Poland. Based on the carried out analyzes, it was found that mixtures containing from 3 
to 7 species are available on the Polish market, with 40% being mixtures containing 4 
plant species. The key species in the mixtures are the above-mentioned Festuca rubra, 
Festuca ovina, Lolium perenne. The Shannon biodiversity index of the analyzed 
mixtures ranged from 0.64 to 1.75. It should be noted that on the market there are also 
several mixtures of flower meadows intended for roadside areas, whose biodiversity 
index ranged from 2.40 to 3.8. These types of mixtures in roadside areas are applied 
only sporadically. 

Floral analysis and plant cover 

There were 116 species of vascular plants identified. The majority (91 species) were 
native species, whose share in the coverage of roadside slopes was 96.78% on average. 
The identified species belonged to 29 families, of which the Asteraceae (28 species) and 
the Poaceae (20 species) clearly stood out in terms of the number of species. 
Additionally, a relatively high share of the Fabaceae family (9 species) was recorded. 
The prevalence of the families mentioned above is also visible in the analysis of the 
degree of coverage but in this case the Poaceae family dominates (81%), Asteraceae 
amounts only to approximately 7%, and the Fabaceae share exceeds just over 1% 
(Table 2). 

The share of other individual families was negligible and did not exceed 1% on 
average. Among the species from the Poaceae family, Agrostis gigantea and Agrostis 
capillaris clearly stood out with an average share of 26.69% and 26.32%, respectively. 
A high average share was also noted in the case of Lolium perenne – 16.33%, Festuca 
rubra – 8.23%, and Elymus repens – 5.23%. The individual share of other species from 
Poaceae did not exceed 4%. The average share of individual species from Asteraceae 
did not exceed 1.5%. The most numerous were Artemisia vulgaris (1.41%) and Achillea 
millefolium (1.36%). As many as 5 species are invasive species of Conyza canadensis, 
Erigeron annuus, Galinsoga parviflora, Solidago canadensis, Solidago gigantea, whose 
overall average share is 1.18%. The plant cover was about 95% - this situation was 
similar in the case of all roadsides, with the lowest average value occurring on the five-
year-old and six-year-old roadsides where it amounted to 92% (The whole recognized 
plant species in each phytosociological record are in Excel file). 
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Table 2a, b, c. The average share of plant species from dominated families as Poaceae, 
Asteraceae, Fabaceaa on roadsides 

a,  

Poaceae 

Specie names 
Age of roadsides 

2 5 6 16 

Agrostis capillaris 51.24% 10.00% 0.00% 0.00% 

Agrostis gigantea 37.84% 27.45% 19.00% 42.14% 

Agrostis stolonifera 49.00% 0.00% 0.00% 55.00% 

Arrhenatherum elatius 10.00% 1.00% 0.00% 0.00% 

Calamagrostis epigejos 0.00% 6.00% 0.00% 0.00% 

Dactylis glomerata 0.00% 12.00% 7.50% 0.00% 

Deschampsia caespitosa 0.00% 12.50% 0.00% 0.00% 

Digitaria ischaemum 0.00% 0.00% 0.00% 2.00% 

Elymus repens 15.80% 0.088 19.45% 19.00% 

Festuca arundinacea 0.00% 10.00% 30.00% 0.00% 

Festuca ovina 0.00% 5.00% 0.00% 0.00% 

Festuca pratensis 0.00% 20.00% 0.00% 0.00% 

Festuca rubra 0.00% 35.83% 41.67% 30.00% 

Holcus lanatus 14.90% 0.00% 0.00% 0.00% 

Lolium perenne 16.33% 11.88% 18.00% 5.00% 

Phalaris arundinacea 0.00% 30.00% 15.00% 0.00% 

Poa angustifolia 75.00% 22.79% 0.00% 15.00% 

Poa trivialis 10.00% 0.00% 0.00% 0.00% 

Setaria glauca 5.00% 2.40% 0.00% 0.00% 

Setaria viridis 0.00% 9.50% 7.00% 5.00% 

b,     

Asteraceae 

Specie name 
Age of roadsides 

2 5 6 16 

Achillea millefolium 1.46% 3.59% 3.33% 8.29% 

Artemisia campestris 1.00% 2.71% 0% 0.00% 

Artemisia vulgaris 1.42% 5.63% 3.33% 5.00% 

Bellis perennis 0.00% 1.00% 0.00% 0.00% 

Carduus crispus 0.00% 1.00% 3.00% 0.00% 

Centaurea jacea 0.00% 1.00% 0.00% 0.00% 

Centaurea rhenana 0.00% 2.00% 0.00% 0.00% 

Cichorium intybus 1.50% 3.00% 2.00% 5.00% 

Cirsium arvense 1.25% 5.00% 3.00% 5.00% 

Cirsium vulgare 0.00% 1.20% 0.00% 0.00% 

Conyza canadensis 1.00% 2.00% 11.00% 5.00% 

Erigeron annuus 1.00% 0.00% 0.00% 0.00% 

Galinsoga parviflora 0.00% 4.00% 0.00% 0.00% 

Helichrysum arenarium 0.00% 1.00% 0.00% 0.00% 

Hieracium pilosella 0.00% 0.00% 1.50% 0.00% 

Hieracium spilophaeum 0.00% 0.00% 0.00% 0.00% 

Leontodon autumnalis 1.00% 0.00% 0.00% 0.00% 

Matricaria chamomilla 0.00% 1.40% 2.00% 0.00% 

Matriciara maritima 1.50% 1.50% 0.00% 3.00% 

Senecio viscosus 0.00% 2.00% 5.00% 0.00% 

Senecio vulgaris 0.00% 2.00% 0.00% 0.00% 

Solidago canadensis 1.80% 3.50% 1.00% 0.00% 

Solidago gigantea 1.00% 10.00% 0.00% 5.00% 
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Sonchus arvensis 2.25% 1.80% 0.00% 4.50% 

Sonchus oleraceus 1.00% 1.00% 0.00% 4.00% 

Tanacetum vulgare 0.00% 5.36% 2.00% 0.00% 

Taraxacum officinale 2.00% 2.40% 0.00% 0.00% 

Tussilago farfara 0.00% 0.00% 0.00% 10.00% 

c,     

Fabaceaa 

Specie names 
Age of roadsides 

2 5 6 16 

Lathyrus pratensis 0.00% 0.00% 1.00% 0.00% 

Lotus corniculatus 0.00% 1.50% 0.00% 0.00% 

Medicago falcata 0.00% 2.25% 2.00% 0.00% 

Medicago lupulina 0.00% 4.00% 0.00% 0.00% 

Vicia cracca 1.20% 5.71% 1.67% 4.00% 

Vicia hirsuta 1.50% 0.00% 2.00% 0.00% 

Vicia sativa 0.00% 0.00% 6.00% 0.00% 

Vicia sepium 0.00% 0.00% 3.00% 0.00% 

Vicia villosa 0.00% 2.40% 0.00% 0.00% 

 
 
Phytosociological analysis 

Plant species belong to grasses communities such as Nardo-Callunetea (41%) and 
Molinio-Arrhenatheretea (31%). It was determined that 9% are accompanying species, 
8% belong to grasslands, 6% are forest species, 3% of species belong to lagg, and 2% 
are species belonging to rushes (Table 3). Their distribution in land cover, however, 
varies depending on individual years of use. On young roadside (2 years after putting 
the road into service) there is a dominance of species characteristic of grasslands (47% 
of the area) and pastures (44% of the area). It is directly related to the selection of 
species of seed mixtures for sowing. Five to six years after the start of use, the share of 
species characteristic of pastures increases significantly (from 60% to 74%). The share 
of ruderal species reaching 25% and accompanying species (16%) is on the increase as 
well. Along 16-year-old roads, the communities stabilize further - the share of species 
characteristic of pastures increases (67%), the share of ruderal and associated species 
drops down to 18% and 14%. 
 

Table 3. Share of characteristic plant species (%) in different vegetation types 

Vegetation types Share of characteristic species in % 

Ruderal 41 

Pasture 31 

Accompanying species 9 

Grasslands 8 

Plantings 6 

Lagg 3 

Rushes 2 

 
 
Synoptic table and DCA 

The changes taking place in the species composition are also noticeable in the 
synoptic table taking into account their fidelity and frequency. TWINSPAN method and 
6 groups (from A to F) were distinguished. Group C (49 phytosociological records) and 



Żołnierczuk - Fornal-Pieniak: Effects of management and succession process on the composition of vascular herbaceous plant 
species along roadside areas in Poland 

- 5831 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5821-5839. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_58215839 
© 2020, ALÖKI Kft., Budapest, Hungary 

D (47 phytosociological records) clearly stand out. In the case of phytosociological 
records taken along the S17 express road in the Lubelskie voivodeship, a relatively high 
level of homogeneity of the groups can be seen (species from group C dominate). An 
exemplary arrangement of groups in transects is presented in Table 4. Some plant 
species with high fidelity and frequency in the groups A –F were distinguished: group 
A: Artemisia campestris, Cirsium arvense, Deschampsia caespitosa, Elymus repens, 
Rumex thyrsiflorus, group B: Artemisia campestris, Equisetum arvense, Festuca 
arundinacea, Poa angustifolia, group C: Agrostis capillaris, Agrostis gigantea Achillea 
millefolium, Plantago lanceolata, group E: Agrostis gigantea, Daucus carota, group F: 
Cardamine pratensis, Carduus crispus, Festuca rubra, Hieracium pilosella, Vicia sativa 
(Figure 4). 
 

Table 4. Exemplary arrangement of groups in transects (own study) 

 
Voivodship 

Lubelskie 
Voivodeship 

Masovian Voivodship 

Age of roadsides 2 5 6 16 

Location on 
slope 

Peak of slopes C A B D D D D D 

Middle of the 
slopes 

C C D B D F D D 

Area near the 
drainage dich 

C C D B F D D D 

Counterslope C C E E D D E D 

 
 

Figure 4. Multivariate DCA analysis - relationship between species composition and road age 
(own research) 

 
 

Mesohemerobes plants were dominating, accounting for 25% of all plant species in 
general. Together with intermediate species between mesohemerobia and 
b-euhemerobia they constitute 47% of all species. The share of the remaining hemerobia 
groups was similar to each other ranging from 8% to 14%. Considering the degree of 
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coverage, grades 2 and 3 (87%) dominate in the case of young roadside. On the 
roadsides aged 5-6 years, a-euhemerob (up to 35%) dominates. After 16 years of use, 
stabilization and growth of grade 2 and 3 species of hemerobia occur (49%) (Figure 5). 
 

Figure 5. Distribution of species share relative to the degree of hemerobia: 0 - ahemerob, 1 – 
oligohemerob (negligible human impact), 2 - intermediate form of 1 i 3, 3 - mezohemerob 
(moderate human impact), 4 - intermediate form of 3 i 5, 5 – b-euhemerob (strong human 

influence), 6 
 
 
Life forms 

Perennial species are dominating (74% of the total number of species) on the studied 
areas. Annual plants constitute 21% of the total while biennial plants as much as 5%. 
When examining the degree of coverage by individual species, the dominance of 
perennial species is clearly visible, which on 93% of roadsides occupy 93%, 
five-year-old about 75%, and 16-year-old - 88%. Areas with incomplete short-circuits 
obtain the highest biodiversity indicators - unoccupied spots are inhabited by annual 
species. In places where the short circuit is greater, the value of the Shannon index 
decreases (r = -0,46636) (Figure 6). 
 

Figure 6. A scatter chart illustrating the impact of the share of perennial species in area 
covered on the level of the Shannon index, r = -0,46636 (own study) 
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Effects of the different factors as roads age, slope of the slope⁰, slope lengt on 

vegetation biodiversity 

In the design documentation of the analyzed road sections it was assumed that the 
slopes would be sown with mixtures consisting only of grasses. During the 
phytosociological analysis, it was found that the share of species from the Poaceae 
family decreases with age of the roads (Figure 7). The resulting spaces are inhabited 
during succession mainly by species from the Asteraceae family (Figure 8). 
 

Figure 7. Share of plant species from Poaceae depending on the age of the road. r=-,5063 (own 
study) 

 
 

Figure 8. Share of plant species from Asteraceae depending on the age of the road. r=-,55091 
(own study) 

 
 

The analyzes show that as the angle of inclination increases, the species diversity of 
the vegetation decreases (Figure 9). This is related to, among others with higher speed 
of water flowing along the slopes after precipitation - an increase in water speed causes 
easier detachment of seeds, which together with water move towards drainage ditches. 

Based on the results obtained, it can be seen that as the slope length increases, the 
level of biodiversity increases (Figure 10). 
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Figure 9. Shannon index depending on slope of the slope⁰ on the road in different ages. 
r=-,6085 (own study) 

 
 

Figure 10. Shannon index depending on slope length on the road in different ages. r=-,36855 
(own study) 

 
 
Discussion 

Based on the conducted research, it was found that the formulated research 
hypothesis was true. In the course of the study, 116 plant species were identified. This 
result does not differ from the results of research by other authors conducted in the 
studied regions (for example, Trzaskowska and Adamiec (2012) were identified 110 
plant species in Lublin) but also in other climatic regions: in the research of Hayasaka et 
al. (2012) in Japan was noted 122 species, Zeng et al. (2011) in the Yellow River delta 
recognized 100 plant species, and Arenas et al. (2017) along the highway near Madrid 
showed the presence of 130 plant species. Slight differences that appear may be due to 
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the fact that some of the roadside areas studied by the authors were in the early stages of 
use. The smaller plant cover on some stands was mainly the result of technical 
conditions such as: lack of soil compaction, too small layer of fertile soil, large slope 
without additional reinforcements (geotextile, geotextile). These were the places where 
progressing erosion was visible (Xiao et al., 2017). 

The roadside is dominated by native species (Forman et al., 2003; Szwed and 
Perkiewicz, 2010) which was confirmed in the research conducted by the authors where 
the share of alien and cultivated species slightly exceeded 3%. Alien species are mainly 
ruderal species of commonly considered weeds. The adjacent roadsides can potentially 
promote the spread of these species, which raises farmers' concerns (Chaudron et al., 
2016). Understanding the factors that shape roadside vegetation makes it possible to 
design programs that protect biodiversity, which limits the increase in weeds that can 
harm crops (Chaudron et al., 2018). The predominant share of native species is 
associated with the formation of corridors along the roads that allow native and alien 
species to move (Zeng et al., 2011; Arnadottir, 2012). 

Perennial species were dominating, however, their share varies over time. Based on 
the conducted research, the authors concluded that the process of succession takes place 
over time, which is consistent with the situations described by (Wysocki, 1994). Over 
time, the species share may decrease by as much as 17% to 33% of land cover (Wysocki 
and Stawicka, 2000). A similar tendency was stated by Zeng et al. (2011). The author 
observed that after the initial low value of biodiversity of annual plant species, their 
diversity increases, which is in accordance with the view presented by Forman et al. 
(2003), and Pickett and McDonnell (1989). This demonstrates both the succession and 
competition between species. The proven dominance of perennial species confirms that 
they are more resistant to changes in the landscape than annual species (Linborg, 2007; 
Chaudron et al., 2018). The obtained test results prove the need to differentiate the 
species composition of roadside seeding mixtures in terms of life forms. 

Mesohemerobic plants were dominating, which indicates a moderate anthropogenic 
impact. This proves, among other things, a small amount of care work, which is limited 
to extensive mowing 2-3 times a year. Minimization of outlays related to care positively 
effects the biodiversity of plant cover as it promotes changes in species composition and 
an increase in the number of species (Kull and Zobel, 1991; Bernhardt-Romermann et 
al., 2011). 

The species composition of the roadside in the first years of use clearly differs from 
other years, as evidenced by the obtained test results. These results are evidence that the 
mixtures used and their composition require modification because the sown vegetation 
does not withstand difficult habitat conditions and the species composition changes. 

The method of management impacts the dominance of species with a competition 
strategy. The method of mowing particularly influences the characteristics of plants 
associated with the strategy C (Klimesova et al., 2008; Chaudron et al., 2016; Fried et 
al., 2018). There is a high probability that a change in the composition of seed mixtures 
used for sowing slopes and a change in the way of vegetation care (e.g. by means of 
mowing) will contribute to creating a certain balance between competition, stress and 
disturbances enabling maintaining a high level of biodiversity (Bretzel et al., 2016). 
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Conclusions 

Herbaceous vegetation should be subject to rational and conscious design, constant 
control and care along the road lane for its proper quality and durability. These activities 
pose significant challenges for specialists within the realm of road problems. One of 
more important aspects is shaping the biodiversity of roadside spaces, which makes it 
possible to give them significance in the protection of native flora and fauna. Due to the 
direction of changes in the development of roadside space, the importance of 
biodiversity of herbaceous vegetation along roads will increase. One of the problems of 
poor vegetation associated with the appearance of areas without vegetation and 
progressive erosion on roadside is the manner of establishing herbaceous vegetation. As 
reported by Stabb et al. (2015) when selecting a seed mix, engineering constraints on 
roadside slopes, which are associated with specific conditions in a given area, should be 
taken into account as well as ensuring biodiversity. Thus, the right species selection of 
plants for roadside spaces makes it possible to give them importance in the protection of 
native flora as well as the fauna of agricultural landscapes (Spooner and Smallbone, 
2009). 

According to the European Landscape Convention it is necessary to take all 
measures to promote protection, management and landscape planning, including in 
roadside areas. Unfortunately, on the basis of the analyzed cases, it can be stated that the 
landscape's dissonance around expressways space is deepening. The mixtures used for 
sowing roadside slopes have a poor composition (up to 8 species). This is an 
unfavorable situation that does not guarantee species stability. In order to preserve the 
spread of species composition, additional financial outlays and actions implementing 
the principles of sustainable development are necessary. To promote the trend, it is 
advisable to diversify the composition of mixtures used in roadside areas with species 
from the Asteraceae and Fabaceae families. These are the species that after several years 
of use penetrate into empty roadside areas resulting from falling out plants that have not 
withstood harsh habitat conditions. In order to increase the level of biodiversity of 
roadside plant growing it is recommendable to apply annual and biennial species as well 
as ones with a high degree of hemerobia or species with a competition strategy (C). The 
use of these species at the time of sowing will enable integration with the surrounding 
space, building biodiversity as well as strengthening security, including thanks to the 
varied space. 
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Abstract. It is essential to identify the environmental impact of crop production with different soil tillage 
systems and to find solutions for reducing greenhouse gas emissions if we are to develop low-carbon 
agriculture. The aim of the study was to assess and compare the carbon footprint and costs of winter 
wheat production in different soil tillage systems using a life cycle approach. The winter wheat 
production in three soil tillage systems: conventional tillage, reduced tillage and direct sowing was 
analysed. The study was conducted in 2015-2017 on 15 farms in the Wielkopolska region (Poland). 
Inclusion of carbon sequestration into the assessment of carbon footprint allowed for a considerable 
reduction of the net global warming potential associated with wheat production in unploughed tillage 
systems. The highest average cost of wheat production per one tonne grain yield was found in reduced 
tillage. Conventional tillage was associated with the highest costs and greenhouse gas emissions in soil 
cultivation and sowing, mainly due to a higher fuel consumption and more intensive use of agricultural 
machinery in comparison to systems with reduced tillage and direct sowing. Pre-farm production linked 
with the direct input levels contributed mostly to a high overall cost of winter wheat production in the 
analysed tillage systems. 
Keywords: agriculture, climate change, eco-efficiency, carbon sequestration, grain crop 

Introduction 

Certain amounts of raw materials and energy are consumed in agriculture for 
production purposes, having adverse effects on the environment such as air, water and 
soil pollution (Kanianska, 2016). The release of nitrous oxide (N2O), methane (CH4) 
and carbon dioxide (CO2) contributes to the enhanced greenhouse effect (UNEP, 2010). 
This is a major concern due to changing climate conditions (Cihelková, 2011). It is 
estimated that the share of food systems in global anthropogenic greenhouse gas (GHG) 
emissions amounts to 19–29% and agricultural production contributes approximately 
80% of the total food system emissions (Vermeulen et al., 2012). In the European Union 
(EU), the agricultural sector is responsible for 10% of the total GHG emissions (EEA, 
2019). According to the EU Action Plan for achieving the reduction of gaseous 
pollutants, agriculture, as one of the economic sectors not covered by the EU Emission 
Trading System, must cut its GHG emissions by 30 percent by 2030 based on 2005 
figures (EC, 2014). Mitigation and adaptation to climate change are important 
challenges facing crop production (Loboguerrero et al., 2019). Farmers, in efforts to 
achieve the best possible production and economic results must take into account the 
need to protect the environment including the issue of climate change (Liu et al., 2016). 
Therefore, it is essential to search for solutions and ways to prevent the depletion of 
natural resources and reduce the emissions of harmful substances related to crop 
production (Beddington et al., 2012; Campbell et al., 2016). 
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Conventional, traditional tillage based on soil inversion by plough is a dominant soil 
tillage system. However, there is growing interest in unploughed tillage systems. The 
share of arable land on which non-inversion tillage systems were practised in Poland 
was 9%, while in the EU it reached 26% (CSO, 2012; Eurostat, 2018). The scientific 
literature relating to the soil tillage systems indicates that abandoning ploughing does 
not only lead to savings in labour cost, energy expenditure and time on soil preparation 
for sowing but also has positive influence on physical, chemical and biological soil 
properties (Morris et al., 2010; Vach et al., 2016). There is a wide range of agricultural 
machines available on the market that contributes to a growing tendency towards the 
unploughed tillage systems, particularly in the case of large, commercial farms. They 
are able to afford the purchasing cost of high-powered tractors and specialized 
agricultural equipment designed for the soil preparation without ploughing (Wandel and 
Smithers, 2000). The use of modern multi-task machines performing simultaneously the 
operations of soil tillage, fertilizer application and sowing enables to decrease tillage 
depth and reduce the number of tillage operations. Due to the fact that fuel consumption 
is lower, this is considered the most important way to obtain lower GHG emission and 
costs (Guardia et al., 2016; Townsend et al., 2016). 

GHG emissions are generated at various stages of the life cycle of agricultural 
products. Apart from agricultural operations, off-farm processes such as extraction of 
raw materials, manufacture of agricultural production means, transport, use and final 
disposal are also potential GHG emission sources (Cooper et al., 2011; Moudrý et al., 
2013a). The total amount of GHG emission resulting from all processes throughout the 
crop life cycle can be evaluated with the carbon footprint indicator (Pandey et al., 
2011). It reflects the potential impact on global warming throughout the life cycle of a 
product or a process, allowing one to determine ways to reduce the negative impact 
(Weidema et al., 2008; BSI, 2011). Regarding the impact of the agricultural production 
on the carbon footprint, the soil organic carbon sequestration needs to also be taken into 
consideration (Hillier et al., 2009). 

Wheat (Triticum aestivum L.) is one of the most important food crops. It occupies the 
third place in the world cereal production, after maize (Zea mays L.) and rice 
(Oryza sativa L.) and the first place in terms of cereal crop area (FAO, 2019). Research 
on both environmental and economic effects of wheat production, depending on tillage 
practices is important for achieving more environmentally friendly food production. In 
order to have a comprehensive comparison of soil tillage systems, the whole life cycle 
of the crop should be taken into account. The aim of the study was to determine the 
carbon footprint and life cycle costs of winter wheat grown with different soil tillage 
systems. 

Materials and Methods 

Study sites 

The research was carried out on 15 agricultural farms, located at 51º-52º north 
latitude and 15º-19º west longitude in the Wielkopolska region, Poland (Fig. 1), during 
two consecutive growing seasons 2015/2016 and 2016/2017. The selection of farms was 
made with an expert advisory based on the information resources of the Wielkopolska 
Agricultural Advisory Centre (WAAC) in Poznan. The cooperation with the agricultural 
advisers of WAAC has allowed to select the farms best reflecting the criterions adopted 
for the research regarding to winter wheat production under three soil tillage systems: 
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conventional tillage (CT), reduced tillage (RT) and direct sowing (DS). There were five 
farms chosen in each of three groups of farms representing particular soil tillage 
systems. The description of studied farms is presented in detail in Table 1. Data for 
analyses were gathered through face-to-face interviews with the farmers using a 
prepared questionnaire. 
 

Figure 1. Location of studied farms in the Wielkopolska region 
 
 

Table 1. Characteristics of studied farms representing wheat production under conventional 
tillage (CT), reduced tillage (RT) and direct sowing (DS) systems (averages from the study 
years with min–max range in parentheses) 

Specification CT RT DS 

Number of farms 5 5 5 
Utilised agricultural area (ha) 35.2 (7.8-73.1) 69.4 (18.5-156.3) 316.0 (44.5-975.0) 

Share of arable lands (%) 92.4 (77.0-100.0) 99.4 (98.0-100.0) 94.0 (82.3-100.0) 
Share of permanent grasslands (%) 7.6 (0.0-23.0) 0.6 (0.0-2.0) 6.0 (0.0-17.7) 

Livestock density (LSU ha-1) 0.6 (0.0-1.0) 0.3 (0.0-1.1) 1.6 (0.0-4.9) 
Cropping pattern (%)    

- cereals 85.1 (65.5-100.0) 62.0 (39.9-76.7) 66.4 (37.4-100.0) 
- industrial crops 12.9 (0.0-26.7) 29.4 (21.4-40.5) 15.1 (0.0 -49.4) 

- feed plants 1.1 (0.0-11.2) 1.6 (0.0-9.1) 16.3 (0.0-62.6) 
- other plants 0.9 (0.0-7.2) 7.0 (0.0-20.8) 2.2 (0.0-16.7) 
- catch crops 11.5 (0.0-23.0) 27.0 (0.0-45.9) 19.7 (0.0-40.2) 

 
 

In the studied farms, CT included post-harvest tillage operations, ploughing to 
25-30 cm depth and soil preparation before wheat sowing. For deep or shallow RT, 
instead of a plough, the most commonly tillage machine used was a disc cultivator or a 
cultivator with rigid tines. In turn, if DS system was practiced, the seeds were placed 
directly into the untilled soil with crop residues using a specialist direct seed drill. 
Figure 2 presents winter wheat cultivation in three tillage systems. The average grain 
yields per hectare were 7.6, 6.9 and 6.6 tonnes in CT, RT and DS, respectively. 
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Figure 2. Winter wheat cultivation in conventional tillage (a), reduced tillage (b) and direct 
sowing (c) 

 
 
Carbon footprint 

The total amount of GHG emission from the life cycle of winter wheat production 
under different soil tillage systems was determined with the carbon footprint indicator 
whose value is expressed in CO2 equivalent. Carbon footprint was calculated according 
to the life cycle assessment (LCA) methodology that consists of the four phases: 1) the 
goal and scope definition, 2) the life cycle inventory analysis (LCI), 3) the life cycle 
impact assessment (LCIA), with the following steps: the selection of impact categories, 
category indicators and characterisation models, the assignment of LCI results 
(classification) and calculation of category indicator results (characterisation), 4) the 
interpretation of results (PKN, 2006, 2009; Caffrey and Veal, 2013). 

Goal and scope 

The goal of this study was to compare the carbon footprint of wheat production in 
different soil tillage systems. The system boundaries were from "cradle-to-farm gate", 
i.e. from the manufacturing of means of agricultural production to the processes of crop 
cultivation and harvesting (Fig. 3). Two phases of the life cycle, namely the pre-farm 
production and farm production were distinguished within the studied system. The first 
phase as the background included manufacture, transportation and delivery of means of 
agricultural production (fuel, agricultural machinery, agrochemicals, seeds etc.) to the 
farm gate. The farm production constituting the foreground system concerned the crop 
production processes as: soil cultivation, sowing, fertilization, plant protection and 
harvesting. The functional unit chosen was 1 tonne of wheat grain. 

Life cycle inventory 

In order to perform the LCA analysis, the following data were obtained from the 
farms: the characteristics of fields under winter wheat cultivation, the yields and 
detailed information on wheat production technology including type and duration of 
field operations, characteristics and technical specifications of agricultural machinery 
used, consumption of seeds, fertilizers, plant protection products, fuel and lubricants. It 
was assumed that the mass of spare parts constituted 30% of the mass of machinery 
used and the mass of repairs materials constituted 4% of mass of spare parts (Harasim, 
2002). Consumption of lubricants was set to 4% of the consumption of fuel (Harasim, 
2002). 
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Figure 3. System boundaries diagram of the life cycle of wheat production from “cradle-to-
farm gate” 

 
 

During the second LCA phase (LCI), for each considered soil tillage system in 
winter wheat production, the energy and material inputs as well as the environmental 
emissions that contribute to the greenhouse effect were identified and calculated 
quantitatively per functional unit of 1 t of grain. Data on the amounts of synthetic 
fertilizers applied and the emission factors depending on the types of fertilizers given by 
the EMEP guidebook (EEA, 2013) were used to estimate the direct and indirect N2O 
emissions from the mineral fertilization. Calculations of N2O emission from crop 
residues were based on the methodology provided by the Intergovernmental Panel on 
Climate Change (IPCC, 2006). The emissions related to nitrate leaching were estimated 
in accordance with a method adopted by van Beek et al. (2003). Emissions from fuel 
combustion were estimated based on the amounts of fuel consumption in field 
operations according to the EMEP guidebook (EEA, 2016). For inclusion of soil 
organic carbon (SOC) changes in LCA, the assessment of the SOC sequestration 
potential in a 100-year perspective was performed (Petersen et al., 2013). The carbon 
inflows from crop residues of winter wheat as well as catch crops and soil tillage system 
were taken into account in this approach. The data source for inventory of background 
processes such as production of agrochemicals and agricultural machinery was the 
Ecoinvent version 3.0 database (Swiss Centre for Life Cycle Inventories) used with the 
TEAM version 5.3 software (PricewaterhouseCoopers - Ecobilan). 
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Life cycle impact assessment and interpretation 

The life cycle impact assessment was performed using the CML (Center of 
Environmental Science of Leiden University) methodology, based on a midpoint 
approach. The IPCC data were used for the estimation of the global warming potential 
(GWP) in a 100-year time horizon (Guinée et al., 2002; IPCC, 2007). The formula for 
calculating the carbon footprint indicator is given in Equation 1 (Kowalski et al., 2007). 
 

  =
i

iai GWPmfootprint Carbon ,

 

(Eq.1) 

 
where: mi – the quantity of the substance i emitted (in kg per functional unit), GWPa,i – 
the global warming potential for a substance i over a time horizon a (expressed relative 
to CO2 per kg i). 

In order to broaden the interpretation of the obtained results and to investigate the 
influence of the key input parameters, sensitivity analysis was performed by varying 
each parameter one-at-a-time by 5 percent of its original value (Guinée et al., 2002). 

Life cycle costs 

The life cycle costing (LCC) methodology was applied for economic evaluation all 
costs of the life cycle of winter wheat production in the stages from "cradle-to-farm 
gate" (Rebitzer and Seuring, 2003). The set of data gathered for the purposes of the 
LCC analysis consisted of the cost items related to the inputs for the crop production 
such as fertilizers, plant protection products, seeds, agricultural machinery, fuel etc. The 
machinery costs included the costs of owning (depreciation, insurance and housing) and 
operating (repairs and maintenance, fuel, labour). The results of LCC analysis were 
expressed in monetary values (in euros) and referenced to the functional unit of 1 tonne 
of grain. 

Results and Discussion 

An inventory table of inputs was prepared in relation to the functional unit of 1 tonne 
of grain yield (Table 2). The seed rates in RT and DS were 10-11% higher than in CT. 
The highest consumption of mineral fertilizers was found in wheat cultivated under DS 
(43.4 kg NPK t-1), followed by RT (40.2 kg NPK t-1). The most effective fertilization 
was in CT (23.6 kg NPK t-1). Total consumption of active substances (a.s.) in plant 
protection amounted to 0.26 kg, 0.30 kg and 0.22 kg per 1 t of grain in CT, RT and DS, 
respectively. The highest levels of diesel oil consumed and agricultural machinery used 
were noted in RT despite foregoing energy-intensive ploughing. This is due to the fact 
that a modern, heavy equipment including high-powered tractors and multi-task 
machines with a large working width were mostly used in RT. Both the consumption of 
diesel oil and the use of agricultural machinery were the lowest in DS. 

The results of LCA analysis for the life cycle of winter wheat production, based on 
the described system boundaries gave a total value of the carbon footprint indicator of 
309.6 kg, 393.5 kg and 397.1 kg CO2 eq. per 1 t of grain for CT, RT and DS, 
respectively (Fig. 4). It should be noted that higher GHG emissions in DS and RT 
occured mainly due to higher nitrogen fertilizer inputs (Table 2). By taking into account 
the differences between the levels of GHG emissions and the SOC sequestration 
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potential, estimated due to crop residues availability and soil tillage system, it was 
possible to assess the net value of the carbon footprint of wheat production. 
Contribution of SOC sequestration to the carbon footprint was mostly present in RT and 
DS, allowing to decrease the carbon footprint by 32% and 19%, respectively. With 
regard to life cycle costs of wheat production, the highest cost was found for RT 
(EUR 105.4 t-1), followed by DS (EUR 97.6 t-1) and CT (EUR 76.0 t-1). 
 

Table 2. Inventory data of main inputs and costs in winter wheat production under 
conventional tillage (CT), reduced tillage (RT) and direct sowing (DS) systems per 
functional unit of 1 tonne of grain 

Type of input 
Consumption per 1 t of grain Cost (EUR) per 1 t of grain 

CT RT DS CT RT DS 

Seeds (kg) 25.0 27.8 27.5 10.8 12.0 11.6 
Nitrogen fertilizers (kg N) 15.4 18.8 22.5 12.7 16.0 19.4 

Phosphorus fertilizers (kg P2O5) 3.49 6.95 5.05 3.0 6.9 4.7 
Potassium fertilizers (kg K2O) 4.67 14.4 15.8 2.6 9.9 7.8 

Herbicides (kg a.s.) 0.17 0.13 0.08 7.1 5.2 3.5 
Fungicides (kg a.s.) 0.08 0.09 0.09 3.3 3.6 4.0 

Growth regulators (kg a.s.) 0.01 0.08 0.05 0.4 3.2 2.2 
Agricultural machinery (kg) 1.56 1.62 1.04 9.4 17.8 21.8 

Spare parts (kg) 0.49 0.51 0.33 2.9 5.6 6.9 
Diesel oil (kg) 12.6 14.8 9.14 14.8 17.9 10.8 
Lubricants (kg) 0.50 0.59 0.36 3.4 4.0 2.4 

 
 

Figure 4. Combined results of the life cycle costs and carbon footprint of the winter wheat 
production under conventional tillage (CT), reduced tillage (RT) and direct sowing (DS) (SOC 

– soil organic carbon changes included) 
 
 

A similar result of the carbon footprint of wheat production was reported by Charles 
et al. (2006) (381 kg CO2 eq. t-1). Studies in the Czech Republic showed that the GHG 
emission was higher, amounted to 558 kg CO2 eq. per tonne of grain in wheat 
production under CT (Moudrý et al., 2013b). According to Sørensen et al. (2014) the 
total GHG emission per t of wheat grain was 655 kg CO2 eq. for CT, 589 kg CO2 eq. for 
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RT and 628 kg CO2 eq. for DS. In Finland, the differences in emissions between soil 
tillage systems were minor (Rajaniemi et al., 2011). Following these authors’ 
explanation, if the carbon footprint assessment considers functional unit based on yield, 
the amount of GHG emissions per unit of grain is strongly dependent on the obtained 
yield size in the assessed system. Thus, the results of the impact assessment of crop 
production in different soil tillage systems may also be influenced by the differences in 
productivity achieved from these systems. In the presented study, the grain yield of 
wheat was lower in RT (by 9.2%) and DS (by 13.2%) compared to CT. Similar effects 
of soil tillage systems on wheat yields in the Wielkopolska region were observed by 
Panasiewicz et al. (2020). Townsend et al. (2016) stated that yield reductions in RT are 
small, suggesting that RT offers a realistic and attainable sustainable intensification of 
crop production. The level of the use of raw materials is an important determinant of the 
carbon footprint (Chiriaco et al., 2017). The production and use of nitrogen fertilizers 
contributes significantly to GHG emissions (Williams et al., 2010; Skowrońska and 
Filipek, 2014). Gan et al. (2014) showed that integrating improved practices such as 
fertilizing crops based on soil tests, reducing summer fallow frequencies and including 
grain legumes to rotation with cereals reduces the carbon footprint of spring wheat. It 
was also demonstrated that for each kg of grain produced, a net amount of 
0.027-0.377 kg CO2 eq. was captured from the atmosphere. In Danish studies, there 
were highlighted opportunities for carbon mitigation by incorporation of green manure 
crops (Knudsen et al., 2014). Wang and Dalal (2015) stated that implementation of 
no-till and stubble retention resulted in lower carbon footprint values. 

Among the field operations, mineral fertilization was the major contributor to the 
total GHG emissions in three soil tillage systems (Fig. 5). Its share in the carbon 
footprint value was in the range from 72.5% for CT to 83.9% for DS. The soil 
cultivation and sowing also highly affected the carbon footprint, especially in the case 
of CT (20.1%) due to high fuel consumption and use of agricultural machinery. The 
LCC analysis indicated that the soil cultivation and sowing resulted in a considerable 
part of life cycle costs of wheat production under CT (representing 41.3% of all costs). 
The total costs of RT and DS depended mainly on the fertilization (38.1% and 42.7%, 
respectively). 
 

Figure 5. Contribution of field operations with associated inputs to the carbon footprint and 
costs of the winter wheat production under conventional tillage (CT), reduced tillage (RT) and 

direct sowing (DS) 
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Other authors also clearly identified that the mineral fertilization is responsible for a 
considerable part of GHG emissions from crop production (Brock et al., 2012; Mancuso 
et al., 2019). This is a concern in particular nitrogen fertilizers (Yan et al., 2015). In 
Lithuania, the costs of soil cultivation and sowing in CT were by 5 to 50% higher than 
those of various variants of RT systems and by up to 3.5 times higher than the costs of 
DS (Sarauskis et al., 2012). According to Townsend et al. (2016), despite lower fuel and 
machinery costs, unploughed tillage leads to additional crop protection costs resulting 
from a greater risk of weed, pest and disease burdens. 

As shown in Figure 6, the highest cost and the largest carbon footprint associated 
with fuel consumption for the soil cultivation and wheat sowing was noted in CT. The 
fuel consumption in DS involved both least cost and GHG emissions. The use of 
machinery caused the highest cost and the largest GHG emissions in RT, while the least 
cost was in CT and the lowest carbon footprint was stated in DS. 
 

Figure 6. Combined results of the life cycle costs and the carbon footprint related to the fuel 
consumption and machinery use for the soil cultivation and wheat sowing under conventional 

tillage (CT), reduced tillage (RT) and direct sowing (DS) 
 
 

Filipovic et al. (2006) showed that DS and RT due to lower fuel consumption for soil 
tillage ensured the reduction in GHG emission compared to CT. Positive effects of DS 
and RT on fuel savings and reduction of GHG emissions were also recorded by Stajnko 
et al. (2009) in studies on production of silage corn. Sørensen et al. (2014) stated that 
unploughed tillage generates savings in direct energy input and the amount of 
machinery items needed for soil tillage, thus it may lead to lower GHG emission. In 
studies by Sarauskis et al. (2012), the highest costs of cultivation and sowing in 
different tillage systems were found in small farms with areas of 2 ha. When the farm 
size was increased to 20 ha, the costs decreased. 

In each soil tillage system, the pre-farm phase including manufacture and delivery of 
inputs for wheat production was more dominant in shaping the carbon footprint than the 
farm production phase. This also contributed more to the overall costs of the life cycle 
of wheat production (Fig. 7). 
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Figure 7. Carbon footprint and life cycle costs at pre-farm production and farm production life 
cycle phases of winter wheat under conventional tillage (CT), reduced tillage (RT) and direct 

sowing (DS) 
 
 

Several studies also showed that the pre-farm production phase generated more GHG 
emissions than on-farm production (Biswas et al., 2008; Zhang et al., 2017). It should 
be stated that this results from a high share of energy- and material-consuming 
processes. Lares-Orozco et al. (2016) reported that the production of synthetic fertilizers 
accounted for 35% of the total emissions from the life cycle of wheat production. In life 
cycle of wheat production in Western Australia, GHG emissions from the production of 
fertilizers accounted for a significant portion of the impact for the pre-farm phase and 
the use of fertilizers was predominant for the on-farm phase (Biswas et al., 2008). 
Production of mineral fertilizers increases GHG emissions, mainly CO2 from fossil 
fuels used in production, while application of fertilizers contributes mostly to N2O 
emissions (Biswas et al., 2008; Skowrońska and Filipek, 2014). 

Considering the results of sensitivity analysis of key input parameters for the carbon 
footprint, it can be concluded that the total amount of nitrogen (N) fertilizers applied 
ranked as the most influential factor (Fig. 8). Varying N fertilizer application rate by 
5% resulted in a change of total GHG emission from the life cycle of wheat by 
approximately 3.7%, 3.3% and 3.2% for DS, CT and RT, respectively. Fuel 
consumption was the second important factor for the carbon footprint. Phosphorus (P) 
and potassium (K) fertilizers, as well as agricultural machinery, had much less 
influence. The least sensitivity for the indicator resulted from the changes in the 
consumption of plant protection products. 

As shown in Figure 9, the life cycle costs of wheat production in three soil tillage 
systems were the most sensitive to the change in the cost of the agricultural machinery. 
It should be noted that the life cycle costs of wheat under DS were more sensitive to the 
cost of machinery (1.5%) than for wheat under RT and CT (1.1% and 0.8%, 
respectively). This is due to the fact that the cost of the machinery was the highest for 
DS. Varying the cost of fuel by 5% resulted in changes of life cycle cost of wheat by 
0.9%, 0.8% and 0.5% for CT, RT and DS, respectively. The cost of N fertilizers was 
also an influential factor, especially in the case of life cycle costs of wheat under DS 
(0.9%). Other cost items including cost of P and K fertilizers, cost of agricultural 
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machinery and cost of plant protection products led to smaller changes in the life cycle 
costs of wheat production. 
 

Figure 8. The sensitivity analysis of input parameters for the carbon footprint of the winter 
wheat production under conventional tillage (CT), reduced tillage (RT) and direct sowing (DS) 
 
 

Figure 9. The sensitivity analysis of cost parameters for the life cycle costs of the winter wheat 
production under conventional tillage (CT), reduced tillage (RT) and direct sowing (DS) 

 
 
Conclusions 

Three soil tillage systems (conventional tillage, reduced tillage and direct sowing) for 
winter wheat production were compared with the use of carbon footprint and life cycle 
costs to present environmental and economic considerations. The research indicated that 
unploughed tillage combined with leaving large amounts of crop residues in the field 
and using catch crops leads to a lower size of the net carbon footprint in comparison 
with traditional tillage. Improvements in management of soil organic matter are 
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important opportunities for the carbon footprint impact reduction. The potential for soil 
organic carbon retention can be increased by abandoning ploughing, growing cover 
crops and leaving crop residues in the field. 

The fertilization process is a key factor driving the size of carbon footprint and life 
cycle costs of wheat production, independently from the soil tillage system. In 
conventional tillage, the soil cultivation and sowing provided a considerable share of the 
total carbon footprint and life cycle costs. Adoption of unploughed tillage systems is 
conducive to addressing climate change and achieving more eco-efficient performance. 

The inclusion of environmental costs is recommended to be employed in future 
studies on the environmental burden of crop production with different tillage systems. 
Assessing the externalities of crop production and demonstrating the value of nature in 
economic terms is necessary to better inform political decision-makers and farmers to 
adopt practices that are more environmentally and economically sustainable. 
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Abstract. In these studies, 14 winter wheat (Triticum aestivum ssp vulgare L.) genotypes were analyzed 
in three localities across the Republic of Serbia. Some morphological and the most important productive 
traits were analysed in order to determine the relationship between grain yield and these traits in the year 
with extreme wet conditions during period of intensive wheat development (April-June period). 
According to our results, period of stem extension, heading and grain filling characterized by lower air 
temperatures and extremely high rainfall at all three localities, had detrimental effects on the grain filling 
process. The genotypes KG-191/5-13 and KG-1/6 achieved above average values of the most desirable 
traits in all three localities, and can be singled out as desirable parents in breeding programs to create new 
and improved varieties of wheat. Based on the principal component analysis and cluster analysis, two 
groups of similar genotypes were distinguished. The highest degree of positive correlation was found 
between diameter of the first internode and diameter of top internode; number of spikelets per spike and 
number of fertile spikelets per spike; grain mass/spike and grain mass/plant; plant height and length of the 
top internode. 
Keywords: wheat, precipitation, yield, Principal Component Analysis, clustergram 

Abbreviations: PH, plant height; LFI, length of the first internode; LTI, length of the top internode; DFI, 
diameter of the first internode; DTI, diameter of the top internode; LFL, length of the flag leaf; WFL, 
width of the flag leaf; SL, spike length; NSS, number of spikelets per spike; NFS, number of fertile 
spikelets; GMS, grain mass per spike; GMP, grain mass per plant; Y, grain yield; PCA, Principal 
Component Analysis; ANOVA, analysis of variance 

Introduction 

In most wheat breeding programs, the main focus is on grain yield and yield 
components (number of spikes per unit area, spike length, number of spikelets per spike, 
number of grains per spike, grain mass per spike and mass of 1000 grains). Araus et al. 
(2008) points out that such an approach has enabled the advancement of production in 
line with the growing population of the planet, while the contribution of breeding in 
Serbia in the second half of the 20th century is measured by increasing the genetic 
potential for grain yield of 32-43 kg ha-1years-1 (Mladenov et al., 2007). Today's 
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predictions about future breeding of wheat and other cereals are largely based on 
existing and future climate change, with drought being one of the key stress factors for 
production. 

However, analysis of trends and intensity of precipitation, both on an annual and 
seasonal or monthly basis in the territory of Serbia, indicate an increase in annual 
precipitation sums in the northern and central parts of Serbia from the middle and the 
end of 1990’s, as in the first decades of the 21st century, relative to the multi-year 
average (Stanojević, 2012; Tošić and Unkašević, 2013). Extreme wet conditions in 
some years were a crucial factor concerning grain yield, as well as technological quality 
in the period of intensive wheat development (period April-June). Xu et al. (2018) 
found that in this particular period of wheat development, the SPEI values of the 
Drought Indicator (Standardized Precipitation Evapotranspiration Index) and soil 
moisture status exhibit a stronger relationship with yield than other stages of growth and 
development. Excessive precipitation and soil water lead to losses in wheat yield 
(Zampieri et al., 2017), due to a stronger attack of pests and diseases, nutrient leaching 
from the soil, difficulty in oxygen uptakeby roots, and difficulty performing work 
operations (eg. harvesting). As an example, the authors cites 2016 and the yield losses 
recorded in France stemming from such an extreme year. 

Selection of short stature wheat varieties with greater ability to utilize nutrients from 
fertilizers are a major feature of genetic improvement in wheat (Bhutta et al., 2006) and 
the basis of increased genetic potential for yield. Even so, lodging is one of the crucial 
factors in yield formation (Yao et al., 2011), even in short, and dwarf wheat varieties in 
the case of insufficient stalk strength. The existence of broad genetic variability for stem 
diameter, wall thickness, and stem material strength as components of stem strength has 
been identified, but the lack of utilization of this source of variability is due to the 
breeder's lack of knowledge of the importance of these traits and the difficulty in 
evaluating them (Berry et al., 2007; Berry and Berry, 2015). Yu et al. (2003) emphasize 
the necessity of combining the mechanical strength of the stem and other desirable 
features in order to increase the resistance to lodging. 

The paper examines wheat genotypes selected at the Center for Small Grains 
Kragujevac (Serbia) to determine the relationship between the final grain yield and 
individual morphological traits as components of the mechanical strength of the stem, as 
well as the most important productive traits in the year with extreme wet conditions. 

Material and Methods 

Plant material 

In these studies, 14 winter wheat genotypes were analyzed (Triticum aestivum ssp 
vulgare L.), of which 13 genotypes represent promising selection lines created at the 
Center for Small Grains in Kragujevac (KG - 47/21, KG - 52/3, KG - 1/6, KG - 60-3 / 3, 
KG - 52/23, KG - 40-39/3, KG - 191/5-13, KG - 162/7, KG - 28/6, KG - 307/4, KG - 
199/4, KG - 244/4, KG-27/6), and one standard variety (Pobeda). The studied wheat 
lines and their pedigree are shown in Table 1. 

Field trials and methods 

The exploratory part of the experiment was carried out during 2013/14 in three 
localities: Institute of forage plants in Kruševac (21° 21' E, 43° 34' N, 166 m), 
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Agroinstitute in Sombor (19° 09' E, 45° 46' N, 87 m) and the Center for Small Grain in 
Kragujevac (20º 56' E, 44º 02' N, 185 m). The experiment was performed under field 
conditions according to a completely random block system, in three repetitions with the 
size of the basic plot of 5 m2 (5 x 1 m). Within the plot, 10 rows were planted, with a 
row spacing of 10 cm. The sowing was done mechanically using 600-650 germinated 
grains per m2 depending on the characteristics of the genotype. 
 

Table 1. Examined genotypes of winter bread wheat and their pedigree 

Genotypes Pedigree 

1. KG – 27/6 ♀ L-100/97 x ♂ Pobeda 

2. KG – 244/4 ♀ (L-1165 x SSK-20/96) x ♂ Vizija 

3. KG – 199/4 ♀ L-35/93 x ♂ Pobeda 

4. KG – 307/4 ♀ Pobeda x ♂ Duga 

5. KG – 28/6 ♀ L-100/97 x ♂ Pobeda 

6. KG – 162/7 ♀ L-246/6 x ♂ Studenica 

7. KG – 191/5-13 ♀ [(Pi 159102 x Evropa) x Studenica] x ♂ KG-2086 

8. KG – 40-39/3 ♀ Vizija x ♂ KG 100 

9. KG – 52/23 ♀ Bujna x ♂ KG – 56-S 

10. KG – 60-3/3 ♀ KG 100 x ♂ SSK 50 01/02 

11. KG – 1/6 ♀ KG 100 x ♂ Toplica 

12. KG – 52/3 ♀ Vizija x ♂ (Bujna x KG – 56-S) 

13. KG – 47/21 ♀ Vizija x ♂ (Lazarica x Takovčanka) 
14. Pobeda ♀ Sremica x ♂ Balkan 

 
 

The most important stages of the wheat development, from heading to full maturity, 
and 10-day periods of precipitation during May and June are presented in the Table 2. 
 

Table 2. Dates of developmental phases of wheat and precipitation during May and June 
2014 

Locality 
Developmental phases 

Heading Flowering Milk stage Full maturity 

Kragujevac 29 April – 8 May 4 - 12 May 30 May - 5 Jun 26 Jun - 5 July 

Sombor 28 April - 5 May 3 - 9 May 30 May - 2 Jun 25 Jun - 1 July 

Kruševac 3 - 8 May 9-11 May 31 May -3 Jun 27 Jun - 5 July 

Precipitation (mm) 

Locality 
May June 

I II III I II III 

Kragujevac 66.6 100.7 60 6.5 23.5 36.9 

Sombor 62.3 53 29.7 5.4 14.9 46.9 

Kruševac 45.3 61 20.3 16.6 30.7 68 

 
 

During the study, at each site, 45 plants total (three replications every with 15 plants - 
3x15) were selected from each genotype tested, at the stage of full maturity, to obtain data 
on the following morphological and productive traits: plant height (PH), length of the first 
internode (LFI), length of the top internode (LTI), diameter of the first internode (DFI), 
diameter of the top internode (DTI), spike length (SL), number of spikelets per spike 
(NSS), number of fertile spikelets (NFS), grain mass per spike (GMS), grain mass per 
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plant (GMP). Length of the flag leaf (LFL), and width of the flag leaf (WFL) were 
measured during the stage of milk maturity. After the harvest, grain yield (Y) was 
measured for each plot in three replications and then converted to t ha-1. 

Properties of soil 

The field experiment in Kragujevac was carried out on a plot of smonitza-type soil. 
Chemical analysis of the soil showed acidic reaction, lower humus content, provided 
with a moderate amountsof the total nitrogen and readily accessible phosphorus. The 
content of readily available potassium was high. Soil at the Kruševac locality was 
alluvium in degradation. Humus, total nitrogen and readily available phosphorus were 
moderately provided, while the amount of readily available potassium in the tiller layer 
was high. The basic type of soil on which the experiment was conducted in Sombor is a 
chernozem. It is expressed alkaline reaction, and optimum amount of humus. Total 
nitrogen is moderately provided while easily accessible phosphorus was provided 
optimally. The readily available potassium content is high (Table 3). 
 

Table 3. Agrochemical analysis of soil 

Locality pH in KCL Humus (%) N (%) P2O5 (mg) K2O (mg) 

Kragujevac 4.91 2.51 0.16 17.6 29.2 
Kruševac 5.45 2.97 0.146 11.3 31.08 
Sombor 7.59 3.54 0.17 19.6 28.9 

 
 
Climatic conditions during the trial period 

The average values of monthly air temperatures and precipitation amounts by months 
during the trial period as well as multi-year averages are shown in Figs. 1, 2 and 3. All 
three localities are characterized by slightly higher air temperatures during October and 
November. The months of December in Sombor, February in Kruševac, as well as 
December and February in Kragujevac, are characterized by a dry period with 
extremely low precipitation, which led to slower plant development (Figs 1, 2 and 3). 
 

Figure 1. Average monthly air temperatures and total amount of precipitation in Kragujevac 
during 2013/14 and multi-year average (2000-2015) 
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Figure 2. Average monthly air temperatures and total amount of precipitation in Kruševac 
during 2013/14 and multi-year average (2000-2015) 

 
 

Figure 3. Average monthly air temperatures and total amount of precipitation in Sombor 
during 2013/14 and multi-year average (2000-2015) 

 
 

Typically, the year of the trial is extremely high in precipitation by month. Thus, in 
April, 129.1 mm of precipitation occurred in Kragujevac and 188.8 mm in Kruševac, 
which is three times higher than the multi-year average. There were about 48.9 mm of 
rainfall in Sombor during the same period. The flowering period and the beginning of 
grain filling (during May) are characterized by lower air temperatures in all three 
localities, as well as extremely high rainfall, twice as high in Sombor and Kruševac 
(145 mm and 126.6 mm compared to the multi-year average of 75.4 mm and 66 mm, 
respectively), and even three times higher than the average of many years in Kragujevac 
(227 mm compared to 71.8 mm). 
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In April and May alone, there were 356 mm of precipitation in the Kragujevac area, 
which is about 50% of the total rainfall during the wheat growing season. Such large 
amounts of precipitation led to the excessive amounts of the surface water in the trial 
field in Kruševac and Kragujevac, which later reflected on the yield and quality of the 
wheat grain. 

Statistical data processing 

For all analyzed morphological and productive properties of wheat, the following 
parameters of descriptive statistics were calculated: mean, standard deviation as a 
measure of absolute variation and coefficient of variation as a measure of relative 
variation. Heritability in the broad sense was calculated as the ratio of genotypic to 
phenotypic variance. 

To examine the effect of genotype and locality on the morphological and productive 
traits of wheat, a two-factor ANOVA model using a completely random block system 
was used through the SPSS-22 statistical program. Duncan's test was used for 
subsequent comparisons. A 5% significance level was used in all tests. To mark 
significant differences between genotypes, a lowercase Latin letters were used. 

Principal Component Analysis (PCA) was used to examine the contribution of 
individual morphological and productive traits to overall variability in order to 
summarize data and interpret results more clearly. The number of components extracted 
for further analysis was determined by the Guttman-Keiser criterion. Further analysis 
retained components with an Eigen value greater than 1. This analysis was performed in 
XLSTAT software. 

A clustergram was used to group genotypes by their similarity in the traits tested, as 
well as to group these traits by their correlation. All data are standardized (reduced to 
zero average and unit deviation). The Euclidean distance calculated on standardized 
data was used as a measure of similarity of some genotypes, and Pearson's correlation 
coefficient subtracted from 1. The average method was used for grouping. MATLAB 
R2018a was used for clustering. 

Results 

Analysis of morphological traits 

The lowest average stem height at all three studied sites belonged to the KG-1/6 
genotype (78.5 cm) while the highest was KG-162/7 genotype (102.3 cm). Compared to 
the standard Pobeda variety, the nine lines had lower stem height on average (Table 4). 

The length of the first internode ranged from 3.5 cm (KG-1/6) to 5.1 cm (KG-191/5-
13) on average. The highest average length of the top internode at all sites had the KG-
244/4 genotype (37.7 cm) and the lowest were genotypes KG-27/6 and KG-28/6 
(25.4 cm). 

Different mean values of stem diameter (internode) were determined between 
analyzed genotypes. On average, the largest internode diameter was achieved by Pobeda 
(4.0 mm), and the smallest genotype KG-191/5-13 (3.5 mm), which had the smallest 
diameter of the top internode (3.1 mm) as well. The KG-1/6 genotype achieved, on 
average, the largest diameter of the top internode (4.1 mm). 
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Table 4. Descriptive statistics and heritability for morphological traits of studied wheat 
genotypes 

Genotype PH LFI LTI DFI DTI LFL WFL 

KG-27/6 80.9ab* 4b 25.4a 3.8bcd 3.7cd 20.52ab 1.77abcd 

KG-244/4 97.7f 4.1bcd 37.7g 3.8bcd 3.9efg 20.6ab 1.64a 

KG-199/4 85.6cd 4bc 28.3cd 3.8bcd 4fg 19.9a 1.86bcde 

KG-307/4 92.6e 4b 29.6ef 3.8bcd 3.9ef 24.29f 1.66a 

KG-28/6 80.8ab 4.1bcd 25.4a 3.8bcd 3.7c 20.2ab 1.87de 

KG-162/7 102.3g 4.5f 30.7f 3.9cd 3.8cd 21.5abcd 1.69a 

KG-191/5-13 98.6f 5.1f 28.5de 3.5a 3.1a 20.6ab 1.86bcde 

KG-40-39/3 83bc 4.2bcde 28.3cd 3.9cd 4fg 23.3ef 1.87cde 

KG-52/23 94e 4.5ef 29.9f 3.6ab 3.5b 22.3cde 1.71ab 

KG-60-3/3 86.9d 4.4def 28.3cd 3.8bcd 3.8de 21abc 1.71ab 

KG-1/6 78.5a 3.5a 26.8b 3.9cd 4.1g 21.8bcde 1.92e 

KG-52/3 84.1c 4.3cdef 26.4ab 3.8bc 3.7cd 21.7bcde 1.69a 

KG-47/21 87.7d 4.3cdef 27.2bc 3.7bc 3.8de 22.8def 1.7a 

Pobeda 93.3e 3.9b 28.3cd 4d 3.9ef 20.6ab 1.72abc 

Average 89 4.2 28.6 3.8 3.8 21.5 1.76 

CV (%) 8.6 10.9 11 5.4 7 14.65 13.7 

s 7.7 0.5 3.2 0.2 0.3 3.5 0.3 

h2 (%) 98.22 93.98 96.53 62.32 95.57 86.26 73.07 

Legend: PH- plant height (cm); LFI- length of the first internode (cm); LTI- length of the top internode 
(cm); DFI-diameter of the first internode (mm); DTI-diameter of the top internode (mm); LFL- length 
of the flag leaf (cm); WFL- width of the flag leaf (cm); CV (%) – coefficient of variation; s- standard 
deviation; h2 (%)-heritability in the broad sense. *Distinct letters in the row indicate significant 
differences according to Duncan test (P ≤ 0.05). 

 
 

The highest average values of flag-leaf length were determined for the KG-47/21 
genotype (22.8 cm), while the largest flag-leaf width was achieved by the KG-1/6 
genotype (1.92 cm). 

Productive trait analysis 

The average values for the length of the primary spike indicate that 10 genotypes 
were better in respect to the Pobeda variety, with the highest length being KG-191/5-13 
(11.6 cm) and the smallest KG-60-3/3 (7.7 cm). 

The KG-27/6 genotype averaged about 23 spikelets in the primary spike, which is the 
highest value for all three localities, while the smallest spikelets number was 
distinguished by KG-60-3/3 (19.6). Grain mass per spike varied from 1.3 g (KG-27/6, 
KG-28/6, KG-52/3) up to 1.9 g (KG-52/23), while genotype KG-60-3/3 achieved the 
highest average grain mass per plant as well as the highest average yield at all localities 
(5.6 g; 5.6 t ha-1) (Table 5). 

Principal Components Analysis and Clustergram 

Principal Component Analysis (PCA) reduced the 13 observed variables to the five 
principal components, which absorbed most of the variation in the observed properties. 
The five components account for 90.215% of the total data variation. The first major 
component comprises the largest part of the total variance, while each subsequent 
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component represents the largest remaining part. Thus, the first component explains 
34.772% of the data variation, the second 22.525%, the third 13.966%, the fourth 
10.423% and the fifth component 8.528% (Table 6). 
 

Table 5. Descriptive statistics and heritability for production traits of studied wheat 
genotypes 

Genotype SL NSS NFS GMS GMP Y 

KG-27/6 10.4efg 22.6g 20.2f 1.3ab 3.6a 4.5abcde 

KG-244/4 8.9b 20.2ab 19bc 1.6bcde 4.9cd 3.9a 

KG-199/4 9.3c 20.3b 17.9a 1.5abcd 4.3abc 4.8bcde 

KG-307/4 9.8d 20.5bc 18.5ab 1.6cdef 4.7bcd 4.9cdef 

KG-28/6 10.4ef 22.2fg 20ef 1.3a 3.8ab 4.4abcde 

KG-162/7 9.7d 21.7ef 20ef 1.5abcde 4.6bcd 4.3abcd 

KG-191/5-13 11.6i 20.7bcd 19.3cde 1.6cdef 4.4abc 4.9cdef 

KG-40-39/3 10.7h 21.7ef 19.7cdef 1.5abcd 4.3abc 4.2abc 

KG-52/23 10.1e 20.5bc 18.5ab 1.9f 5.5d 5.1ef 

KG-60-3/3 7.7a 19.6a 17.8a 1.6bcde 5.6d 5.6f 

KG-1/6 10.6fgh 21.7ef 20.3f 1.7def 4.7bcd 4.7bcde 

KG-52/3 10.5fgh 21.2cde 19bc 1.3ab 4.2abc 4.4abcd 

KG-47/21 10.7gh 21.7ef 19.2bcd 1.4abc 4.3abc 4.1ab 

Pobeda 9.5cd 21.4de 19.8def 1.8ef 5.2cd 5def 

Average 10 21.1 19.2 1.6 4.6 4.6 

CV 7.9 5.1 5.4 18.3 22.2 16.5 

s 1 1.1 1 0.3 1 0.8 

h2 (%) 98.24 93.38 87.78 86.67 73.28 48.08 

Legend: SL- spike length (cm); NSS- number of spikelets per spike; NFS-number of fertile spikelets; 
GMS-grain mass per spike (g); GMP- grain mass per plant (g); Y-yield (t ha-1). CV (%)-coefficient of 
variation; s-standard deviation; h2 (%)-heritability in the broad sense. * Distinct letters in the row 
indicate significant differences according to Duncan test (P ≤ 0.05). 

 
 

Table 6. Eigenvalues and % of explained variability by five main components 

Factor Eigenvalue (λ) % of variance Cumulative (%) 

1 4.520 34.772 34.772 

2 2.928 22.525 57.298 

3 1.816 13.966 71.263 

4 1.355 10.423 81.686 

5 1.109 8.528 90.215 

 
 

The value for loadings (loadings > 0.60) was used as the criterion for determining the 
affiliation of individual variables to the principal components. The first component was 
defined by six parameters (NSS, NFS, PH, LTI, GMS and GMP). The second 
component is in strong positive correlation with DFI and DTI, and negative correlation 
with LFI and SL. The third component is defined by the yield that it is positively 
correlated and the LTI with which it is negatively correlated. The fourth component was 
defined by grain mass per spike and the fifth component, which accounted for the 
smallest % of variability, was defined by the length of the flag leaf (Table 7). 



Luković et al.: Multivariate analysis of morphological traits and the most important productive traits of wheat in extreme wet 
conditions 
- 5865 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5857-5871. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_58575871 
© 2020, ALÖKI Kft., Budapest, Hungary 

Table 7. Loadings of five main components 

Variable 1 2 3 4 5 

PH -0.6736 -0.2821 -0.5384 0.1307 -0.2705 

LFI -0.3802 -0.8273 -0.1208 -0.1070 0.0292 

LTI -0.6202 0.1758 -0.6184 -0.1041 -0.1959 

DFI 0.3209 0.8577 -0.1152 0.0851 -0.2109 

DTI 0.2042 0.9382 -0.0822 -0.0471 0.1423 

SL 0.5743 -0.6174 -0.1386 0.4322 0.1302 

NSS 0.8986 -0.0686 -0.1939 0.2018 -0.1510 

NFS 0.7377 -0.0499 -0.2915 0.3757 -0.4106 

Y -0.5247 -0.0123 0.7661 0.1855 -0.0717 

GMS -0.6227 0.1590 0.1068 0.7017 -0.2286 

GMP -0.8546 0.2559 0.1301 0.3126 -0.1103 

LFL -0.0581 0.1394 -0.2566 0.5336 0.7766 

WFL 0.5561 -0.1616 0.5308 0.1634 -0.2145 

Marked loadings are >0.60, legend:PH- plant height (cm); LFI- length of the first internode (cm); LTI- 
length of the top internode (cm); DFI-diameter of the first internode (mm); DTI-diameter of the top 
internode (mm); LFL- length of the flag leaf (cm); WFL- width of the flag leaf (cm); SL- spike length 
(cm); NSS- number of spikelets per spike; NFS-number of fertile spikelets; GMS-grain mass per spike 
(g); GMP- grain mass per plant (g); Y-yield (t ha-1) 

 
 
Biplot analysis 

Biplot analysis was used to more clearly understand the relationship between 
genotypes and morphologically productive traits. Fig. 4 shows the biplot PCA analysis 
of morphological and productive traits, whose abscission of the coordinate system is the 
first and the ordinate is a second major component. 
 

Figure 4. Biplot for the analyzed genotypes and traits shown on the first two main components. 
Legend:PH- plant height (cm); LFI- length of the first internode (cm); LTI- length of the top 
internode (cm); DFI-diameter of the first internode (mm); DTI-diameter of the top internode 

(mm); LFL- length of the flag leaf (cm); WFL- width of the flag leaf (cm); SL- spike length (cm); 
NSS- number of spikelets per spike; NFS-number of fertile spikelets; GMS-grain mass per spike 

(g); GMP- grain mass per plant (g); Y-yield (t ha-1) 
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The first two axes shown on the biplot explain 57.31% of the total variation of the 
data. 

Clustergram 

Figure 5 presents a clustergram of studied genotypes and morphological and 
productive characteristics of wheat at all three localities. 
 

Figure 5. Cluster diagram of analyzed genotypes and morphological and productive traits of 
wheat. Legend: PH- plant height (cm); LFI- length of the first internode (cm); LTI- length of the 
top internode (cm); DFI-diameter of the first internode (mm); DTI-diameter of the top internode 
(mm); LFL- length of the flag leaf (cm); WFL- width of the flag leaf (cm); SL- spike length (cm); 
NSS- number of spikelets per spike; NFS-number of fertile spikelets; GMS-grain mass per spike 

(g); GMP- grain mass per plant (g); Y-yield (t ha-1) 
 
 

All morphological and productive traits belong to two clusters. The first clusters 
consist of two subclusters: the primates DTI, DFI, and LFL and these traits are strongly 
correlated. They are similarly joined by another subcluster composed of NFS, NSS, SL 
and WF. 

The second cluster consists of two subclusters: the first consisting of three productive 
traits, Y, GMS, GMP, and the second subcluster composed of three morphological traits 
(LTI, PH and LFI). 

Discussion 

High heritability values of the analysed morphological and productive traits are 
similar to research of Varsha et al. (2019), Karim and Jahan (2013) and Tripathi et al. 
(2011). The lowest heritability value was determined for grain yield (48.08%), which 
was in agreement with results obtained by Akcura (2009) and Taneva et al. (2019). 
Opposite to this study, Ali and Shakor (2012) found a high heritability values for bread 
wheat grain yield (92.60%) in arid growing conditions. Out of all the traits that are 
related to the mechanical strength of the stem (Berry and Berry, 2015), the stem 
diameter has the highest heritability value (37-56%), whereas other traits (wall thickness 
and stem material strength) exhibit heritability between 30 and 40%. 
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Based on biplot analysis, the first two axes, PC1 and PC2, were found to account for 
57.31% of the total data variation. A similar proportion of PC1 and PC2 were 
determined by Sabaghnia and Janmohammadi (2014). Xhulaj et al. (2019) found that 
the three principal components account for 66.42% of the total data variation, where the 
first two components accounting for the largest part of the total variance (PC1 with 
28.1% and PC2 with 24.43%). The authors emphasize that plant height, spike length, 
number of spikelet per spike are the most important traits in differentiating genotypes. 
Janmohammadi et al. (2014) found that five PCA components explained 69% of the 
total variation among traits. Authors emphasize that in order to develop high yielding 
varieties, selection may be made according to the first component defined by to grain 
number, floret number, tiller number, stem diameter, leaf width and spikelet number. 

The NSS, NFS and SL productive traits and the WFL morphological trait are 
grouped on the positive side of the PCA 1 axis, with a small angle between the vectors, 
indicating a strong possitive correlation between them. The large angle of the vector of 
the mentioned properties with respect to the grain yield vector, which is located on the 
negative side of the PCA 1 axis, indicates a markedly negative correlation. These results 
were different from the results of previous studies (Zečević et al., 2004; Kumar et al., 
2007; Mohammadi et al., 2012; Varsha et al., 2019) in which a positive correlation 
exists between the components of spike (length spike, number of spikelets per spike, 
grain weight and the number of grains per spike) and grain yield. However, Hristov et 
al. (2007, 2011), through Path analysis, identifies a negative direct effect of the number 
of spikelets per spike on yield per plant, indicating the need to improve their fertility. 
The spike fertility problem adversely affects the number of grains per spike. The authors 
note that although the direct effect is not significant, it must be observed since it 
indicates that the occurrence of sterile spikelets significantly reduces the total yield. 

In these studies, the period of stem extension, heading and grain filling was 
characterised by lower air temperatures and extremely high precipitation at all three 
localities. Such adverse weather conditions had a detrimental effect on the grain filling 
process, causing the formation of small, poorly filled grains, which had a negative 
impact on the yield. 

The soil on which the experiments were conducted belongs to different types, with 
different quality and content of macro and microelements available to the plants. 
However, due to heavy and unevenly distributed rainfall during the growing season, 
differences in the quality of the soil on which the trials were conducted did not emerge. 

Depending on the temperature and amounts of rainfall at the start of grain filling 
stage, the coefficients of correlation between the yield and yield components, as well as 
the quality trait may be positive, negative or close to zero (Rharrabti et al., 2003; Terzić 
et al., 2018; Rajičić et al., 2019). According to Banjac et al. (2010), unfavourable water 
regime conditions in 2008/09 led to unexpected values of correlation coefficients, where 
negative mean strong correlations between plant height and spike mass were found, as 
well as between plant height and grain mass per spike. These authors point out that for 
wheat breeding it important correlations that are repeated in different conditions of 
growing seasons. 

The study of the morphological and anatomical features of a stem is very important 
for a complete and thorough understanding of the processes that cause the lodging of 
wheat. By lodging, the yield and grain quality are reduced. Cultivars that are resistant to 
lodging have a wider internodes diameter and a thicker wall (Zuber et al., 1999; Pinera-
Chavez et al., 2016). 
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The vectors for DTI and DFI are on the positive side of the PCA1 and PCA 2 axes 
and are very close, indicating a strong positive correlation between these traits as well 
as a strong negative correlation with the LFI and PH, located on the negative side of the 
PC2 axis. A strong positive correlation was found between plant height and internode 
length, stem diameter and leaf length (Sabaghnia and Janmohammadi, 2014), as well as 
between grain yields, spike length and mass of 1000 grains, whereas negative 
correlation was found for plant height and stem diameter. Also, a statistically significant 
positive correlation of grain yield was observed with the length of the spike, the number 
of spikelets per spike, and the mass of 1000 grains (Varsha et al., 2019). Stem diameter 
and stem wall thickness, as the major components, are positively correlated with the 
mechanical strength of the stem (Pinera-Chavez et al., 2016), while the diameter of the 
stem expressed the strongestrelation with grain yield. 

Genotypes KG-1/6, KG-40-39/3, KG-28/6, KG-27/6, KG-47/21 and KG-52/3 are 
also grouped on the positive side of PCA 1 axis. This indicates that these genotypes 
reacted similarly in the tested environmental conditions and thus achieved the highest 
average values of the observed traits. According to the position they occupy on the 
biplot, the KG-27/6 and KG-28/6 genotypes can be concluded to be very similar to each 
other and characterized by higher values of NSS, NFS and lower values of GMP, GMS, 
LTI and PH. 

The Y, GMS, GMP (productive) properties of LFL, LTI, PH, and LFI 
(morphological) are negatively correlated with the first basic component of PCA1 and 
are on its negative side. Furthermore, the small vector angles for Y, GMS, GMP, PH, 
and LTI indicate a positive correlation between these features. Also, genotypes KG-
244/4, KG-199/4, KG-307/4, KG-162/7, KG-52/23, KG-60-3/3, Pobeda and 191/5-13 
are grouped on the negative side of the PCA 1 axis, indicating that these genotypes 
behaved similarly under different environmental conditions. 

Looking at the arrangement of wheat genotypes within the cluster, two clusters can 
be observed. Within each group, there are genotypes of similar productive and 
morphological characteristics. The first cluster contains the same genotypes as the 
negative side of the PCA 1 axis and consists of: Pobeda, KG-162/7, KG-244/4, KG-
199/4, KG-60-3/3, KG-307/4, KG-52/23 and KG-191/5-13. Group II cluster is smaller 
than group I cluster and contains six wheat genotypes clustered on the positive side of 
PCA 1 axis (KG-1/6, KG-40-39/3, KG-47/21, KG-52/3 KG -27/6 and KG-28/6). 

The cluster diagram indicates that the highest degree of positive correlation is found 
between the following traits: DTI and DFI; NSS and NFS; GMS and GMP; PH and 
LTI. In addition to the dendrogram, which shows the similarity of genotypes as well as 
the similarity of correlation of individual traits, an important element of the cluster is 
color. It shows the values of individual traits in genotypes. Light red shades indicate 
higher trait values than average for observed genotypes, and light green shades indicate 
lower trait values. Black indicates the average. While evaluating the analyzed genotypes 
of wheat, it is noted that in terms of productive traits, the genotypes KG-191/5-13, KG-
52/23, KG-307/4 and KG-60-3/3 stood out, while genotypes KG-1/6 and KG-40-39/3 
were distinguished in terms of morphological characteristics. 

The analysis of wheat genotype pedigree, classified in the same cluster, reveals a 
similar origin. It is observed that some genotypes in their pedigree have one or both 
parents in common. Thus, the sister lines KG-28/6 and KG-27/6, which are in the 
second cluster, have a common origin (♀ L-100/97 x ♂ Pobeda) and almost identical 
morphological and productive features. The Vizija variety is found in the pedigree KG-
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52/3, KG-47/21 and KG-40-39/3, which makes these lines similar to each other in most 
of the traits analyzed. The Pobeda variety is represented in the pedigree KG-199/4 and 
KG-307/4, while Studenica is found in the pedigree KG-162/7 and KG-191/5-13. These 
represent the basis of the similarity of these genotypes and their grouping into the first 
cluster. It can be observed that some related varieties are in different groups. Thus, 
Pobeda is in the first cluster, while the genotypes KG-27/6 and KG-28/6, whose 
germplasm represents the Pobeda variety as one of the parents, are in the second cluster. 
The difference in stem height between these genetically related genotypes and Pobeda 
indicates different directions in their selection. 

Conclusion 

Analysis of phenotypic expression of morphological and productive traits revealed 
the adaptability and stability of grain yield of wheat genotypes selected at the Center for 
Small Grains in Kragujevac (Serbia) in year with extreme wet conditions in the period 
of intensive wheat development. Appearance of years with prevailing extreme wet 
conditions is relatively rare but further researches are needed for maintaining 
satisfactory level of yield and quality of wheat. Genotypes KG-60-3/3 and KG-52/23 
achieved the highest average grain yield in all three localities as well as the highest 
grain mass/plant. The KG-191/5-13 genotype achieved Y, GMS, SL, WFL, PH and LFI 
above average values in all three localities, while GMP, LTI and NSS were around 
average. Also, the KG-1/6 genotype had most of the desirable traits above average and 
can be singled out as a desirable parent in breeding and breeding programs to create 
new varieties of wheat. In order to increase and enhance biodiversity as well as to create 
new desirable gene recombinations, it is necessary to hybridize the genotypes of the first 
and second cluster groups. In progeny resulting from these hybridizations, new lines 
with improved morphological and productive characteristics can be expected, adapted to 
different environment as well as stressful environmental conditions. 
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Abstract. Although the jungle cat (Felis chaus) has been listed as a species of Least Concern – (LC status) 
by IUCN data, there are many threats endangering the population of the jungle cat in Turkey. Currently, 
relatively little is known about their population status and ecology. Our study aims to determine the jungle 
cat's population density, interactions among humans and other wild animals, and the diel activity patterns. 
This research was carried out in the northern part of Eğirdir Lake within the borders of Isparta province 
between March 2016 and July 2017. Presence absence studies were carried out and evaluated using 15 
camera traps, placed in 193 stations based on the opportunist method in areas where trail-marks of the 
jungle cat were detected. Throughout the study 83 camera trap data belonging to jungle cats over 4403 
camera trapping days were obtained from 193 stations. This study provides the 1st robust estimation of the 
jungle cat population size and spatiotemporal interactions of humans and other wildlife species in Turkey. 
As a result of this study, it was concluded that human activity affects wildlife behavior and that wild animals 
are haivng to adjust their living and feeding behaviors according to human activity. How human activity 
affects wildlife behavior. Our study underlines the need to consider activity patterns of wildlife for 
conservation and environmental management planning. 
Keywords: human-wildlife interactions, terrestrial mammals, camera trapping, capture-recapture, 
diurnal-nocturnal, human pressure, Turkey 

Introduction 

In recent years, wildlife have been subject to increased threat by human-induced activity 
such as narrowed and fragmented habitats, dwindling numbers of prey in their natural areas, 
and inadequate nutrition due to the proximity of human settlements (Kerley et al., 2002; 
Treves and Karanth, 2003; Dhungana et al., 2017). Factors including industrialization, 
forest fires, increased tourism, as well as illegal and excessive hunting all contribute to 
habitat destruction (Soyumert, 2010; Ünal and Çulhacı, 2018). Despite differences in these 
mortality factors affecting various species in different parts of the world, researchers agree 
that human-induced threat is a global problem and is observed largely in carnivorous 
species (Durant, 1998; Bisi et al., 2007; Rawshan et al., 2012; Seoraj-Pillai and Pillay, 
2016). 

Despite Turkey’s rich biodiversity, 8 of the 21 terrestrial predator populations have been 
decreasing in numbers due to the factors mentioned above (Can and Togan, 2004; Capitani 
et al., 2016). Among these species, the grey wolf (Canis Lupus), Eurasian lynx (Lynx lynx) 
(Chynoweth et al., 2015), brown bear (Ursus arctos) (Ambarlı et al., 2016) and caracal 
(Caracal caracal) (Giannatos et al., 2006; Ilemin and Gurkan, 2010; Oğurlu and Ünal, 
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2011; Ünal et al., 2019). The jungle cat (Felis chaus) is one of the five cat species still found 
in Turkey, along with the Eurasian lynx, Caracal, wild cat (Felis silvestris) and Anatolian 
leopard (Panthera pardus) (İlemin and Gurkan, 2010; Gerngross, 2014). The jungle cat is 
a medium-sized, long-legged cat, and the largest of the extant Felis species. The head-and-
body length is typically between 59 and 76 cm (Eryılmaz, 2017). The species was first 
recorded in Turkey in 2007 around the Adana - Akyatan Lagoon (Avgan, 2009). Even 
though the jungle cat has been listed as Least Concern (LC) by 2018 IUCN data, jungles 
cats have struggled to survive due to increased human threat, including the conversion of 
swamps into agriculture areas, excessive destruction and burning of wetland reeds, 
eradication of rodents and extensive use of pesticides (Linnell et al., 2001; Madden, 2008; 
Gray et al., 2016; IUCN, 2018). 

In recent years, the use of camera traps in population studies of rare terrestrial mammals 
has gradually increased (Silveira et al., 2003; Evcin et al., 2017). With the development of 
technology, reduced costs and effective results compared to other methods, camera-
trapping has become the preferred method of study (Tobler et al., 2008). This method has 
an important role in the detection of rare terrestrial predatory mammals, including the jungle 
cat, and is practical for monitoring relative and absolute abundance, and obtaining data 
related to population condition, species behavior, habitat preferences, and diel activity 
patterns (Kays and Slauson, 2008; Kays et al., 2010; Linkie and Ridout, 2011). Both 
opportunist and systematic methods are used in wildlife studies in conjunction with camera 
trapping to obtain information about species populations. The Opportunist method ensures 
maximum data by taking into account the maximum use of space of a target species spread 
across a certain area (Soyumert, 2010). Data is acquired by deploying camera trap stations 
close to the paths, tracks and signs of the target species, their nest location, feeding places, 
and areas that supply water (Ünal et al., 2019). 

Camera trapping studies performed on species with patterned furs, such as the jungle 
cat, tiger (Panthera tigris) (Karanth et al., 2006), lynx (Weingarth et al., 2012), and wild 
cat (Can et al., 2011), increases the importance of individual identification and population 
density research by means of fur patterns that are unique to individuals (Carbone et al., 
2001; Mengüllüoğlu, 2010; Alfred, 2015). 

The ability and degree to which terrestrial carnivores can coexist with humans over a 
sustained period of time is a considerable issue in conservation science and policy 
(Woodroffe et al., 2005; Dickman et al., 2011; Carter et al., 2012). Numerous research 
projects have been carried out to facilitate coexistence at different spatial scales. Over the 
past decade human and wildlife interactions have been shown as one of the most important 
problems limiting the number of species that can occupy an assemblage as a result of their 
similarity in habitats (Sillero-Zubiri and Laurenson, 2001; Di Bitetti et al., 2009). Terrestrial 
predators are the living group directly affected by these interactions, regardless of their size 
(Bisi et al., 2007). Although rural settlements consistently express negative attitudes toward 
large carnivores, they often constitute a minor problem compared with plant and forest pests 
such as microtine rodents and feral dogs (Ünal et al., 2020). If terrestrial predators do not 
harm agricultural areas or pets of local people, positive interactions can be mentioned rather 
than conflict (Durant, 1998; Rawshan et al., 2012). In such positive interactions, predatory 
mammals find ways to minimize spatiotemporal encounters with humans even though they 
have spread around human settlements (Ramesh et al., 2012). In this regard, Carter et al. 
(2012), report tigers in Nepal’s Chitwan National park offsetting their temporal activities, 
especially outside the park, by being less active during the day when human activity peaked. 
Tiger population density is high despite the daytime human density in this protected area. 
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Capture-Recapture models are used to analyze population density. This model has 
become more prominent because it allows for individual diagnosis of spotted pattern 
structure of jungle cats in order to estimate population size. Many studies using records 
about target species, reveal data obtained by the statistical proportion of the captured, re-
captured and freely captured individuals (Hammond, 2009; Urian et al., 2014). 

Previous research conducted on observed problems including habitat loss, severe 
poaching of wildlife, human-jungle cat interactions, and direct threat to the jungle cat 
population (Oğurlu et al., 2010). Wildlife experts need comprehensive inventory data to 
effectively manage and conserve jungle cats in this region. Our study aims to determine the 
jungle cat's population density, interactions among humans and other wild animals, and the 
diel activity patterns. 

In this study, we test three specific hypotheses: (i) despite high human density the jungle 
cat has a positive spatial interaction with humans if it can survive (ii) jungle cats are more 
active at night to avoid human disturbance and (iii) jungle cat spatiotemporal patterns 
overlap those of other wild animals. To test these hypotheses empirically, we used camera 
trapping. 

Materials and methods 

Study area 

This research was carried out in habitats around Eğirdir lake particularly in the 
southern part of the north section of the lake (38015’K-30052’D), located within the 
borders of Eğirdir, Gelendost, Yalvaç and Senirkent districts in the province of Isparta. 
Eğirdir lake is the fourth-largest lake, but also the second-largest freshwater lake in 
Turkey. In addition to being a suitable habitat for spawning fish due to its shallowness 
and reed field (Fig. 1) (Fethi et al., 2014; Tağıl and Alevyakalı, 2014), Eğirdir Lake, 
shows the characteristics of being an important feeding area for jungle cats (Oğurlu et al., 
2010). 
 

Figure 1. Location map of the study area 
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The area is approximately 10.7 km2. In addition to intensive agriculture, fishing, 
grazing of livestock, and hunting activities are carried out in most parts of the area. There 
are 4 villages in the research area where the jungle cat interacts directly. 33.1% of the 
locals in the village are engaged in agriculture, 12.5% in livestock and 3.1% in fishing. 
The climate of the region is in a transition zone between Mediterranean and Central 
Anatolian climates. Precipitation varies 63 mm between the driest and wettest months of 
the year, while the average temperature throughout the year is approximately 20.2 °C. 

In the research area, shrubs, such as kermes oak (Quercus coccifera), colutea (Colutea 
melanocalyx), terebinths (Pistacia terebinthus) and ephedra (Ephedra major), yellow 
jasmine (Jasminum fruticans), narrow-leafed ash (Fraxinus angustifolia) and manna ash 
(Fraxinus ornus) are found in low altitude habitats near the lake. Foetid juniper 
(Juniperus foetidissima) and European barberry (Berberis crataegina) were spread in 
relatively rugged habitats up to 1400 - 1500 meters. Above 1500 m, Junipers were 
scattered throughout an alpine zone (Karatepe, 2004). 

Data collection 

During the research period, 15 camera traps were deployed in 193 camera trap stations 
using the opportunist method (Harmsen et al., 2011). Google Earth, ArcMap 10.4 and 
Microsoft Excel programs were used to display the camera trap stations on the map. 
KeepGuard Color Viewer (KG860) camera traps were used, featuring non-glare infrared 
shooting, 12 MP maximum resolution ability, 0.25 seconds trigger time, 25-meters night 
vision distance, simultaneous 1-5 photo capture, and video capture (Mengüllüoğlu et al., 
2019). 

Camera traps were positioned in suitable and sheltered tree trunks ranging within 
0.30-1.00 m from the ground (Amaya-Castaño and Palomares, 2018). Each camera trap 
period was designated as an average of 30 days. The total number of days that all camera 
traps were actively working since the date of their establishment, namely the “camera 
trapping day value”, was calculated as 4403; (Table 1) (Stein et al., 2008). 
 

Table 1. Number of camera trappings, ratio, and days captured 

Species 
Camera trap 

day 
Num. of photos Prop. of photos Days captured 

Num. of 100 
Days Captured 

Felis chaus 

4.403 

83 3.1 77 1.89 

Human 135 5.2 88 3.07 
Canis aureus 614 24.07 283 13.95 

Sus scrofa 1115 43.5 358 25.32 
Lepus europaea 136 5.1 95 3.09 
Vulpes vulpes 224 8.7 156 5.09 
Martes foina 37 1.5 37 0.84 
Canis lupus 3 0.8 3 0.07 
Livestock 205 8.03 123 4.66 

 
 
Data analysis 

The jungle cat is a long-legged and relatively short-tailed wild cat. Although 
individuals differ in color and patterns, they are generally gray. Individuals can be 
identified by unique asymmetrical patterns and lines covering both sides of the legs and 
body. The most distinct of these natural marks are the patterns on the hind legs. Small 
differences in these marks enable individuals to be distinguished from each other 
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(Fitzgerald, 2011). Individuals were recognized based on the identification of strips on 
their hind legs from the jungle cat camera trap records using the WildID camera trap 
record assessment program (Carter et al., 2013). The striped patterns on the hind legs 
were drawn on individuals using Microsoft Powerpoint. Images were compared and 
individual jungle cats were assigned a unique identifier number (Mengüllüloğlu, 2010; 
Avgan et al., 2014; Ünal and Culhacı, 2018) (Fig. 2). 
 

Figure 2. Two jungle cat individuals with unique fur patterns on their hind legs in the study 
area. Patterns were identified to based on both of camera trap and photo records using the 
WildID camera trap record assement program. Patterns were highlighted for visualization 

using Microsoft Powerpoint (Photo: Ogün Çağlayan TÜRKAY) 
 
 

Camera trap recordings were used to determine the daily activity patterns of jungle 
cats, other wild animals and humans. On certain occasions, individuals were captured 
more than once at single a camera station over a 5 minute period. Thus, to avoid 
pseudoreplication, we considered the 1st capture of the animal as an independent record, 
and subsequent captures within the 5-min time frame were censored. We tested the mean 
activity pattern of jungle cats, other wild animals and humans using ORIANA 4.0 
Software. This software offers a wide range of analyses including rose diagrams, circular 
histograms, raw data plots, arrow data plots and linear histograms. The rose diagram is a 
histogram displayed in a circle, similar to the pie chart for linear data. However, each 
sector represents the frequency or number of observations that falls in the range of angles. 
The concentric circles show the frequency of the observations for each angular value 
(Hassan et al., 2009). To detect daily activity patterns of target species, the 24-hour period 
is divided into hourly sections, and each independent record is classified within these 
intervals (Pérez-Irineo and Santos-Moreno, 2016). The diel activity pattern graph was 
formed by evaluating camera trapping data appropriately. A rose diagram was prepared 
using ORIANA 4.0 (Kovach, 2011; Ünal, et al., 2019). 

In order to determine the effect of human activity and presence on jungle cat and 
wildlife populations the risk ratio (RR) as a measure of effect size was calculated for each 
species. The percentage of activity that occurred at night (by camera trap) at sites or 
during seasons of high human disturbance (Xh) was compared with nighttime activity 
under low disturbance (Xl), using the equation 1. 
 
 𝑅𝑅 =  𝑙𝑛(𝑋ℎ/𝑋𝑙) (Eq.1) 
 

A positive RR indicated a relatively greater degree of nocturnality than diurnality in 
response to humans, while a negative RR indicated reduced nocturnal behavior. Sampling 
variance (S) of effect size was calculated using GraphPad Prism 8 random-effects models. 



Ünal - Eryılmaz: Jungle cat (Felis chaus Schreber, 1777) population density estimates, activity pattern and spatiotemporal 
interactions with humans and other wildlife species in Turkey 

- 5878 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5873-5890. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_58735890 
© 2020, ALÖKI Kft., Budapest, Hungary 

These models estimated the overall effect of human disturbance on jungle cat and other 
wild animals (Gaynor et al., 2010). 

We used the Capture-Recapture model in order to estimate the jungle cat population 
(Grimm et al., 2014). This model, allows for the comparison and combination of statistical 
methods and identifies the minimum, maximum and average results of the population 
(Soria-Díaz and Monroy-Vilchis, 2015). Therefore, in the CAPTURE2 software, using 
Jackknife-M (h) (Silver et al., 2004), Chao M (h) (Karanth, 1995) Zippen-M (b) and 
Removal-M (bh) (Forbes et al., 2014) approach, we obtained the minimum and maximum 
population density. To evaluate the accuracy of the results, we used 3 different methods; 

Lincoln-Peterson Index 
 
 Ṫ: ((X + 1)(x + 1))/y + 1) − 1 (Eq.2) 
 

Bailey’s Modification Index 
 
 Ṫ: (X(x + 1))/(y + 1) (Eq.3) 
 

Schnabel Method 
 
 Ṫ: ∑t(xy)/(∑tX (Eq.4) 
 

Confidence intervals 
 
 (CI95% =  Ṫ ± 1,96(SE)  (Eq.5) 
 

The Standard error (SE) 
 

 √Ṫ2(y − x)/(y + 1)(x + 2)  (Eq.6) 
 

The initial method of Capture-Recapture studies uses the Lincoln-Peterson Index 
which is considered as the standard technique (Jibasen, 2011; Bukhari et al., 2019). 

In this formula, X denotes the number of individuals captured and marked in the first 
sampling, y is the number of individuals independently captured in the second sampling, 
x is the number of previously marked and recaptured individuals, and Ṫ denotes the 
estimated population size (Alcoy, 2013; Pochardt et al., 2019). 

Results 

Camera recording and density estimates 

We obtained 36491 images from 193 stations that were placed using the opportunist 
method by means of trace and fecal surveys carried out in the field. 3104 wild animal 
records (8.50%) were derived. Over the course of the study, the camera trapping day value 
reached 4403. 83 jungle cat records (camera trap recording rate (RI) 3.1%) were obtained 
over 77 camera trapping days. Jungle cats were found to be spread in habitats near the 
lake at the rate of RI: 47.5% (Duckworth et al., 2005; Gupta et al., 2009). A total of 2550 
camera trappings were obtained from other mammalian species. Apart from the jungle 
cat, 8 other mammal species in the region, including the golden jackal (Canis aureus), 
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gray wolf, red fox (Vulpes vulpes), European rabbit (Lepus europaeus), beech marten 
(Martes foina), wild boar (Sus scrofa) and least weasel (Mustela nivalis) were recorded 
from the camera trap surveys. 

Active day values of each camera trapping were assessed and recorded (Stein et al., 
2008; Wang and Macdonald, 2009). Due to the difference of monthly inspection times, 
lost or stolen camera traps, and unequal monthly recording times, the data were converted 
to fix as 100 days. For this purpose the number of records/camera trapping day number 
equation was used (Kinnaird and O’Brien, 2012; Keten, 2016). Due to insufficient 
recordings of gray wolves and least weasels, these two species were not included in the 
analysis. 

After evaluating the results from the Lincoln-Peterson index, Bailey’s Modification 
Index and Schnabel Index, the population size was calculated in the range of 21.82 <N> 
22.50 km2, (SI: 3.12-3.21). In the CAPTURE2 Population estimation program, Removal 
M (bh) was calculated as 2.34/km2, (SI:3.16) and gave the closest population density 
value to index. The smallest population value of all results was calculated as Zippen-M 
(b): 1.96/km2 (SI:1.89) (Fig. 3). 
 

Figure 3. Comparison of population size estimate methods 
 
 
Jungle cat, human, livestock and other wild animals species interactions 

We measured the spatiotemporal activity patterns of six mammals and human activity 
in the research area (Shamoon et al., 2018). The daily changes of activity and graphic 
representation of rose diagrams were generated using Oriana 4.0 (Fig. 4) (Leuchtenberger 
et al., 2018). Our results indicated that humans were active during the day and withdrew 
from the field under dark conditions. Jungle cats and other wildlife on the other hand 
showed higher activity following human withdraw from the field. According to the 
GraphPad Prism 8 random-effects models no human activity was encountered between 
dusk and morning (RR: -1.41; S: 0.0405). Although the jungle cat is mostly nocturnal it 
was observed displaying diurnal behavior (RR: -0.011; S:0.0027). However, its diurnal 
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behavior occurred at a lower level compared to nocturnality. Other wild animals had 
positive values in the range of RR: 2.97-4.373; S: 0.0412-0.989 (Fig. 5). Gaynor et al. 
(2010) reported that nocturnality of wild animals increased positively in habitats with 
intense human pressure, supporting our results. Wild boar (S. scrofa), European rabbit 
(L. europeaus), and beech marten (M. foina) species, which typically show diurnal 
behavior in natural areas with low human pressure displayed limited daytime activity in 
our study and were only active at nighttime, once people had retreated from their fields 
(Posillico et al., 1995; Stolle et al., 2015). 
 

Figure 4. Temporal activity patterns a) human, b) jungle cat, c) golden jackal, d) red fox, e) 
beech marten, f) wild boar, g) Eupoean hare on different habitats near the Eğirdir Lake in the 

Isparta, TURKEY: blue bars indicates mean dial activity with 95% confidence interval 
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Figure 5. GraphPad Prism 8, jungle cat, human and other wild animals random-effects models 
 
 
Discussion 

This study was carried out in jungle cat habitat around Eğirdir Lake between 2016 and 
2017. Few studies have been conducted so far about the population ecology of the jungle 
cat in Turkey (Oğurlu et al., 2010; Mert and Acarer, 2018). Our study was the first 
comprehensive study using emerging technologies such as camera trapping to reveal 
population density, diel activity pattern, habitat preference of the jungle cat, and its 
interactions with humans and other species. This study revealed nine terrestrial mammals 
species, occurring in the study area along with humans and livestock. The jungle cat was 
the only important and rare predator species in the study area. Our study results 
demonstrate how jungle cats respond to human presence at fine scales, as small as 
10.7 km2. In our research area, we found that jungle cats adjust the spatiotemporal 
patterns of human activity and have a positive interaction with humans despite high 
human density. Furthermore, as the jungle cat is often seen in areas where human 
presence is ubiquitous, studies that evaluate the interconnections between jungle cats and 
people across different land management regimes need to be developed for robust 
landscape-scale conservation strategies. 

Research suggests that the jungle cat's global population is declining and gradually 
moving towards the threatened border. The European population has been reported as 
rapidly declining since the 1960s. Reports from Russia identify about 500 animals 
remaining in the wild, while a very small population exists in Georgia (Duckworth et al., 
2005). Due to the jungle cats habitat proximity to rural settlements, it has been observed 
that jungle cats are struggling to survive from threats such as habitat fragmentation, 
environmental pollution, waterbird hunting, intensive pressure from vehicles, agriculture, 
fishing and grazing, conversion of swamps into agricultural areas, excessive destruction 
and burning of wetland reeds, control of rodent populations, and heavy use of pesticides 
(Linnell et al., 2001; Madden, 2008; Oğurlu et al., 2010). Similarly, our study confirmed 
some of the stated issues contributing to the declining population of jungle cats in the 
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research area. Therefore, the methodology and results of our study are vital for preserving 
the jungle cat populations in Turkey. 

The capture-recapture model has been used for estimating densities of one of Turkey's 
most important predator felis species, the jungle cat. The previous conventional analyses 
of obtaining population density have given way to more robust methods that use the 
spatial information of the location of traps rather than methods that estimate the size of 
the effective area heuristically. It was concluded that the Capture-Recapture method gave 
statistically reliable results for the jungle cat population. To increase the reliability rate 
of results, it was ensured that the camera traps function for at least 20 days in each camera 
trap period, as recommended by Gupta et al. (2009) and Jansen et al. (2014). Throughout 
the study it was found that 15 out of 83 individuals, who were caught on camera traps 
over 77 trap days, were different individuals. In a camera trap period, the highest capture 
rate for the same camera trap was functioning as 7 records at site no_0077, near the lake. 
Additionally, 5 records from each of the 3 camera trap sites (fi_31, fi_106, fi_129) placed 
around the lake were the biggest indication that the species behaved diurnally in this 
habitat type (Gupta et al., 2009; Avgan et al., 2014). It is understood that the jungle cat 
was passive in forest habitats during the day, while it was active in habitats at point zero 
of the lake from the first hours of night. The jungle cat, human and livestock activity in 
this area appeared to be the same within the context of spatiotemporal response. Our 
findings suggested that jungle cats are adjusting their spatiotemporal activity patterns to 
people, supporting the 1st and 2nd hypotheses. The jungle cat had a positive interaction 
with humans despite high human density. However, there was a clear difference in 
temporal activity. Jungle cats were more active at night to avoid human disturbance. It is 
a known fact that this area is used by humans in the daytime, and by jungle cats after 
sunset. It is believed that the biggest reason for the jungle cat to arrive at these hours was 
to feed on fish scraps cleaned by fishermen or dead and live fish in the shallow part of the 
lake (Oğurlu et al., 2010; Oğurlu, 2015). Apart from night feeding, the jungle cat preferred 
to rest and isolate itself in its natural forest habitat, far from humans. The decrease in the 
rate of being caught on camera traps as it moved towards the forest habitats was an 
indicator of this case (Majumder et al., 2011). 

It is clear that urban wildlife has both positive and negative interactions with humans. 
Historically, there has been a significant amount of research emphasis on clashes between 
city dwellers and wildlife. Now there is increasing recognition of the benefits that wildlife 
can bring (Soulsbury and White, 2015). According to our study results there was no fear 
of conflict between humans and jungle cats. On the contrary, cats helped farmers by 
eating mice on farmland and cleaned the lake environment by eating fish waste discarded 
by fishermen on the lakeshore. This systematic behavior of the forest cat created 
sympathy for the species by the locals. As a result, despite our widespread belief that 
terrestrial predators always clash with humans, our work has shown mutual cooperation 
between cats and local people (Inskip and Zimmermann, 2009; Chowdhury et al., 2015). 
Despite this conclusion, in order to avoid the need for human-induced harm to carnivore 
species in different areas, the priority of research should be focused on more human-
wildlife conflict in urban areas and the human-wildlife relationship of wildlife 
management plans to which these species and people will be least affected. These plans 
need to be prepared and handled in a holistic way. There is a critical need to develop 
conceptual frameworks to understand human-wildlife interactions. 

Jungle cats in our study site exhibited relatively high temporal overlap with other wild 
animals, lending some support for hypothesis 3. It was likely that jungle cats were 
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deliberately active when these species were active (Fig. 6). The complex landscapes 
consisting of agricultural area, forest and wetlands were the most preferred habitats for 
wild animals. The positive interaction of the jungle cat and other wild animals using these 
habitats existed due to a sufficient amount of nutrients for predatory species in these areas 
(Wegge et al., 2009). For example, prey species, such as vole and European rabbit (Prop. 
of photos: 5.1%), were relatively abundant for golden jackal, another large predator 
species (Prop. of photos: 24.07%). Therefore, there was a little conflict for food sources 
between predators. 
 

Figure 6. Location of camera traps around Eğirdir Lake in Isparta province, capturing jungle 
cat, human, livestock and other important species at sampling locations within the Eğirdir Lake 

study area located in Turkey 
 
 

In our study, it was observed that all other wild animals, apart from the jungle cat, did 
not show any activity during the day (Fig. 6). Although humans, jungle cats and other 
wild animals in the area were not spatially separated, the temporal separation between 
them limited human contact rates (Fig. 7). With the exception of the jungle cat it is 
thought that nocturnal behavior in wild animals is preferred when humans have minimal 
activity, in order to comfortably feed and protect itself and its family. For this reason, 
jungle cats seen over the course of the study, smuggled or crushed on the highway 
supports this theory (Gaynor et al., 2010). Therefore changes in temporal niche should be 
taken into account by the Nature Conservation and National Parks Directorate. It is 
important that protection control is carried out after dark, throughout the night. 

Based on the camera trap images, we observed no signs of jungle cat poaching by 
locals in the study, nor did we come across any snares while in the field (Carter et al., 
2015). With the exception of human-boar conflict we did not encounter any conflicts 
between locals and wildlife (Carter et al., 2012). However, it is thought that poaching of 
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jungle cats is connected to fish, frog, bird and land hunters from outside the area. The fact 
that 5 of the camera traps installed in the study area were either broken or stolen is an 
indication of a problem with poachers rather than with local people (Ünal et al., 2019). 
The main task falls to the Ministry of Agriculture and Forestry, VI. Regional Directorate 
of Nature Conservation and National Parks. In order to protect an important predator 
species such as the jungle cat, and increase its generation, there is a need for better 
implementation of the laws and regulations protecting wildlife, as well as for educational 
and awareness-raising activities for local people (Johannesen, 2006). Eventually, it will 
be imperative to take conservation priority measures for the sustainable control of wildlife 
and biodiversity in key habitats where endangered wild animal species are spreading. 
 

Figure 7. Photographs of a human, b jungle cat, c wild boar, and d golden jackal captured at 
the same area during the study period 

 
 

A nationwide monitoring program is needed to identify wildlife population dynamics 
and their interactions with humans and other species. This could provide an opportunity 
to better understand the relationship between human restrictive factors and wildlife. We 
believe that this study provides important insight into the interaction of rare species such 
as the jungle cat with humans and other wildlife species. 

In order to protect wild animals, special attention should be given to environmental 
and wildlife awareness training, especially for wildlife habitats and rural populations. 
Applicable solutions should be created to reduce the pressure of mortality factors, 
especially poaching of wild animals. However, as the human population grows in the 
developing world and shifts towards wildlife habitats, it is obvious that the damage to 
occur will mostly affect wild animals. 
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Conclusion 

It is important to know that the response of a wild animal to different biotic and abiotic 
factors may vary between habitats. These responses can be positive or negative, but 
depend on the influence level of the factor. The greater the human pressure (population, 
poaching, recreation, etc.) in a living environment, the greater the variation of response 
in wild animal populations. Our research results show that the jungle cat and other wild 
animals have to adjust their daily behavior according to human activity in order to live 
and feed. In the research area, it was concluded that intense human activity in a small 
habitat such as 10.7 km2 creates discomfort and stress for wildlife. 

The jungle cat is among the endangered species in Turkey. The jungle cat is 
endangered due to poaching, loss of habitats, conversion of marshes into agricultural 
lands, the use of pesticides to control rodent populations in agriculture areas, and the 
consumption of poisoned rodents. In this context new scientific research should be carried 
out to form the basis for the conservation of the endangered jungle cat and its habitats. 
Additionally, Species Protection Action Plans should be prepared by expert teams. In 
these plans the importance for Turkey of the national and international protection status 
of the jungle cat (protection status within the framework of national and international 
legislation and contracts), determination of jungle cat population status, habitat analysis, 
and determination and protection status of these areas must be updated. 
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Abstract. We studied the size-fractionized phytoplankton community structure characteristics and their 
response to environmental factors by investigating the photosynthetic pigment concentration and 
composition; composition and abundance of algal phyla levels; and environmental factors in typical lakes 
of Hubei Southeastern, China for four seasons. High-performance liquid chromatography (HLPC) results 
show that the total chlorophyll concentration was 36,418.62 mg/m3, and the contribution rates of 
microplankton, nanoplankton, and picoplankton to the total biomass were 13.43%, 49.08%, and 37.49%, 
respectively. Fucoxanthin, alloxanthin, zeaxanthin, and chlorophyll b were the main photosynthetic 
pigments. However, the spatial and temporal distribution had significant differences in the four typical 
lakes. Chemical taxonomy (CHEMTAX) calculation indicates that the dominant species were Diatoms 
and Cryptophytes in spring, Euglenophytes in summer, Euglenophytes and Cyanobacteria in autumn, and 
Euglenophytes and Cryptophytes in winter. The Chrysophyte and Dinoflagellates have the lowest 
proportion for all seasons. The redundancy analysis (RDA) demonstrates that the key environmental 
factors for the succession were Total Nitrogen (TN) and Total Phosphorus (TP). The application of the 
HPLC-CHEMTAX method has provided the first analysis of the community structure of size-fractionized 
phytoplankton in typical lakes of Hubei Southeast, China, and environmental factors affect the succession 
of size-fractionized phytoplankton over time. This study provides theoretical bases that the 
comprehensive research on different size phytoplankton in freshwater. 
Keywords: HPLC, community structure, photosynthetic pigment, chemical taxonomy, redundancy 
analysis 

Introduction 

East Lake (Wuchang District, Wuhan City, Hubei Province, China) is a typical semi-
enclosed lake in the middle and lower reaches of the Yangtze River (Yun et al., 2015), 
and it is the second largest urban lake in China. The catchment area is 190 km2, and the 
lake water area is 34.59 km2. The average water depth is 2.2 m, with the highest value 
reaching 6 m. However, Wuhan is a typical industrial city, the domestic, industrial, and 
agricultural waste water discharge has significantly increased with its rapid 
industrialization and urbanization, which has resulted in the deterioration of the water 
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quality of the East Lake. The trend has changed from phosphorus limitation to nitrogen 
restriction, and eutrophication is intensifying. Cihu Lake (Huangshi City, Hubei 
Province, China) is the largest lake in Huangshi with a water area of approximately 
1.0 × 107 m2, catchment area of 6.28 × 107 m2, and average water depth of 1.75 m (Yan, 
et al., 2015). The effect of its geographical location (i.e., proximity to a city, low water 
level, and limited purification capacity) and absence of a reasonable treatment have 
resulted in a large amount of industrial wastewater discharge. Water pollution is serious 
concerning the lake’s eutrophic state. Qingshan Lake (Huangshigang District, Huangshi 
City, Hubei Province, China), which is located in the northern part of the Cihu Lake, 
typical urban lake, has a catchment area of 6.2 km2, water area of 0. 52 km2, and depth 
of 16.83 m (Li et al., 2013). It consists of four sub-lakes. Qinggang Lake 
(Huangshigang District, Huangshi City, Hubei Province, China) is located on the west 
bank of the Yangtze River and east of Qingshan Lake. Compared with Qingshan Lake, 
Qinggang Lake, Cihu and East Lake have more domestic sewage discharge, their 
smaller water areas, poorer self-recovery ability, and serious water pollution are often 
observed to be in a nutritious state. 

Phytoplankton participates in the material cycle and energy flow as the main 
contributors of primary productivity; they also play an important role in the freshwater 
ecological system (Callieri, 2008). Phytoplankton consists of microplankton (20-
200 µm), nanophytoplankton (2-20 µm), picophytoplankton (0.2-2 μm), and 
ultraphytoplankton (< 5 μm) (Robineau et al., 1999); each type has different 
contributions to the primary productivity and biomass. Nishibe et al. (2015) determined 
that the primary production was low in winter and composed mostly of small 
phytoplankton (< 10 μm), whereas large phytoplankton (> 10 μm) became the major 
producers in spring with high production. Current studies on the phytoplankton size 
structure mainly focus on marine ecosystems (Wang et al., 2014; Le et al., 2014; Joan et 
al., 2015), which are rarely reported in freshwater waters. Therefore, the study of 
freshwater bodies has important theoretical and practical significance, especially with 
lakes as the research object. However, fresh water has a special nature because of its 
ecological environment, including the complexity and variability of biological factors in 
freshwater bodies, organisms, and the environment, which determine the study 
complexity in freshwater bodies. 

Therefore, the current study clarifies the compositions of phytoplankton community 
and their relationship with environmental factors in four urban lakes (Cihu Lake, East 
Lake, Qingshan Lake and Qinggang Lake) with different eutrophication levels in 
Huangshi City or Wuhan City, Hubei Province, China by using high-performance liquid 
chromatography (HPLC)-chemical taxonomy (CHEMTAX) and redundancy analysis 
(RDA). 

Materials and methods 

Study area and sampling strategy 

Cihu Lake (30012’ N, 11503’ E) is located in the center of Huangshi City, Hubei 
Province, China. Three sampling points (Fig. 1A) are set up according to the 
morphological characteristics, geographical location, and pollution degree of Cihu 
Lake. East Lake (30033’ N, 114023’ E) is located in Wuchang District, Wuhan City, 
Hubei Province, China, which composed of Guozhen Lake, Fruit Lake, Tangling Lake, 
Tuan Lake, Hou Lake, Xiaotan Lake, Luoyan and other small sub-lakes. Guozheng 
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Lake is the main lake district of East Lake, where three sampling points are also set up 
(Fig. 1B). Qingshan Lake is located in the northern part of Cihu Lake, which consists of 
four sub-lakes: fish pond, attached lake 1, main lake district, and attached lake 2, we 
selected representative main lake district located in Qingshan Lake Park for sampling, 
three sampling points were set up (Fig. 1C). Three sampling points are also set up in 
Qinggang Lake, which is located east of Qingshan Lake and southwest of the Tiger’s 
Head (Fig. 1D). The GPS latitude and longitude of each monitoring point are shown 
below (Table 1). The sampling times were March 2016, August 2015, November 2015, 
and January 2016 for spring, summer, autumn, and winter, respectively. Sampling once 
per season, a total of four lakes were sampled, each lake set up three sampling points. 
At each sampling point, 900 mL of surface water is collected with plexiglass sampler at 
a depth of 0.5 m. 

 
Determination of photosynthetic pigment contents of the size-fractionized 

phytoplankton 

A 900 mL water sample was collected at each sampling point and divided into three 
equal parts. The first water sample was directly filtered with a 0.7 μm GF/F filter 
membrane to obtain phytoplankton above 0.7 microns. The second water sample was 
first filtered with a 20 μm sieve, and then the filtrate was collected and filtered with a 
0.7 μm GF/F filter membrane for store to obtain phytoplankton of 0.7 to 20 microns. 
The third water sample was first filtered with a pore size of 5 μm, and then the filtrate 
was collected and filtered with a 0.7 μm GF/F filter membrane for store to obtain 
phytoplankton of 0.7 to 5 microns. 

 

 

Figure 1. Location of the sampling sites in the study area 
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Table 1. The GPS latitude and longitude of each monitoring point 

Lakes Monitoring points longitude latitude 

Cihu Lake Site 1 E115°3’40.8” N30°12’39.08” 

Cihu Lake Site 2 E115°3’36.7” N30°13’23.8” 

Cihu Lake Site 3 E115°3’35.6” N30°11’40.3” 

East Lake Site 1 E114°23’35.7” N30°32’44.3” 

East Lake Site 2 E114°23’53.4” N30°32’59.8” 

East Lake Site 3 E114°22’20.3” N30°34’19.8” 

Qingshan Lake Site 1 E115°3’251” N30°14’12.3” 

Qingshan Lake Site 2 E115°3’18.1” N30°13’52.9” 

Qingshan Lake Site 3 E115°3’16.6” N30°2’0.2” 

Qinggang Lake Site 1 E115°1’59” N30°14’4” 

Qinggang Lake Site 2 E115°1’34” N30°14’4” 

Qinggang Lake Site 3 E115°1’33” N30°14’2” 

 
 
The membrane with the sample was cut into several 5 mm × 1 cm pieces (not 

excessively small or large) and placed in a 2 mL centrifuge tube. Approximately 1 mL 
DMF was added and shock mixed into the - 20 °C refrigerator for 40 min, centrifuged at 
4,000 r/min for 5 min, filtered through a 0.22 μm filter, and mixed with an equal volume 
of 1 M ammonium acetate solution for the HPLC analysis according to the reference 
method (Liu et al., 2017). The mobile phase consisted of methanol [1 M ammonium 
acetate; methanol = 80:20 (pH = 7.2)] and a mobile phase B: 100% methanol. The 
detection wavelength was 440 nm, injection volume was 100 μL, and flow rate was 
1 mL/min. The photosynthetic pigment standards include fucoxanthin (Fuco), 
neoxanthin (Neox), violaxanthin (Viol), zeaxanthin (Zeax), diadinoxanthin (Diad), 
alloxanthin (Allo), chlorophyll a (Chl a), and chlorophyll b (Chl b), which were 
prepared according to our patent (Chinese Number: 201410022083.4). Quantitative, 
gradient elution, and quantitative calculation were performed according to our published 
method (Liu et al., 2017). The pigment concentrations of phytoplankton in the samples 
were calculated by the differential method. The pigment concentrations of 
microphytoplankton (> 20 μm), nanophytoplankton (5-20 μm), and picophytoplankton 
(0.7-5 μm) were obtained by subtractive method. The characteristics of the size-
fractionized phytoplankton community structure were analyzed by utilizing 
CHEMTAX. 

 
Chemtax analysis of the pigment data of the size-fractionized phytoplankton 

The initial pigment ratio can directly affect the Chemtax calculation (Mackey et al., 
1996). In studies of different habitats, including an estuary (Lionard et al., 2008), a bay 
(Madhu et al., 2014), lagoons (Sarmento and Descy, 2008), and freshwater bodies 
(Guisande et al., 2008), many adjustments were made to the selection of the initial ratio 
and pigment matrix. The intent was to isolate and incubate the phytoplankton in the 
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laboratory to discover the pigment/Chl a ratio, but the ratio for every phylum was 
complex. The optimal initial pigment ratios in the current study were obtained from 
literature (Liu et al., 2017). The pigment concentration and initial pigment ratio data 
were inputted utilizing the CHEMTAX software version 1.95. The new pigment ratio 
data were obtained from the first run. The second CHEMTAX run employed this output 
pigment ratio as the input pigment ratio. After five to seven repetitions, there is no 
change in the output of the algae composition in phylum level, which indicates that the 
final results have been obtained. (Latasa, 2007) reported that multiple operations of the 
CHEMTAX analysis lowered the dependence on the initial pigment ratio, the 
transformation of different pigment ratios with continuous runs was always directed 
towards the true value, which improves the reliability and accuracy of the results. The 
relative abundance of size-fractionized phytoplankton that contributes to the Chl a 
biomass was calculated. The spatial and temporal differences were analyzed through the 
ANOVA statistical analysis. 

 
Analysis of environmental factors 

Water sample environmental factors comprised temperature (T), pH, total 
phosphorus (TP), ammonia nitrogen (NH4

+-N), total nitrogen (TN) and KMnO4 index, 
measured according to Water and Wastewater Monitoring and Analysis Methods of 
ministry of environmental protection of the people’s republic of China. 

 
Analysis of relationship between community structure and environmental factors 

First, the species variables were analyzed by detrending correspondence analysis 
(DCA). If the longest length of the gradient was less than or equal to 3.0, then the linear 
model of principal component analysis (PCA) or redundancy analysis (RDA) was more 
appropriate. RDA was then applied to analyze the relationship between the environmental 
factors and size-fractionized phytoplankton community structure. Utilizing the previous 
selection and Monte Carlo tests, a minimal subset of the environmental factors was 
adopted for the RDA analysis, which explains a significant (P < 0.05) variation within the 
species data. Only these environmental factors are shown on the biplots. The ordination 
plots were made by Canoco for the Windows 4.5 software. 

Results 

Spatial and temporal distribution of the total biomass of size-fractionized 

phytoplankton in typical lakes of Hubei Southeast, China 

The Chl a concentration was analyzed to evaluate the size-fractionized 
phytoplankton biomass in the typical lakes of Hubei Southeast. The spatial and temporal 
distributions of the total biomass were then clarified. Results are shown in Figure 2. 
The total biomass of the size-fractionized phytoplankton in the Lake centeris higher 
than those of other areas. For different seasons, the total biomass of the size-fractionized 
phytoplankton in the same lake has a large difference, and the highest value was 
observed in summer. The total biomass of the size-fractionized phytoplankton in the 
same lake was also different, and the highest total biomass of phytoplankton was that of 
nanoplankton. The spatial and temporal distributions of the total biomass of size-
fractionized phytoplankton in the typical lakes of Hubei Southeast are as presented 
follows: 
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The contribution of the size-fractionized phytoplankton to the total biomass in Cihu 
Lake is shown in Figure 2A. The ratios of the total biomass in each site to the total 
biomass in all sites were 40.65%, 29.47%, and 29.89%, and the highest biomass was 
observed in sampling site 1. The biomass for all phytoplankton was the highest in 
autumn and smallest in winter. Among the microplankton, nanoplankton, and 
picoplankton, the highest contribution to the total biomass was that of nanoplankton. 
The contribution of the size-fractionized phytoplankton to the total biomass in East 
Lake is shown in Figure 2B. The ratios of the total biomass in each site to the total 
biomass in all sites are 45.05%, 28.77%, and 26.18%, and the highest biomass appeared 
in sampling site 1. The biomass for all phytoplankton was the highest in summer. The 
contributions of microplankton, nanoplankton, and picoplankton to the total biomass are 
relatively close. The contribution of the size-fractionized phytoplankton to the total 
biomass in QingShan Lake is shown in Figure 2C. The ratios of the total biomass in 
each site to the total biomass in all sites are 50.39%, 28.53%, and 21.08%, and the 
highest biomass was observed in sampling site 1. The biomass for all phytoplankton 
was the highest in summer. Among the microplankton, nanoplankton, and picoplankton, 
the highest contribution to the total biomass was that of nanoplankton. The contribution 
of the size-fractionized phytoplankton to the total biomass in QingQang Lake is shown 
in Figure 2D. The ratios of the total biomass in each site to the total biomass are 
46.10%, 21.99%, and 31.91%, respectively, and the highest biomass was observed in 
sampling site 1. The biomass for all phytoplankton was the highest in summer. Among 
the microphytoplankton, nanophytoplankton, and picophytoplankton, the highest 
contribution to the total biomass was that of nanophytoplankton. 

 

 

Figure 2. Biomass of size-fractionized phytoplankton in Cihu, East, Qingshan and Qinggang 
lakes 
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Temporal and spatial distributions of the photosynthetic pigments of the size-

fractionized phytoplankton 

The photosynthetic pigment content of the size-fractionized phytoplankton was 
detected by utilizing HPLC technology in typical lakes of Hubei Southeast, China. The 
temporal and spatial distributions were then analyzed. The results show that the main 
biomark pigments in typical lakes of Hubei Southeast, China have eight types: Fuco, 
Neox, Viol, Allo, Lute, Zeax, Chl a, and Chl b. Among these pigments, Fuco, Allo, and 
Zeax were the main biomark pigments. The pigment compositions of the size-fractionized 
phytoplankton were similar, but the concentrations were different. Seven types of 
photosynthetic pigments from size-fractionized phytoplankton in the time distribution 
were relatively different, but their spatial distributions were relatively concentrated. The 
pigment concentrations in Qingshan and Qinggang Lakes were also higher. The spatial 
and temporal distributions of Fuco are shown in Figure 3A. The concentration range of 
Fuco was approximately 0 μg/m3 to 2,341.91 μg/m3, and it was highest in summer. A 
comparison of the Fuco concentration of the size-fractionized phytoplankton shows that 
nanophytoplankton was the highest in the four seasons. The spatial and temporal 
distributions of Neox are shown in Figure 3B. The concentration range of Neox was 
approximately 0 μg/m3 to 262.99 μg/m3, and it was also highest in summer. A comparison 
of the Neox concentration of the size-fractionized phytoplankton shows that 
nanophytoplankton was the highest in the four seasons. The spatial and temporal 
distributions of Viol are shown in Figure 3C. The concentration range of Viol was 
approximately 0 μg/m3 to 1,024.40 μg/m3, and it was highest in autumn. A comparison of 
the Viol concentration of the size-fractionized phytoplankton shows that 
nanophytoplankton was the highest in spring, autumn, and winter, whereas picoplankton 
was the highest in summer. The spatial and temporal distributions of Allo are shown in 
Figure 3D. The concentration range of Allo was approximately 0 μg/m3 to 
6,231.79 μg/m3, and it was highest in summer. A comparison of the Allo concentration of 
the size-fractionized phytoplankton show that microphytoplankton was the highest in 
summer, whereas nanoplankton was the highest in the other seasons. The spatial and 
temporal distributions of Zeax are shown in Figure 3E. The concentration range of Zeax 
was approximately 0 μg/m3 to 1,499.53 μg/m3, and it was highest in autumn. A 
comparison of the Zeax concentration of the size-fractionized phytoplankton shows that 
nanophytoplankton was the highest in autumn, whereas picoplankton was the highest in 
the other seasons. The spatial and temporal distributions of Lute are shown in Figure 3F. 
The concentration range of Lute was approximately 0 μg/m3 to 539.03 μg/m3, and it was 
highest in summer. A comparison of the Lute concentration of the size-fractionized 
phytoplankton shows that nanophytoplankton was the highest in the four seasons. The 
spatial and temporal distributions of Chl b are shown in Figure 3G. The concentration 
range of Chl b was approximately 0 μg/m3 to 4,504.55 μg/m3, and it was highest in 
summer. The spatial and temporal differences among the seven photosynthetic pigments 
(except for Chl a) were analyzed utilizing the ANOVA statistical analysis. Results show 
that the photosynthetic pigment concentration had a significant difference in time 
(P < 0.05), but no significant difference in space (P > 0.05). 

 
Composition of the size-fractionized phytoplankton community structure 

The size-fractionized phytoplankton community structure was identified with 
CHEMTAX based on the pigment concentration data and initial pigment ratio. The 
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composition of the size-fractionized phytoplankton community structure is shown in 
Figure 4. Seven phytoplankton phyla were identified in the research area: Cryptophytes, 
Diatoms, Chlorophytes, Cyanobacteria, Chrysophytes, Euglenophytes, and 
Dinoflagellates. The size-fractionized phytoplankton community structure in spring is 
shown in Figure 4A. The results indicate that Diatoms dominated the sampling area in 
the Cihu, East, and Qinggang Lakes, and the highest percentage of Diatoms (91.39%) 
was at sampling site 2 in East Lake. Cryptophytes dominated the sampling area in 
Qingshan Lake, and the highest percentage (94.74%) was at sampling site 1. The 
dominant species was different for the size-fractionized phytoplankton. Diatoms and 
Cryptophytes were the dominant phyla for microphytoplankton, whereas Diatoms were 
the dominant phyla for nanophytoplankton. Cryptophytes were the dominant phyla for 
picophytoplankton. The size-fractionized phytoplankton community structure in 
summer was shown in Figure 4B. The results indicate that Euglenophytes and 
Cyanobacteria were the dominant phyla. The community structure largely changed, and 
the succession occurred between the Euglenophytes and Diatoms in the Cihu, East, and 
QingGang Lakes. By contrast, the percentage of cyanobacteria in QingShan Lake was 
higher than Euglenophytes. The dominant phyla did not have a clear difference for the 
size-fractionized phytoplankton. Euglenophytes were the dominant species for 
microphytoplankton, nanophytoplankton, and picophytoplankton. The size-fractionized 
phytoplankton community structure in autumn was shown in Figure 4C. The results 
indicate that Euglenophytes and Cyanobacteria were the dominant phyla, and the 
variation range of the community structure was small in all sampling areas. The 
dominant phyla were different for the size-fractionized phytoplankton. Euglenophytes 
were the dominant phyla for microphytoplankton, and the percentage was the highest at 
sampling site 1 in Cihu Lake. Cyanobacteria were the dominant species for 
nanophytoplankton. The size-fractionized phytoplankton community structure in winter 
is shown in Figure 4D. The results indicate that Euglenophytes were the dominant phyla 
in the Cihu and East Lakes, and Cryptophytes were the dominant phyla in the Qingshan 
and Qinggang Lakes. The dominant species did not have an evident difference for the 
size-fractionized phytoplankton, and the dominant phyla were Euglenophytes and 
Cyanobacteria. Thus, the dominant species were Diatoms, Duglenophytes, 
Cryptophytes, and Cyanobacteria all year round. The percentage of dominant species in 
summer was more than 50%, which may cause an outbreak of water bloom. The spatial 
and temporal differences were analyzed by utilizing the ANOVA statistical analysis. 
The results indicate that the community structure had a significant difference in time 
(P < 0.05), but no significant difference in space (P > 0.05). 

 
Relationship between the size-fractionized phytoplankton community structure and 

environmental factors 

The environmental variables were first analyzed with DCA. The longest gradient 
length was less than three, which was suitable for the RDA analysis (Fig. 5). Utilizing 
the forward selection and Monte Carlo tests, the environmental factors showed 
significant (P < 0.05) variation within the species data in all seasons, except for autumn. 
The environmental factors did not significantly affect the size-fractionized 
phytoplankton community structure in autumn. Therefore, the relationship between the 
ultraphytoplankton community structure and environmental factors was clarified by 
RDA in spring, summer, and winter. The RDA results for spring, summer, and winter 
are presented as follows. The dominant phylum in spring (Fig. 5A) was Diatoms. The 
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Diatoms were positively correlated with pH and temperature, whereas they were 
negatively correlated with TP, TN, and NH4

+-N. The ordination biplot indicates that TN 
was the most significant environmental factor. The dominant phylum in summer 
(Fig. 5B) was Euglenophytes, which were positively correlated with TP, TN, and pH, 
whereas they were negatively correlated with temperature. The ordination biplot 
indicates that TP was the most significant environmental factor. The dominant phylum 
in winter (Fig. 5C) was Euglenophytes. Euglenophytes were positively correlated with 
NH4

+-N, whereas they were negatively correlated with TP and TN. The ordination 
biplot indicates that TP was the most significant environmental factor. 

 

    
A. Fuco      B. Neox 

    
C. Viol      D. Allo 
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E. Zeax      F. Lute 

 

 
G. Chl b 

Figure 3. Temporal and spatial distribution of photosynthetic pigments. CH: Cihu Lake; EH: 
East Lake; QSH: Qingshan Lake; QGH: Qinggang Lake 

Discussion 

The size-fractionized phytoplankton in four seasons was analyzed. The dominant 
phytoplankton in the Qingshan, Qinggang, and Cihu Lakes was nanophytoplankton. 
However, the percentage of microphytoplankton, nanophytoplankton, and 
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picophytoplankton in East Lake was relatively balanced. Seasonal differences were 
observed in the phytoplankton composition; microphytoplankton was the dominant 
phyla in spring and winter, whereas nanophytoplankton was the dominant phyla in 
summer and autumn. A significant grade structure succession occurred, which was 
similar to the findings (Wollschläger et al., 2015). The community structure of the size-
fractionized phytoplankton in the typical lakes of Hubei Province, China has a 
significant difference among the seasons, but the composition of the size-fractionized 
phytoplankton in the same season was highly similar. Nanophytoplankton and 
picophytoplankton were also the dominant phyla, and these results were similar to 
marine ecosystem (Huang, 2018). 

 

 

Figure 4. The size-fractionized phytoplankton community structure. CH: Cihu Lake; EH: East 
Lake; QSH: Qingshan Lake; QGH: Qinggang Lake 

 
 
The community structure of size-fractionized phytoplankton was highly similar in 

the Cihu and East Lakes, and a small difference was observed among the seasons. The 
dominant phylum was Euglenophytes. Sun (2014) stated that Euglenophytes were 
mostly grown in water with pH 6.5 to 8.5. In our study, the pH and temperature were 
the optimal conditions for Euglenophytes growth. However, Euglenophytes have a 
strong ability of movement and migration, so they could occupy the surface and 
subsurface waters during the day for photosynthesis (Willén, 1992). Given this 
competitive relationship, other algae types could hardly reach the upper water. The 
surface water in this study was collected from the Cihu and East Lakes, which may be 
one of the reasons why the dominant phylum was Euglenophytes. The community 
structure of the size-fractionized phytoplankton in the Qingshan and Qinggang Lakes 
were highly similar, and a significant difference among the seasons was observed. 
Cryptophytes was the dominant phylum in spring and winter, whereas Euglenophytes 
and cyanobacteria were the dominant phyla in summer and autumn. This phenomenon 
is mainly related to their geographical environment. Cryptophytes creased to large 
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number in the Qingshan and Qinggang Lakes in spring and winter, which may be due to 
the following reasons. On the one hand, Cryptophytes have high tolerance to low light 
(Marshall and Laybourn-Parry, 2002). The water in the study areas (Qingshan and 
Qinggang Lakes) was turbidier, which limited the light and growth of other 
phytoplankton, and Cryptophytes adapted to low light growth occupy an advantageous 
position. (Lewitus et al., 1991). On the other hand, the reproductive cycle was short at 
approximately 0.8 d to 3 d (Liu et al., 2012), this factor also provided the conditions for 
the Cryptophytes to become the dominant phylum. The dominant phylum in summer 
and autumn was cyanobacteria. Previous reports (Zhang et al., 2009; Li et al., 2010) 
states that the increasing temperature and eutrophication status are blue-green algae 
outbreak conditions. Results shown that the eutrophication of the Qinggang and 
Qingshan Lakes was more serious than the other two lakes. 

 

  
A. Spring     B. Summer 

 

 
C. Winter 

Figure 5. Ordination biplot of environmental variables and the size-fractionized phytoplankton 
assemblages obtained by RDA for different seasons 



Xie et al.: Characteristics of size-fractionized phytoplankton and their response to environmental factors in typical lakes of 
southeastern Hubei Province, China 

- 5903 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5891-5905. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_58915905 
© 2020, ALÖKI Kft., Budapest, Hungary 

The size-fractionized phytoplankton succession was affected by the environmental 
factors and nutrients. Previous reports on lakes and reservoirs states that oligotrophic 
systems have < 0.2 mg/L TN and < 0.01 mg/L TP, whereas eutrophic systems have 
TN > 0.5 mg/L and TP > 0.02 mg/L (Peng et al., 2013). The lowest values of TN and 
TP during the sampling period were 1.31 and 0.06 mg/L, respectively, which indicates 
that the typical lakes of Hubei Southeast, China fall into the category of eutrophicated 
water bodies. We then had to clarify the relationship between the environmental factors 
and ultraphytoplankton. Our findings shown that the relationship between 
environmental factors and size-fractionized phytoplankton had no clear significance 
(P > 0.05) in autumn, which indicates that the environmental factors did not affect the 
size-fractionized phytoplankton community structure in this season. By contrast, the 
relationship between the environmental factors and ultraphytoplankton was significant 
(P < 0.05) in the other three seasons, and the most significant environmental factors 
were TP and TN. The most limiting nutrient for algae growth in the freshwater 
ecosystem was generally phosphorus (Zhang et al., 2016). Feng et al. (2016) determined 
that phosphorus was the most significant factor that affects algal bloom in eutrophic 
conditions. Nitrogen also played an important role in the size-fractionized temporal 
dynamics in our study. This result was consistent with previous report (Barroso et al., 
2016) that TN was the main driver of the phytoplankton structure. 

Conclusions 

We applied the HPLC-CHEMTAX method successfully and identified eight 
biomarker pigments and seven ultraphytoplankton (groups or classes) in the typical 
lakes of Hubei Southeast, China for the first time. The dominant phytoplankton types 
were Diatoms and Euglenophytes. The concentration of photosynthetic pigment had a 
significant difference in time (P < 0.05), but no significant difference in space 
(P > 0.05). 

During the study period, the typical lake of Hubei Southeast, China was found to 
belong to the category of eutrophicated water bodies. Nanophytoplankton biomass was 
higher than microphytoplankton and picophytoplankton biomass, the community 
structure had a significant difference in time (P < 0.05) and was higher in summer than 
the other three seasons, but no significant difference in space (P > 0.05). Action should 
be taken to improve water quality to reduce the risk of harmful algal blooms. 

The relationship between the environmental factors and ultraphytoplankton had a 
significant difference (P < 0.05) in the other three seasons (except autumn), and the 
most significant environmental factors were TP and TN, affecting size-fractionized 
phytoplankton succession in spring, summer and winter. 

In future research, we can combine molecular biology techniques such as qPCR, high-
throughput sequencing, metagenomics, single-cell sequencing with HPLC-CHEMTAX 
technology to study size-fractionized phytoplankton and obtain more complete 
information on community structure. Moreover, the biodiversity of specific groups of 
size-fractionized phytoplankton in freshwater lakes are requied to be further studied. 
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Abstract. This study, it was aimed to determine the effects of super absorbent polymers (SAP) on plant 
growth, yield, hormone level, leaf pigment and nutrient contents, enzyme activities, organic acid and amino 
acid composition, lipid peroxidation level in tomato and the amount of drained water in soilless culture. 
For this aim, three levels of SAPs (0, 5 and 10 g slab-1) were applied into cocopeat slabs before planting 
seedlings in randomized plots. The results showed that the SAPs added to cocopeat substrate increased 
plant growth and yield by increasing leaf nutrient, pigment and hormone contents in tomato plants. 
However, SAP applications reduced lipid peroxidation, H2O2 content, antioxidant enzym activities and 
abscisic acid level. SAP treatment increased organic acid contents about 9.5-24.7%, except for butyric and 
maleic acid. In general, SAP treatment increased the amino acid contents in leaves, but decreased  mainly 
proline, aspartate and hydroxyproline contents. The presence of sufficient water and nutrients in plants’ 
root zones with low force allowed them to grow without stress. A 10 g polymer application gave better 
results than other doses on investigated parameters. In conclusion, SAPs can be used in soilless tomato 
farming, due to its beneficial effects on plant growth, yield and water saving. 
Keywords: polymers, hydroponic, leaf nutrients, fruit yield, water saving 

Introduction 

Soilless culture provides significant savings in water and fertilizer use compared to 
conventional agriculture (Putra and Yuliando, 2015). This would provide significant 
benefits and protection of environment and natural resources. SAPs are hygroscopic 
materials consisting of acrylamide monomers (acrylic acid and sodium or potassium 
acrylate). The carboxyl group along the polymer chain has a high water absorption 
capacity, the crosslinks present in the chain prevent its complete dissolution (Bortolin et 
al., 2013). SAPs have hydrophilic groups with enormous capability of absorbing and 
retaining water or aqueous solutions of up to hundreds of times their weights (Sojka and 
Entry, 2000). Water and nutrients stored in SAPs are slowly released to the plant to 
improve growth under limited water supply (Islam et al., 2011). The application of SAPs 
also increases growth by increasing the soil’s capacity to store water and nutrients 
(Tohidi-Moghadam et al., 2009). SAPs do not have any direct impact on human health 
and environment, therefore, the consumption of vegetable products grown with polymer 
application does not pose a toxicological risk (Sojka et al., 2007). SAPs increase in water 
retention capacity of soils, enabling to release of applied pesticides and chemical 
fertilizers in control (Wu et al., 2008). Nimah et al. (1983) reported that SAPs increased 
water retention in sandy and clay soils about 25% and 25-30%, respectively. Similarly, 
Başak et al. (2016) report that 25% water and nutrient savings were obtained by SAPs 
addition to cocopeat environment. SAPs relieve oxidative stress (Moghadam, 2017) and 
increasing cation exchange capacity of soils (Habibi et al., 2010). Hydrogel application 
to soil increases the amount of available water in the plant root zone, prolongs the time 
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between irrigations and prevents plants from water stress (Yazdani et al., 2007). 
Consequently, the significant saving can be achieved for water usage, labor and energy 
in irrigation and fertilization. 

In the previous studies, the effect of SAPs application on plants was predominantly 
studied under salt and drought stress conditions in conventional farming (Habibi et al., 
2010; Su et al., 2017; Li et al., 2019). Investigating the effects of water-retaining polymers 
on promoting plant growth under abiotic stress conditions will, also, increase their usage 
areas in non-stressed plants in soilless agriculture. 

On the literature, there have not been any studies on the effect of SAPs applications 
on organic acid and amino acid contents of plants, except proline content. With the study, 
to determine the effects of SAPs aplication on organic acid and amino acid contents that 
play important roles on plant growth and tolerance to possible stress conditions will 
contribute in filling the gap on the literature on this regard. Therefore, the current study 
was planned to determine the effects of SAPs application on physiological and 
biochemical responses of tomato plants grown by soilless agriculture technique. 

Material and Methods 

Experimental conditions and SAPs applications 

This study was conducted in the Horticulture Research Unit of Agricultural Faculty of 
Kırşehir Ahi Evran University (in Turkey) from May to September, in 2018. Experiments 
were conducted in a greenhouse with controlled climatic conditions. Since tomato is the 
most cultivated plant in soilless culture, hybrid cluster tomato variety (Kahraman F1) was 
used as a plant material. The growing medium was cocopeat in form of slabs 
(100x20x16 cm). A synthetic polyacrylamide (SAP, Stockosorb 400K) with potassium 
salt base manufactured which is a crosslinked polymer developed to retain water in the 
agricultural and horticultural sector, was used in experiment. SAP was applied to the slabs 
before planting. Polymers weighted 5 and 10 g for each cocopeat slab were placed into 
500 ml beakers and gelled by adding adequate water for two hours. The swollen polymers 
were, then, mixed homogeneously for each slab. Tomato seedlings were planted in 
cocopeat slabs as 3 plants per slab. The experiment was designed according to 
randomized plots with 4 replicates each including 3 plants. Before the study, Power and 
Sample Size analysis (PASS 15) was applied to determine the required sample size 
(NCSS, 2017). This sample size was sufficient for this study since the data were obtained 
from individual plants in controlled environment, soilless culture. Modified Hoagland 
nutrient solution was applied to cover the water and nutrient requirements of the plants 
according to their vegetative and generative stages (Hoagland and Arnon, 1950) 
(Table 1). 
 

Table 1. Chemical contents of nutrient solution (mg L-1) 

Elements N P K Mg Ca S Fe Mn B Cu Zn Mo 

Concentration 210 31 234 48 200 64 2.5 0.5 0.5 0.02 0.05 0.01 

 
 

The nutrient solution was placed in a root dripper of each plant and applied equally for 
all treatments using a timed automation system. The automation system was programmed 
to start the first irrigation at 8:00 am in the morning and the last irrigation at 8:00 pm in 
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the evening with an interval of 90 minutes. The first and last 2 of the total 9 irrigations 
were applied for 60 seconds while the other irrigations were applied for 90 seconds when 
the temperature was higher due to plants’ higher water during these intervals. Since each 
dripper flows 200 ml of solution per minute, a total of 27.6 L of solution was applied 
daily to each application row occupied 12 plants. 

Growth parameters and yield 

The effects of SAP application on fruit yield per plant (g plant-1) and morphological 
parameters such as plant height (cm), stem fresh weight (g) and stem diameter (mm) were 
determined at the end of the experiment. 

Plant nutrient element analysis 

Leaf macro and micro nutrients were determined on dry matter basis. Nitrogen content 
was determined by Kjeldahl method (Bremner, 1996). The P, K, Ca, Mg, Na, Fe and Zn 
contents were determined using an ICP (Inductively Coupled Plasma) spectrometer 
(Optima 2100 DV, ICP/OES; Perkine-Elmer, USA) (Mertens, 2005). 

Leaf pigment analysis 

The effect of the treatments on the leaf pigment content was determined according to 
the method of Arnon (1949). Fresh leaf tissues (200 mg) were homogenized in acetone 
(8 ml 80%). Homogenates were centrifuged at 3000 rpm and absorbances of supernatants 
were determined at 645, 652, 663 and 470 nm. The amounts of pigments were calculated 
according to the formula of Lichtenthaler and Wellburn (1983). 

Antioxidant enzymes analysis 

The superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) enzyme 
activities in the apoplastic fractions were measured by using a spectrophotometer (Sairam 
and Srivastava, 2002). SOD activity was determined by recording the decrease in 
absorbance of nitroblue tetrazolium (NBT) by the enzyme. CAT activity was measured 
by monitoring the decrease in absorbance at 240 nm in 50 mM phosphate buffer (pH 7.5) 
containing 20 mM H2O2. POD activity was determined (at 470 nm in 50 mM phosphate 
buffer (pH 5.5)) by recording the oxidation of guaiacol in the presence of H2O2. 

Hormone analysis 

Extraction and purification processes of leaf samples were executed as described by 
Kuraishi et al. (1991) and Battal and Tileklioğlu (2001). Gibberellic acid, salicylic acid, 
indole acetic acid and abscisic acid were analyzed by HPLC using a Zorbax Eclipse-AAA 
C-18 column (Agilent 1200 HPLC). The hormone levels were determined by using 13% 
acetonitrile (pH 4.98) as the mobile phase. 

Amino acid analysis 

Amino acid contents were analyzed by HPLC as described by Aristoy and Toldra 
(1991), Antoine et al. (1999) and Henderson et al. (1999). Agilent 1200 model with single 
detector (UV) and Zorbax Eclipse-AAA 4.6 x 150 mm, 3.5 μm column (Agilent 1200 
HPLC) was used to determine the amino acid composition of the samples. 
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Organic acid analysis 

The organic acids were determined by HPLC using Zorbax Eclipse-AAA 
4.6×250 mm, 5 μm columns (Agilent 1200 HPLC) and absorbance of 220 nm in UV 
detector. Organic acids were analyzed by using 25 mM KH2PO4 (pH 2.5) as the mobile 
phase (Siddiqui et al., 2015). 

Lipid peroxidation (Malondialdehyde-MDA) and hydrogen peroxide (H2O2) content 

analysis 

The level of lipid peroxidation was measured as the amount of malondialdehyde 
(MDA) determination by the thiobarbituric acid (TBA) reaction (Heath and Packer, 
1968). The content of H2O2 was determined spectrophotometrically (Velikova et al., 
2000). H2O2 content was calculated by using samples’ absorbance values from the 
standard curve. 

Determination of water drainage 

The drained solution from each slab was accumulated in buckets placed at the end of 
the gutter to record its volume daily during the study from 24th April 2018 to 29th 
September 2018. 

Statistical analysis 

The data were analysed by GLM procedure of SPSS (Windows Version SPSS, release 
20.00). Means were compared by Duncan Multiple Range Test in the same software. 

Results 

Growth parameters and yield 

The 10 g SAP treatment increased significantly plant height and stem fresh weight 
compared to the control (P≤0.05). The highest plant height (387.9 cm) and stem fresh 
weight (3493 g) were obtained in 10 g SAP treated slabs. Without statistical significance, 
stem diameter decreased with increased polymer dose, and the lowest stem diameter 
(20.89 mm) was obtained by 10 g polymer treatment. The 10 g polymer treatment  tended 
to increase yield compared to other treatments (Table 2). This difference was not 
statistically significant but economically valuable. 
 

Table 2. Effects of SAP treatments on agronomic properties of tomato plants 

Applications 
Plant height 

(cm) 
Stem fresh 

weights (g) 
Stem diameter 

(mm) 
Yield 

(g plant-1) 

Control 337.3b* 2728b 22.35 9003.6 

SAP 
5 g 378.5ab 2893ab 21.37 9306.4 

10 g 387.9a 3493a 20.89 9679.2 

SEM 0.09 136.3 0.272 352.5 

P 0.047 0.050 0.080 0.747 

*Means in each column with the same letters are not significantly different (P<0.05) 
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The nutrient contents 

All determined nutrients (N, P, K, Ca, Mg, Fe and Zn), except Na and B contents were 
increased significantly by SAP treatments compared to the control (P<0.05) (Table 3). In 
particular, leaf K content of 10 g SAP treated plants was significantly higher than those 
of 5 g SAP treated plants. Without statistical significance, leaf P, Mg and Zn contents of 
10 g SAP treated plants were slightly higher than those of 5 g SAP treated plants. With 
the effect of SAP application, the highest increase in leaf nutrient content was determined 
at K concentration with 21.3%, followed by P, Zn, Ca, Mg, Fe, N concentrations with the 
increases of 16.2%, 15.6%, 15.4%, 14.7%, 12.6% and 11.1%, respectively. Although the 
SAP applications tended to reduce leaf Na and B contents without any statistical 
significance (P>0.05). 
 

Table 3. Effects of SAP applications on leaf nutrient contents 

Applications 
N 

(%) 
P 

(mg kg-1) 
K 

(mg kg-1) 
Ca 

(mg kg-1) 
Mg 

(mg kg-1) 
Na 

(mg kg-1) 
Fe 

(mg kg-1) 
Zn 

(mg kg-1) 
B 

(mgkg-1) 

Control 2.17b* 1871b 4678b 4431b 355.3b 185.8 31.03b 12.34b 19.25 

SAP 
5 g 2.33a 2077ab 5002b 4895a 377.5ab 184.3 35.82a 13.69ab 18.47 

10 g 2.41a 2174a 5674a 5115a 407.5a 177.5 34.93a 14.27a 17.44 

SEM 0.037 54.9 139.4 96.8 10.1 3.658 0.819 0.322 0.391 

P 0.007 0.053 0.001 0.001 0.042 0.662 0.019 0.021 0.169 

*Means in each column with the same letters are not significantly different (P<0.05) 

 
 
Leaf pigment contents 

The effect of SAP application on leaf carotenoid content was not found statistically 
significant (P>0.05). However, its chlorophyll a content was decreased by SAP 
treatments, while chlorophyll b and total chlorophyll contents were increased 
significantly (P<0.01). The highest chlorophyll b (1.379 mg g-1 FW)  and total chlorophyll 
(5.817 mg g-1 FW) contents were obtained in plants treated with 10 g polymer (Table 4). 
 

Table 4. Effects of SAP treatment on leaf pigment contents (mg g-1 FW) 

Applications Chlorophyll a Chlorophyll b T. Chlorophyll Carotenoid 

Control 2.905a* 1.043c 5.583b 1.189 

SAP 
5 g 2.871a 1.215b 5.669b 1.180 

10 g 2.828b 1.379a 5.817a 1.179 

SEM 0.0098 0.0029 0.0306 0.0023 

P 0.002 0.001 0.002 0.169 

*Means in each column with the same letters are not significantly different (P<0.05) 

 
 
Antioxidant enzymes, Lipid peroxidation (Malondialdehyde-MDA) and hydrogen 

peroxide (H2O2) content 

MDA and H2O2 levels, which are considered as stress indicators in plants, were 
decreased by SAP doses. The lowest MDA (6.59 µmol g-1) and H2O2 (17.94 mmol kg-1) 
levels were observed in 10 g SAP treated plants. SOD, CAT and POD enzyme activities 
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were decreased significantly by SAP treatment compared to control. The lowest SOD 
(692 EU g leaf-1), CAT (203.5 EU g leaf-1) and POD (13434 EU g leaf-1) enzyme activities 
were observed in 10 g SAP treated plants (Table 5). 
 

Table 5. Effects of SAP treatment on antioxidant enzyme activities, H2O2 and MDA levels 

Applications 
H2O2 

(mmol kg-1) 
MDA 

(µmol g-1) 
SOD 

(EU g leaf--1) 
CAT 

(EU g leaf--1) 
POD 

(EU g leaf--1) 

Control 27.01a* 9.38a 1009a 233.3a 15580a 

SAP 
5 g 21.46b 8.27a 834b 215.3b 14451b 

10 g 17.94b 6.59b 692c 203.5b 13434c 

SEM 1.33 0.41 845 4.51 298.9 

P 0.003 0.004 0.001 0.007 0.001 

*Means in each column with the same letters are not significantly different (P<0.05) 

 
 
Hormone contents 

Compared to control plants, SAP treatments significantly increased gibberellic acid 
level, while the salicylic acid and IAA contents were increased by only 5 g SAP dose. 
The level of ABA, which is considered as a stress hormone, was significantly decreased 
with SAP application (Table 6). The highest ABA concentration was determined in 
control plants as 0.18 ng µl-1. 
 

Table 6. Effects of SAP treatment on hormone and salicylic acid contents (ng µl-1) 

Applications Gibberellic acid Salicylic acid IAA ABA 

Control 67.77b* 17.98a 1.16b 0.18a 

SAP 
5 g 78.78a 18.48a 1.29a 0.15b 

10 g 78.08a 15.74b 1.18b 0.16b 

SEM 1.972 0.436 0.038 0.007 

P 0.018 0.006 0.007 0.006 

*Means in each column with the same letters are not significantly different (P<0.05) 

 
 
Organic acid compositions 

The impacts of SAP treatments on plant organic acid concentrations were given in 
Table 7. SAP treatments increased organic acids concentrations significantly compared 
to control, except butyric acid and maleic acid. 10 g SAP treatment increased oxalic acid 
(0.778 ng µL–1), propionic acid (1.768 ng µL–1), malonic acid (9.935 ng µL–1), citric acid 
(11.908 ng µL–1) and succinic acid (21.258 ng µL–1) concentrations when compared to 
other treatments. In 10 g SAP treated plants’ leaves, oxalic, propionic, tartaric, malonic, 
malic, lactic, citric, fumaric and succinic acid contents (respectively 12.3%, 9.5%, 16.4%, 
27.7%, 13.5%, 12.2%, 17.8%, 14.8% and 17.1%) were higher than those of control. 

Amino acid compositions 

The impacts of SAP treatments on plant amino acid compositions were given in 
Table 8. SAP treatments significantly increased asparagine, serine, arginine, cysteine, 
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valine, methionine, tryptophan, phenylalanine, isoleucine and lysine concentrations in the 
leaves. On the other hand, aspartate, hydroxyproline and proline contents significantly 
reduced by SAP applications compared to those of control plants. With the effect of SAP 
application, the highest increase was determined in the content of arginine with a rate of 
15%, while the highest decrease was determined in the content of proline with a rate of 
14.2%. 
 

Table 7. Effects of SAP treatment on the organic acid content (ng µl-1) 

Applications Oxalic Propionic Tartaric Butyric Malonic Malic 

Control 0.693b* 1.615b 4.223b 11.520 7.970b 2.948b 

SAP 
5 g 0.668b 1.650ab 4.835a 12.582 8.843ab 3.332a 

10 g 0.778a 1.768a 4.915a 11.495 9.935a 3.345a 

SEM 0.018 0.029 0.109 0.253 0.312 0.068 

P 0.022 0.044 0.002 0.167 0.015 0.008 

Applications 
Lactic 

Laktic 
Citric Maleic Fumaric Succinic  

Control 16.070b 10.105b 3.658 4.373b 18.163b  

SAP 
5 g 17.225a 11.305ab 3.693 4.873a 18.013b  

10 g 18.023a 11.908a 3.673 5.018a 21.258a  

SEM 0.294 0.317 0.038 0.092 0.524  

P 0.006 0.042 0.944 0.000 0.002  

*Means within column not followed by the same letter differ significantly 

 
 

Table 8. Effects of SAP treatment on the amino acid content (pmol µL–1) 

Applications Aspartate Glutamate Asparagine Serine Glutamine Histidine Glycine 

Control 3657a* 2358 6127b 6904b 4599 2265 2052 

SAP 
5 g 3588b 2401 6158b 7276ab 4582 2326 1999 

10 g 3561b 2415 6266a 7701a 4722 2380 1961 

SEM 15.192 15.23 21.89 124.08 38.39 23.38 21.72 

P 0.011 0.319 0.006 0.012 0.288 0.124 0.243 

Applications Threonine Arginine Alanine Tyrosine Cysteine Valine Methionine 

Control 4250 6168c 5605 954 579b 324b 1108b 

SAP 
5 g 4375 6668b 5623 976 628a 326b 1174ab 

10 g 4249 7093a 5449 969 651a 362a 1247a 

SEM 41.08 127.29 37.93 7.79 11.36 6.44 22.99 

P 0.386 0.001 0.112 0.545 0.012 0.007 0.027 

Applications Tryptophan Phenylalanine Isoleucine Leucine Lysine Hyd.pro. Proline 

Control 753ab 1739b 856b 1982 1442b 2049a 254a 

SAP 
5 g 695b 1818ab 887b 1951 1473b 2027a 243a 

10 g 796a 1862a 939a 1873 1568a 1826b 218b 

SEM 15.90 20.26 12.84 21.29 22.16 43.44 5.58 

P 0.014 0.022 0.009 0.085 0.033 0.050 0.001 

*Means within column not followed by the same letter differ significantly 
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The amount of water drainage 

The effect of SAP application on monthly drained water are given in Table 9, monthly 
differences in drained water between SAP applications and control are presented in 
Figure 1. Table 9 shows that there was a significant interaction between month and SAP 
treatment (P<0.01) according to univariate analysis. In June and July, the amount of 
drained water from plants in cocopeat slabs with 5 and 10 g of polymer added was higher 
than those of the control without polymer application. The drained water showed a linear 
increase during May, June and July (Figure 1). In addition, the amount of drained water 
measured in plants treated with 10 g polymer was significantly higher in June and July 
compared to 5 g SAP treatment (P<0.05). However, the differences in the amount of 
drained water between polymer-treated plants and control were not significant, especially 
in mid-August (Figure 1). 
 

Table 9. Effect of SAP application on drained water (ml) 

Months 
Experimental groups  

Control 5 g SAP 10 g SAP SEM P 

May 5637.3c 6104.1abc 6947.7ab 334.8 0.273 

June 3685.5dB 4878.2cB 7146.4abA 411.4 0.001 

July 3929.8dC 5511.1bcB 8217.3aA 331.7 0.000 

August 7123.6b 7127.7ab 6929.1ab 371.9 0.970 

September 9339.1aA 7465.9aA 5359.1bB 447.9 0.001 

SEM 305.9 290.4 309.1   

P 0.000 0.022 0.065   

Different letters in the same row (A,B,C) and same column (a,b,c) are statistically different (P<0.05) 

 
 

Figure 1. Differences in drained water in SAP applications compared to that of control (ml) 
 
 

In the drainage amounts in September, the drainage amounts determined in 5 and 10 g 
polymer applications were determined to be 1873.2 ml and 3980 ml lower than the control 
application, respectively. 

Discussion 

Hydrophilic polymers increase water holding capacity and water usage efficiency 
(Dorraji et al., 2010). Furthermore, polymers stimulate the formation of new roots, 
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providing higher water and nutrient uptake. As a result, SAP treatments increase fruit 
yield as well as growth and development in plants. In this study, 5 and 10 g SAP 
applications increased stem fresh weight by 6.4% and 28%, as respective increases in 
yield about 3.4% and 7.5%. Consistent with our findings, the positive effects of SAPs 
applications on plant weight, height and yield in cucumber, pepper, and tomato and soya 
bean (Maboko, 2006; Yazdani et al., 2007; Sayyari and Ghanbari, 2012; Başak et al., 
2016; Li et al., 2019). The increases in plant growth and yield by SAP treatment can be 
attributed to the presence of sufficient amount of water and nutrients which can be easily 
taken with low pressure in the root area. 

It was determined that SAP added to the cocopite slabs increased the leaf nutrient 
contents about 11.1-21.3%. Similarly, Mikiciuk et al. (2015) reported that polymer 
application increased nitrogen and potassium contents in strawberry leaves but did not 
affect phosphorus, sulphur and sodium contents. Sita et al. (2005), also, indicated that the 
increasing doses of hydrogel treatment in chrysanthemum (Dendrathema grandiflorum) 
plant positively affected plant growth and Ca and Mg uptakes. Soilless agriculture has 
salinity risk in root zone, since plants are irrigated with solutions containing nutrients in 
every drop. The excess of Na creates problem, thus its accumulation in the root zone is 
not desired. Fortunately, in the present study, SAP application did not allow Na 
accumulation in root zone. SAPs absorb nutrients with water and, consequently, slowly 
release them back to plants. Thus, plants can absorb water and nutrients in the root area 
with less energy. The present results showed that SAP treatment had allowed plants to 
take the nutrients in stable and sufficient level. 

Chlorophyll content is an important biochemical indicator of stress tolerance in plants 
(Percival et al., 2003). Therefore, the increase in chlorophyll levels of SAP treated plants 
can considered as an indication that plants are not experienced water and nutrient stress. 
In other words, these plants take water and nutrients sufficiently. SAP treatment 
increased, especially, N and Mg uptakes (Table 3), allowing to form the central ion of 
chlorophyll and, consequently, building a darker green leaf color (Buehner, 1956). 
Similar to our findings, SAP addition significantly increased the amounts of chlorophyll 
in cucumber (Li et al., 2019) and pepper (Sayyari and Ghanbari, 2012) plants. 

The present results show that SAP application does not cause any oxidative stress in 
plants. On the contrary, it reduces the formation of free oxygen radicals causing cellular 
damage. In our findings, the decrease in free oxygen radicals was happened by decreased 
MDA content and SOD enzyme activity with SAP application. Also, the decreases in 
CAT and POD enzyme activities might be due to the decrease in H2O2 level. CAT and 
peroxidases (POD and APX) are involved in detoxification of H2O2 (Mittler, 2002). 
Similar to our findings, Habibi et al. (2010) reported that the application of SAP in corn 
plants reduced the level of MDA, an important indicator of oxidative damage. Su et al. 
(2017) found significant negative relationships between SAP water absorption capacity 
and proline content, peroxidase activity, H2O2 and MDA levels. Moghadam (2017) 
reported that total chlorophyll content in wheat plant were increased by SAP application 
doses (5 and 10 g per kg soil), while these doses decreased SOD, CAT enzyme activities 
and MDA content significantly. Pouresmaeil et al. (2013) determined positive and 
significant correlations between SOD, CAT, GPX enzyme activities with MDA content 
in SAP applied red bean plants. 

The increase in N content of plants may increase the synthesis of hormones due to its 
stuructural role in protein synthesis. In this study, N content increased significantly by 
SAP treatment compared to control. Calcium increases IAA level while Zn and B increase 
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the auxin activity (Öktüren and Sönmez, 2005). The current results revealed that SAP 
treatment induced Ca and Zn uptake and, consequently, IAA content. Marulanda et al. 
(2009) reported linear relationships between IAA level and nutrient intake (P, Ca, Fe, Mn, 
Zn, B and Cu). The activity of growth regulating hormones such as indole acetic acid, 
cytokinin and gibberellic acid were increased by the presence of K (Marschner, 1986). 
The results showed that the increase in K intake with the effect of SAP treatment may be 
related to the increase in gibberellic acid and IAA contents (Table 6). Similar to our result, 
Özen and Onay (1999) reported that SAP treatments increased GA level but decreased 
ABA level. Salicylic acid, a plant growth regulator, is a signal molecule that has a 
regulatory role in the activation of biochemical pathways associated with stress tolerance 
(Sticher et al., 1997). It can be postulated that the decreases in ABA and salicylic acid 
levels by SAP application might be attributed to the presence of ideal moisture level in 
root region. 

SAP treatment increased organic acid contents from 9.5 to 24.7%, except butyric and 
maleic acid. Although the plants were not in any stress condition in the current 
experiment, the increases in organic acid compositions that increase the plant tolerance 
against abiotic and biotic stress conditions were determined as the positive effects of SAP 
application. 

Organic acids (oxalic, malonic, acetic, glycolic and formic acids) increase P, Ca, Fe, 
Zn and Mn ions uptakes in plants (Ohwaki and Hirata, 1992; Marschner, 2011). Arıkan 
et al. (2018) reported that the increased in organic acid content resulted in increases in 
plant nutrient elements, especially Fe content in peach leaves. İpek (2019) reported that 
the applications of rhizobacteria in raspberry plants increase the nutritional content, as 
well as increase the organic acid composition by 1 to 21%, excluding oxalic acid and 
succinic acid. This shows that SAP application may have allowed plants uptake more 
nutrients. In our findings, a strong linear relationship was determined between the organic 
acid compositions and nutrient uptake, similar to previous studies. 

Amino acids, which play important roles in physiological and metabolic events of 
plants, have different functions. Some amino acids play significant roles in growth and 
development which are decreased by stress; some other are defense amino acids that 
increased by stress. Amino acids such as aspartate, hydroxyproline, alanine, glycine and 
proline accumulate in plants when exposed to stress conditions (Sanchez et al., 1998; 
Mansour, 2000; Maclean et al., 2009). In our findings, aspartate, hydroxyproline and 
proline contents were decreased by SAP application. This decrease can be explained by 
preventing humidity fluctuations in the root area of SAP treated plants. This might have 
kept plants away from stress by providing the ideal moisture level. Increasing amino acid 
levels that prevent cell damage and accumulation of reactive oxygen derivatives was 
reported important in protecting the plant under abiotic stress conditions (Keller and 
Torres-Martinez, 2004; Gregan et al., 2012). 

Beside the direct effect of SAP application on plant growth and development, the 
increases in amino acid contents of plants make more tolerant to the stress conditions 
during vegetation period, as indirect positive effect of SAP. Amino acids and organic 
acids ensure osmotic balance, stabilize cellular macromolecules and neutralize free 
radicals produced under stress conditions (Sneha et al., 2013). In our findings, it was 
determined that the increases in amino acid and organic acid contents prevented the 
accumulation of free oxygen radicals and, consequently, significantly reduced SOD, CAT 
and POD enzyme activities. 



Başak: The effects of super absorbent polymer application on the physiological and biochemical properties of tomato 
(Solanum lycopersicum L.) plants 

- 5917 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5907-5921. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_59075921 
© 2020, ALÖKI Kft., Budapest, Hungary 

Acting as osmoregulator, proline increases in salinity and drought stress conditions to 
help plants to tolerate stress conditions (Shannon, 1997; Ashraf and Foolad, 2007). The 
accumulation of proline in plants is also a sign that plants are under stress conditions. In 
our findings, it can be said that beside the effect of SAP application on reducing the 
proline content, the polymer provides stable moisture level in the root region, as well as 
increasing the uptake of nutrients effective in maintaining osmotic balance such as K, Ca, 
Mg. Similar studies showed that SAP application reduced the proline content in other 
plant species such as cucumber, Caragana korshinskii, sorghum, wheat, pepper and 
lettuce (Sayyari and Ghanbari, 2012; Being et al., 2014; Tahmasebi et al., 2015; Su et al., 
2017; Rostampour, 2017; Li et al., 2019). 

According to the first 3-month of the study, monthly drained water in 10 g polymer 
applicated cocopeat slabs were determined as 23%, 94% and 109% higher than control 
ones in may, july, and june, respectively (Table 9). In the control slabs, some amount of 
water in the root zone between irrigation times was consumed by the plant, some amount 
was both drained and evaporated. Therefore, the control plants need more water in the 
next irrigation. In this case, it causes the water to be absorbed more by the growing 
medium, causing less drainage. The amount of drainage increased by increased SAP 
doses supported the present hypothesis. It was determined that SAP saved the water in 
the environment until the next irrigation, prevented water loss especially from 
evaporation and drainage, and absorbed only the reduced amount of water when watering 
again. The excess water that cannot be absorbed, that was drained. This situation resulted 
in higher drainage in SAP applied slabs compared to control ones. As the amount of water 
supplied to all environments was equal, it can be concluded that control plants consumed 
more water than SAP applied plants. SAP can absorb up to 95% water and release it long 
time period so that potential soil moisture is available to plants (Kiatkamjornwong, 2007). 

The polymers improved soil porosity, structure and water holding capacity (Karimi et 
al., 2009). In September, it is observed that the amount of drainage increased in control 
application compared to SAP applications (Table 9). This situation supports the current 
hypothesis above. In September, the decreases in water consumption of the plant  and air 
temperatures, consequently decrease evaporation, allowing root area of the control plants 
remains constantly moist and a large part of the water supplied drains, causing high 
drainage. The maximum water holding capacity of SAPs is called as swelling equilibrium 
value (r), and the characteristic temperature at which the water is retained is called as 
phase transition temperature (LCST-Lower Critical Solution Temperature). Hydrogels 
absorb water when the ambient temperature is below the phase transition temperature, 
and release water to the environment when it is above the phase transition temperature 
(Altay, 2010). Lower ambient temperatures compared to phase transition temperature 
might have decreased the drained water in SAP treatments after mid-August. The water 
retention capacities of the SAPs increased as the temperatures dropped in September. The 
increased SAP dose caused a decrease in the amount of drainage, especially in September, 
confirms the present view (Table 9). According to this table, SAP treated slabs drained 
higher amount of water compared to control slab during trial. This means that the small 
amount of water was sufficient for plants in SAP slabs. Above all, SAP treatment affect 
plants growth and yield positively. This will guidance to growers when SAP contained 
slabs are used they can minimise water usage. 
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Conclusion 

In this study, SAP application increased growth, yield, leaf chlorophyll, hormone and 
nutrient contents, organic acid, except butyric acid and maleic acid, and amino acid 
composition, except aspartate, hydroxyproline and proline, but reduced lipid 
peroxidasion, H2O2, ABA levels and antioxidant enzym activities. The present study 
showed that SAP applications generally increased organic acid and amino acid contents 
in leaves of tomato plants grown by soilless agriculture technique. This increase did not 
only have a positive effect on plant development, but also made plants more tolerant to 
the stress conditions they may encounter them during the vegetation period. 

Our data showed that the applied SAP had marked effect on tomato growth in soilless 
culture. This positive effect is due to the considerable absorption of nutrient solution by 
SAP and giving gradual absorbed solution to plant root. It was understood that the better 
uptake of sufficient water and nutrients which are kept in the root zone with low force 
enabled the plant growth free from stress. 

The high drainage amount determined in SAP applied plants indicated that the amount 
of water given can be reduced or the irrigation interval can be extended. This will allow 
less usage of water and chemical fertilizers in either soilless and conventional agriculture. 
To conclude, SAP application in soilless farming would be a good strategy for water and 
fertilizer economy in environmental friendly production. This allows the changes in 
irrigation and fertilization strategies in soilless culture. In future studies, it is 
recommended to investigate the effect of polymer applications under restricted irrigation 
conditions. 
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Abstract. Mulched drip irrigation is an important water-saving irrigation method in Xinjiang, China. 
Three different halophytes (Cuminum cyminum L., Suaeda salsa, and Medicago sativa L.) were 
intercropped in bare soil strips between rows of plastic film in mulched drip irrigation on cotton fields to 
assess the distribution of soil salt. The control group (CK) was not intercropped with halophytes. The 
effects of the treatments on soil evaporation, accumulated soil salinity, and cotton yield were investigated. 
The results indicated that compared to the CK, soil evaporation was reduced by 11.4%-24.9% and 5.5%-
29.2% in 2014 and 2015, respectively. Intercropping halophytes decreased the soil salinity accumulation 
rate by 50%-134% and 74%-125% compared to the CK in the 0-40 cm and 0-100 cm deep soil layers in 
both years of total area. The accumulation rate of the soil sodium ions decreased by 29%-138% and 17%-
148% in the 0-40 cm and 0-100 cm deep soil layers compared to the CK and the accumulation rate was 
lowest for intercropping Suaeda salsa. Intercropping halophytes had little effect on the cotton yield but 
slightly decreased the water use efficiency (WUE) of the cotton plant. Intercropping halophytes 
represents a new method for improving saline-alkaline soils. 
Keywords: soil evaporation, soil salinity, soil sodium ions, harvest index, water use efficiency 

Introduction 

The shortage of water resources and soil salinization are important factors restricting 
the development of agricultural production in Xinjiang, China (Li et al., 2016). Therefore, 
it is very important to improve the utilization efficiency of water and reduce secondary 
soil salinization caused by excessive evaporation (Ji and Unger, 2001). It has been shown 
that increasing the surface coverage and adopting drip irrigation under mulch noticeably 
reduced secondary salinization (Prueger et al., 1996). Mulched drip irrigation is an 
irrigation method that combines drip irrigation and plastic film and this method is widely 
used in arid and semi-arid regions of China (Li et al., 2016). Studies have shown that drip 
irrigation provides accurate control over the amount of water, reduces deep seepage, and 
decreases the damage due to salinity in the root layer of the crop (Wang et al., 2014). Drip 
irrigation can cause salt redistribution in the soil and results in a desalination zone under 
the plastic film and a salt accumulation zone in the bare strips between the two rows of 
plastic film. The accumulation of salt in the bare-soil strips produces a "w-shaped" 
distribution of salt in the fields that influences salt leaching in winter, irrigation efficiency, 
as well as the growth and yield of the subsequent crop (Qiao et al., 2011). Research has 
demonstrated that drip irrigation results in the formation of a low-salt zone in the root area 
after drip irrigation has been used in the cotton (Gossypium hirsutum) growth periods; 
however, salt accumulation is extensive in the bare strips where no plastic film covers the 
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soil and where salt accumulates at the wetted edge of the drip irrigation zone (Zhang et al., 
2008). The salt will accumulate in cotton fields when drip irrigation is used for long 
periods (Zhang et al., 2008). The development of a suitable method to control soil 
evaporation in the bare strips between the plastic film rows has been challenging (Tan et 
al., 2017). Therefore, it is of great importance to solve the problem of secondary 
salinization of the soil and to seek a sustainable method suitable for mulched drip 
irrigation systems. 

Halophytes take up and accumulate high concentrations of salt in the aboveground 
tissues and saline soils can be improved by harvesting the plants (Manousaki and 
Kalogerakis, 2011; Panta et al., 2014). This process of reducing the amount of salt in the 
soil is called a salt pump (Sagers et al., 2017). The salt content of the soil layer in the 0-10 
cm layer was reduced on average by 38.5% by planting halophytes (Zhao et al., 2003; 
Shaygan et al., 2017). In addition, the organic matter content of the surface soil is 
increased (Xiao et al., 2012). Can salinity be reduced by intercropping halophytes, and 
how does intercropping halophytes affect crop yields? The growth and yields of tomatoes 
(Solanum lycopersicum) were increased by planting the halophyte Portulaca oleracea L. 
(Zuccarini, 2008). The Na+ concentration was reduced and the quality of tomatoes under 
salt-stress was increased by intercropping Salsola soda L. (Graifenberg et al., 2003; 
Zhang et al., 2019). The yield of watermelon (Citrullus lanatus) was increased by 
intercropping orache (Simpson et al., 2013). Saltwort intercropped with tomato was able 
to reduce the Na+ concentration in both the foliage and the growing medium (Albaho and 
Green, 2000). Intercropping salt-tolerant plants decreased the accumulation of sodium in 
olive trees in an olive-grass system (Chehab et al., 2018). These previous studies have 
shown that intercropping halophytes could promote the absorption of soil salt and 
increase crop yield. The halophytes of Cuminum cyminum L., Suaeda salsa, and 
Medicago sativa L. are common plants in Xinjiang. Therefore, in this study, we chose 
these three halophytes for intercropping on bare soil strips between rows of plastic films 
in light and medium saline-alkaline soils. And the objective of this study was to 
investigate the effect of intercropping halophytes on soil evaporation, soil desalination, 
and cotton yield. 

Materials and methods 

Experimental site description 

The field experiment was conducted at the Bazhou Irrigation Experimental Station 
(41°35′N, 86°09′E, 901 m a.s.l.) in the Tarim Basin of Xinjiang in northwestern China 
(Figure 1) during 2014 and 2015 (Li et al., 2016). The region is an area of irrigated 
agriculture and has a continental desert climate with long-term annual precipitation of 
58 mm and average potential evaporation of 2788 mm (Wang et al., 2014; Li et al., 2016). 
The soil is a sandy loam according to the United States Department of Agriculture soil 
taxonomy, and the particle size distribution is 3.26% for clay, 59.96% for silt, and 36.78% 
for sand. 

Experimental design 

The planting model and drip line arrangement in the experimental field consisted of 
one row of film, two drip lines, and four rows of cotton (Figure 2). The length and width 
of the experimental field was 7.5 m×7.0 m, and the row spacing of the cotton was 10 cm. 
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Four rows of cotton were covered by white plastic film and were irrigated with two drip 
lines with emitter intervals of 30 cm and a discharge rate of 2.2 L·h−1. The irrigation 
amounts during the growth period were 525 mm and 450 mm in 2014 and 2015, 
respectively. The drip irrigation amount in the 2014 season was higher than that in the 
2015 season because the precipitation was 23.3 mm in the 2014 season and 60.8 mm in 
the 2015 season. The irrigation was adjusted appropriately during the season to minimize 
the water difference between the seasons. The cotton was sown on May 3, 2014 and April 
23, 2015 and the halophytes Cuminum cyminum L. (IC), Suaeda salsa (IS), and Medicago 
sativa L. (IM) were sown in bare strips between the rows of plastic film in each treatment 
on May 10, 2014 and April 30, 2015 (Figure 3). The density of the halophyte seeds and 
cotton seeds were 600 seeds/m2 and 40 seeds/m2, respectively. The management of the 
cotton fields was similar to that of local farmers (Li et al., 2016). No intercropping was 
done in the control group (CK). All treatments were conducted in triplicate. 
 

Korla

Xinjiang.

 

Figure 1. Location of the experimental site in Korla City, Xinjiang, northwestern China 
 
 

Figure 2. Field experiment layout 
 
 
Data collection 

Meteorological data 

The meteorological data included precipitation, air temperature, relative humidity, and 
wind speed at a height of 2 m; the data were collected with a Davis wireless Vantage Pro2 
weather station (Davis Instruments, California, USA), which was installed in the 
experimental field about 30 m away. The evapotranspiration (ET0) during the 2014 and 
2015 seasons (Figure 4) was calculated using the Penman-Monteith equation. 
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Figure 3. Field experiments of non-intercropping halophytes and intercropping halophytes in 
the bare strips 
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Figure 4. Daily reference crop evapotranspiration (ET0), rainfall, and irrigation at the 
experimental site during the 2014 and 2015 seasons 

 
 
Canopy cover and soil evaporation measurements 

The canopy cover of the halophytes was measured using a plant canopy analyzer on 
July 26, 2014 and August 7, 2015. The soil evaporation of all treatments was monitored 
daily from July 19, 2014 to July 25, 2014 and from July 31, 2015 to August 6, 2015 at 
20:00 with microlysimeters (Lage et al., 2003; Uclés et al., 2013) (13 cm diameter, 20 
cm length, and 1.8 mm wall thickness), which were installed in the bare strips between 
the rows of plastic film. 
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Soil water and soil salt 

Soil samples were collected from the 0 to 40 cm soil layer at 10 cm intervals and 
from the 40 to 100 cm soil layer at 20 cm intervals using a 3.0 cm diameter auger to 
determine the water content, salt content and sodium ion content of the soil in the 
middle of the wide, narrow, and bare strips. The soil samples were collected prior to 
irrigation in the main growth stages of cotton (seedling, squaring, and flower-boll stage) 
and after harvest. The date of soil sample collection after harvest were Sep. 13, 2014 
and Sep. 20, 2015. The auger holes were refilled with soil after collecting the samples to 
minimize the experimental error. The gravimetric soil water content (SWC) was 
determined by weighing the soil samples, followed by oven-drying at 105 ±2 ℃ for 24 h 
and reweighing. The soil volumetric water content was obtained by multiplying the 
mass water content with the average bulk density of each soil layer. 

The electrical conductivity (EC) was determined using a DDS-307A conductivity 
meter (INESA, Shanghai, China) at a 1:5 soil to water extract (EC1:5) at 25 ℃. The soil 
salt content was determined by converting the value of EC1:5 for each soil sample using 
a linear relationship (S=3.946×EC1:5; R2=0.987). The sodium ion contents were 
determined with an ion analyzer of PXSJ-216 (INESA, Shanghai, China) at a 1:5 soil to 
water extract (EC1:5) at 25 ℃. 

Yield and biomass measurements 

The cotton (seeds and lint) was harvested from a 6.25 m2 area in each treatment on 
Sep. 11, 2014 and Sep. 18, 2015. Three cotton plants from every treatment were 
randomly selected, collected, cut, and oven-dried at 70 ℃ until the weight remained 
stable to determine the aboveground biomass and harvest index (HI). 

Calculations and analysis methods 

Evapotranspiration calculation 

The ET was calculated based on the water-balance equation: 
 

 𝐸𝑇 = 𝑃𝑟 + 𝐼 + 𝐺 − 𝑅 − 𝑆𝐼 ± 𝛥𝑊 (Eq.1) 
 

 𝛥𝑊 = 𝑆𝑊𝑆𝑓 − 𝑆𝑊𝑆𝑖 (Eq.2) 
 
where Pr is the rainfall (mm); I is the irrigation amount (mm); G is the supplementary 
amount of groundwater (mm); R is the surface runoff (mm); SI is the deep seepage 
(mm); △W is the change in soil water storage (SWS) in a 1.0-m profile (mm); SWSf is 
the soil water storage at harvest and SWSi is the soil water storage in the initial stage. 
The supplementary amount of groundwater and the surface runoff could be neglected 
because of the deep groundwater table (> 5 m) and the use of drip irrigation. Therefore, 
Eq. (1) was simplified in this experiment as follows: 
 

 𝐸𝑇 = 𝑃𝑟 + 𝐼 ± 𝛥𝑊 (Eq.3) 
 

Calculation of soil water storage 

SWS is defined as the amount of water stored in the soil. It is expressed as: 
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 𝑆𝑊𝑆 = 𝜃0~10𝑐𝑚 × 𝑟0~10𝑐𝑚 × 10 + ⋯ + 𝜃80~100𝑐𝑚 × 𝑟80~100𝑐𝑚 × 20 (Eq.4) 
 

 𝜃0~10𝑐𝑚 = 27 𝜃𝑊(0~10𝑐𝑚) + 714 𝜃𝑁(0~10𝑐𝑚) + 314 𝜃𝐵(0~10𝑐𝑚) (Eq.5) 

 

 𝜃80~100𝑐𝑚 = 27 𝜃𝑊(80~100𝑐𝑚) + 714 𝜃𝑁(80~100𝑐𝑚) + 314 𝜃𝐵(80~100𝑐𝑚) (Eq.6) 

 

where 0 10cm −  is the average water content in the 0-10 cm soil layer (cm3 cm-3); θB(0-10cm) 
and θI(0-10cm) are the actual water contents between the rows of plastic film and under the 
plastic film in the 0-10 cm soil layer (cm3 cm-3), respectively. The average soil water 
content of the other soil layers was determined in the same manner. 

Calculation of salt and sodium ion content in the soil 

The soil salt content and the accumulation rate of soil salt during both seasons were 
obtained as follows: 
 

 𝑠𝐼 = 711 × 𝑠𝑁 + 411 × 𝑠𝑊 (Eq.7) 

 

  𝑠𝑍 = 1114 × 𝑠𝐼 + 314 × 𝑠𝐵 (Eq.8) 

 

 𝐷𝑠 = 𝑠𝑓 − 𝑠𝑖𝑠𝑖  (Eq.9) 

 
where sN, sW, sI, and sB are the differences in the soil salt content in the narrow strips, 
wide strips, inside the plastic film, and the bare strips in the 40 cm or 100 cm soil 
profile (g/kg), respectively; sz is the soil salt content in the entire soil layer; sf and si are 
the soil salt contents in the entire soil layer at the harvest and late seedling stages, 
respectively; Ds is the accumulation rate of the soil salt from the late seedling stage to 
harvest. 

The soil sodium ion content and the accumulation rate during both seasons were 
obtained as follows: 
 

     𝑖𝐼 = 711 × 𝑖𝑁 + 411 × 𝑖𝑊 (Eq.10) 

 

 𝑖𝑍 = 1114 × 𝑖𝐼 + 314 × 𝑖𝐵 (Eq.11) 

 

 𝐷𝑖 = 𝑖𝑓 − 𝑖𝑖𝑖𝑖  (Eq.12) 
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where iN, iW, and iB are the soil sodium contents (Na+ content in the soil) in the narrow, 
wide, and bare strips in the 40 cm or 100 cm soil profile (g/kg), respectively; iz is the 
soil Na+ content in the entire soil layer; if and ii are the soil Na+ contents in the entire 
soil layer at the harvest and late seedling stages, respectively; Di is the accumulation 
rate of the soil sodium ions from the late seedling stage to harvest. 

Harvest index 

The harvest index (HI) was calculated as follows: 
 

 𝐻𝐼 = 𝑌𝐵 (Eq.13) 

 
where HI is the harvest index of the cotton, %; Y is the yield (seeds and lint) of the 
cotton at harvest, kg ha-1; B is the biomass of cotton at harvest, kg ha-1. 

Water use efficiency calculation 

The water use efficiency (WUE) (kg/m3) for all treatments was calculated as follows 
(Sun et al., 2012): 
 

 𝑊𝑈𝐸 = 𝑌𝐸𝑇 (Eq.14) 

 
where Y is the yield (seeds and lint) of the cotton at harvest and ET is the total 
evapotranspiration (mm) during the entire growing season. 

Statistical methods 

Analysis of variance (ANOVA) was performed using SPSS 19.0. Multiple 
comparisons were performed using Duncan’s test to determine the mean differences in 
the average evaporation, SWS, ET, soil salt, and soil sodium ion content, as well as the 
yield and biomass between different treatments. 

Results 

Soil evaporation and water balance 

The soil evaporation rates of the different halophytes in the bare strips were 
significantly lower than that of the CK during the observation period in the 2014 and 
2015 seasons, except for the IM treatment in 2015 (P<0.05, Table 1). The reductions in 
soil evaporation rates relative to the CK for the three halophyte treatments ranged from 
11.4% to 24.9% in 2014 and from 5.5% to 29.2% in 2015. The lowest daily soil 
evaporation rate occurred in IS in both years. The soil evaporation rate of the IS was 
2.71 mm in 2014 and 2.96 mm in 2015; these values were 24.9% and 29.2% lower, 
respectively than that of the CK. The canopy cover was highest for Suaeda salsa due to 
the vigorous growth and this reduced soil evaporation. The daily soil evaporation of IM 
was the highest of the treatments at 3.20 mm and 3.95 mm in 2014 and 2015, 
respectively, because of the low canopy cover of Medicago sativa L. 
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Table 1. Canopy cover and daily soil evaporation for the different treatments 

Treatment 

2014 2015 

Cover 
degree (%) 

Average 
evaporation 
(mm day-1) 

Reduction 
evaporation 

relative to CK 
(%) 

Cover 
degree (%) 

Average 

evaporation 

(mm day-1) 

Reduction 
evaporation 

relative to CK 
(%) 

IC 59ab 3.17b 12.2 48b 3.37b 19.4 

IS 77a 2.71c 24.9 70a 2.96c 29.2 

IM 33bc 3.20b 11.4 21bc 3.95a 5.5 

CK 0d 3.61a - 0d 4.18a - 

Notes: Soil evaporation in 2014 and 2015 was measured once a day from 19 July to 25 July and 31 July 
to 6 August, respectively. Canopy cover was measured at the start and end of the period. The canopy 
cover value represents the average of two measurements of canopy cover. IC stands for intercropping 
Cuminum cyminum L. in the bare strips between the rows of plastic film, IS stands for Suaeda salsa; IM 
stands for Medicago sativa L., and CK stands for the control group with no intercropping. Means with 
different lowercase letters in the same column represent significant differences at P<0.05 

 
 

It has been demonstrated that about 85% of cotton roots occur in the 30-50 cm soil 
layer under mulched drip irrigation (Kang et al., 2012); therefore, the soil layer of 0-
40 cm was considered the main root zone of cotton. The SWS in the 0-40 cm soil layer 
is shown in Figure 5. For the treatment of intercropping halophytes between plastic 
films, the average SWS in the main root zone in the growth periods decreased 7.7%-
18.77% and 5.3%-13.69% during 2014 and 2015, respectively. In contrast, the average 
SWS in the main root zone for the CK increased 0.26% and 2.53% during 2014 and 
2015, respectively. The largest decline in the average SWS (compared to the initial 
SWS) was observed for Medicago sativa L. (18.77% decrease) and Cuminum cyminum 
L. (13.69% decrease) in 2014 and 2015. The average SWS of the main root zone 
decreased due to intercropping of halophytes because the halophytes consumed soil 
moisture. 
 

  
(a) 2014 (b) 2015 

Figure 5. The initial and average SWS at 40 cm depth for the different treatments in 2014 and 2015. 
Notes: IC stands for intercropping Cuminum cyminum L. in the bare strips between the rows of plastic 

film, IS stands for Suaeda salsa; IM stands for Medicago sativa L., and CK stands for the control 
group with no intercropping. Error bar represents the standard error of the mean (n=3) 
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ET rates differ for different crops (Allen et al., 1998). The ET was determined by 
calculating the changes in soil water content in the 0~100 cm soil layer at the initial 
stage and final stage of the experiment (Table 2). The initial SWS was significantly 
different for the treatments due to the spatial variability of the soil water content during 
the 2014 and 2015 seasons. There were no large precipitation events, and the planned 
wetting layer was between 45 mm and 50 mm during the drip irrigation; therefore, 
underground leakage was ignored. The ET increased by 8.54%-18.19% and 3.55%-
10.40% in 2014 and 2015, respectively, due to the intercropping of halophytes between 
the rows of plastic film may consume a part of soil water moisture. The ET of the IS 
and IC treatments were not significantly different during the 2014 and 2015 seasons, 
and the ET was highest for the IM. 
 

Table 2. Water balances for the different treatments in the 100-cm soil profile 

Year Treatment Initial SWS 
(mm) 

Final SWS 
(mm) Rainfall (mm) I (mm) ET 

 IC 146.90b 106.05a 23.3 525 589.15b 

2014 IS 167.05a 127.96a 23.3 525 587.39b 

 IM 150.84b 72.19b 23.3 525 626.95a 

 CK 122.99c 127.76a 23.3 525 543.54c 

 IC 95.49c 97.82b 60.8 450 508.47b 

2015 IS 150.55ab 151.31a 60.8 450 510.04b 

 IM 164.1a 132.83a 60.8 450 542.09a 

 CK 123.81b 143.56a 60.8 450 491.05c 

Notes: IC stands for intercropping Cuminum cyminum L. in the bare strips between the rows of plastic 
film, IS stands for Suaeda salsa; IM stands for Medicago sativa L., and CK stands for the control group 
with no intercropping. Means with different lowercase letters in the same column represent significant 
differences at P<0.05 

 
 
Changes in the soil salt 

High concentrations of soil salt may reduce cotton growth, although cotton is saline 
tolerant (Zhang et al., 2014). The changes in the soil salinity (Table 3) and sodium ions 
content (Table 4) were assessed for the 0-40 cm soil layer of the main root zone and the 
0-100 cm soil layer. The accumulation rate of the soil salt content was evaluated by 
determining the change rate of the soil salt content between the initial and final stages to 
avoid the influence of the initial salt content on the evaluation of the changes in the soil 
salt content in different treatments. The salt accumulation was higher between the rows 
of plastic film than under the plastic film and low salt content was maintained in the 
root zone of the cotton because the drip irrigation under the plastic film caused leaching, 
which decreased the salt concentration. 

The soil salt accumulation rates of intercropping halophytes in the bare strips were 
lower than that of the CK in 2014 and 2015. Compared to the CK, the accumulation 
rates were 50%-134% and 74%-125% lower in the 0-40 cm and 0-100 cm soil layers of 
the total area, respectively, indicating that the salt accumulation was slowed down by 
intercropping halophytes in the bare strips between the rows of plastic film. The salt 
content of the 0-40 cm soil layer was higher than that of the 0-100 cm soil layer, 
showing that the soil salt accumulated in the upper layer of the soil during the cotton 
growth. The soil salt accumulation rate was lower in 2015 than in 2014 in the total area 
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in the 0-40 cm soil layer and 0-100 cm soil layers. The salt accumulation rate was not 
different for the different locations (between the plastic film, under the plastic film, and 
the total area), except for the IM treatment in 2014. 
 

Table 3. The accumulation rate of the soil salt (s) for the different treatments between the 
plastic films, under the plastic film, and the total area in the 40 cm and 100 cm soil profiles 
in 2014 and 2015 

Year Location Treatment 

0~40cm 0~100cm 

Initial 
salinity 
(g/kg) 

Final 
salinity 

(g/kg) 
Ds/% 

Initial 
salinity 
(g/kg) 

Final 
salinity 

(g/kg) 
Ds/% 

2014 

Between 
plastic 
film 

IC 3.91a 7.71a 97.19 3.2a 5.08a 58.75 

IS 2.19b 4.11b 87.67 1.27b 2.09b 64.57 

IM 4.39a 2.89b -34.17 2.02ab 2.41b 19.31 

CK 1.99b 7.76a 289.95 1.15b 4.09a 255.65 

Under plastic 
film 

IC 5.92a 8.26a 39.53 4.14a 3.97a -4.11 

IS 3.99a 4.74b 18.80 2.32a 2.4a 3.45 

IM 4.75a 1.97c -58.53 2.13ab 1.37b -35.68 

CK 1.38b 2.84c 105.8 1.33b 2.16a 62.41 

Total area 

IC 5.49a 8.14a 48.33 3.94a 4.21a 6.84 

IS 3.60b 4.61b 27.76 2.10b 2.33b 11.39 

IM 4.67ab 2.17b -53.62 2.11b 1.59b -24.38 

CK 1.51c 3.89b 157.78 1.29b 2.57b 99.28 

2015 

Between 
plastic 
film 

IC 3.42b 4.46b 30.41 1.76a 1.68b -4.55 

IS 5.5a 3.91b -28.91 2.09a 1.87b -10.53 

IM 6.21a 9.97a 60.55 3.4a 4.14a 21.76 

CK 2.98b 8.01a 168.79 1.53a 3.73a 143.79 

Inside plastic 
film 

IC 3.69a 4.81b 30.35 1.51a 1.86b 23.18 

IS 3.67ab 3.3b -10.08 1.94a 1.66b -14.43 

IM 5.17a 7.09a 37.14 2.85a 3.18a 11.58 

CK 1.98b 3.02b 52.53 0.96a 1.25b 30.21 

Total area 

IC 3.63ab 4.74b 30.36 1.56a 1.82b 16.49 

IS 4.06a 3.43b -15.54 1.97a 1.71b -13.55 

IM 5.39a 7.71a 42.91 2.97a 3.39a 14.08 

CK 2.19b 4.09b 86.36 1.08a 1.78b 64.62 

Notes: IC stands for intercropping Cuminum cyminum L. in the bare strips between the rows of plastic 
film, IS stands for Suaeda salsa; IM stands for Medicago sativa L., and CK stands for the control group 
with no intercropping. Means with different lowercase letters in the same column represent significant 
differences at P<0.05 

 
 
Changes in sodium ion content 

Sodium ions can damage the crop and destroy the soil structure (Zhang et al., 2016; Li 
et al., 2019). Sodium ions may have an adverse effect on the growth and development of 
cotton if the sodium ion content in the soil exceeds the salt tolerance threshold of cotton 
(Farooq et al., 2019). The sodium ion accumulation rates of all treatments in 2015 were 
lower than that in 2014 in the 0-40 cm and 0-100 cm soil layers (Table 4) because the 
sodium ions were leached due to precipitation in the late growing stage of the cotton. The 
average soil sodium ion content was higher in the 0-40 cm soil layer than in the 0-100 cm 
layer at the harvest stage, showing that the sodium ions accumulated near the surface. The 
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soil sodium ion accumulation rates of the treatment intercropping halophytes were 29% to 
138% and 17% to 148% lower than that of CK in the 0-40 cm and 0-100 cm soil layers in 
total area, respectively. Intercropping halophytes in the bare strips between the plastic 
films reduced the accumulation rate of the soil sodium ions. The accumulation rate of soil 
sodium ions of the IS was 91% and 139% lower than that of the CK in the 0~40 cm soil 
layer in the total area, respectively, in 2014 and 2015. In 2014, the IS treatment had the 
lowest accumulation rate of sodium ions in the 0~40 cm soil layer, followed by the IC 
treatment and IM treatment. And in 2015, the soil sodium ion accumulation rates in the IS 
and IM treatments were lower than in 2014, and those of the IC treatment were higher at 
harvest in 2014. The accumulation rate of the soil sodium ions were lowest for the IS 
treatment in 2014 and 2015. 
 

Table 4. The accumulation rate of the soil sodium ion (Na+) content for the different 
treatments between the plastic film, under the plastic film, and the total area in the 40 cm 
and 100 cm soil profiles in 2014 and 2015 

Year Location Treatment 

0~40cm 0~100cm 

Initial Na+ 

content 
(g/kg) 

Final Na+ 

content 
(g/kg) 

Di/% 

Initial Na+ 

content 
(g/kg) 

Final Na+ 

content 
(g/kg) 

Di/% 

2014 

Between 
plastic 
film 

IC 0.056a 0.138a 144.90 0.029b 0.079a 176.00 
IS 0.075a 0.082b 9.23 0.077a 0.055a -28.36 
IM 0.039b 0.121a 208.82 0.021b 0.057a 173.91 
CK 0.038b 0.150a 293.94 0.018b 0.056a 206.25 

Under plastic 
film 

IC 0.045a 0.105a 133.33 0.026b 0.066a 147.83 
IS 0.071a 0.104a 17.74 0.046a 0.071a 55.00 
IM 0.045a 0.097a 115.38 0.035ab 0.069a 100.00 
CK 0.024b 0.059a 145.83 0.012b 0.033b 175.00 

Total area 

IC 0.047a 0.112a 136.59 0.027b 0.069a 154.27 
IS 0.072a 0.099a 14.29 0.053a 0.068a 28.86 
IM 0.044a 0.102a 134.21 0.032b 0.066a 110.39 
CK 0.027b 0.079a 190.72 0.013c 0.038b 185.48 

2015 

Between 
plastic 
film 

IC 0.213a 0.362a 70.26 0.113a 0.221a 95.88 
IS 0.112bc 0.064b -42.27 0.107a 0.038c -64.52 
IM 0.164ab 0.309a 88.11 0.136a 0.145b 6.78 
CK 0.034c 0.108b 217.65 0.034b 0.092b 170.59 

Under plastic 
film 

IC 0.146a 0.286a 96.13 0.168a 0.312a 85.65 
IS 0.146a 0.052b -64.57 0.141b 0.062c -76.42 
IM 0.201a 0.118b -41.31 0.199a 0.121b -67.63 
CK 0.021c 0.049b 133.33 0.023c 0.057c 147.83 

Total area 

IC 0.160a 0.302a 88.77 0.156ab 0.293a 87.23 
IS 0.139a 0.055b -60.72 0.134b 0.057c -74.36 
IM 0.193a 0.159b -17.86 0.185a 0.126b -55.90 
CK 0.024b 0.062b 159.16 0.025c 0.065c 154.37 

Notes: IC stands for intercropping Cuminum cyminum L. in the bare strips between the rows of plastic 
film, IS stands for Suaeda salsa; IM stands for Medicago sativa L., and CK stands for the control group 
with no intercropping. Means with different lowercase letters in the same column represent significant 
differences at P<0.05 level 

 
 
Aboveground biomass and yield of cotton 

There was no significant difference in the yield and biomass between the treatments 
during the 2014 and 2015 seasons (Table. 5). The harvest index (HI) of the treatments 
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ranged from 48.77% to 54.33% and 50.94% to 55.07% during the 2014 and 2015 
seasons and the HIs of all treatments were lower in 2014 than in 2015. The reason is 
that the amount of irrigation in the early part of 2014 was higher and the cotton growth 
was better than in 2015. Compared to the CK, intercropping halophytes reduced the HI 
of cotton by 4.51%-10.23% and 0.78%-7.5% during the 2014 and 2015 seasons, 
respectively. The HI of the CK was higher than that of the intercropping halophytes 
because the low water consumption of the halophyte treatment between the plastic films 
in the early growth stage did not affect the uptake of nutrients and the halophytes 
competed with the cotton for soil water content and nutrients in the later growth stage. 
The WUE was lower in 2014 due to more irrigation. The WUE of the intercropping 
treatments was 6.41%-10.26% and 1.1%-4.4% lower than that of the CK during 2014 
and 2015, respectively. The reason is that the halophytes compete with the cotton for 
soil moisture and nutrients. 
 

Table 5. Cotton yield, biomass, harvest index (HI), evapotranspiration (ET), and water-use 
efficiency (WUE) for different treatments in 2014 and 2015 

Year Treatment Yield (kg ha-1) Biomass (kg ha-1) HI (%) WUE 

2014 

IC 4102.44a 8121.39a 50.51 0.70 

IS 4301.35a 8819.16a 48.77 0.73 

IM 4513.44a 8669.16a 51.88 0.72 

CK 4243.40a 7800.95a 54.33 0.78 

2015 

IC 4551.53a 8330.56a 54.64 0.90 

IS 4445.41a 8716.49a 50.94 0.87 

IM 4762.72a 8972.41a 53.16 0.88 

CK 4445.07a 8081.95a 55.07 0.91 

Notes: IC stands for intercropping Cuminum cyminum L. in the bare strips between the rows of plastic 
film, IS stands for Suaeda salsa; IM stands for Medicago sativa L., and CK stands for the control group 
with no intercropping. Means with different lowercase letters in the same column represent significant 
differences at P<0.05 

 
 
Discussion 

Soil surface evaporation is an important factor affecting salt accumulation in saline-
alkali soils in arid areas (Schofield and Kirkby, 2003) because the evaporation in this 
area exceeds precipitation. Therefore, the reduction in soil surface evaporation is 
necessary to reduce surface salt accumulation. In our experiments, the soil evaporation 
was significantly reduced by growing halophytes in bare strips between the rows of 
plastic film in the middle and late stages in the two-year experiment (Table 1). Planting 
halophytes reduced soil surface solar radiation and decreased wind speed, thereby 
reducing soil evaporation (Li et al., 2013). The canopy cover was highest for Suaeda 
salsa and more solar radiation was intercepted; thus, intercropping Suaeda salsa in the 
areas between the rows of plastic film resulted in the largest reduction in soil surface 
evaporation. The canopy cover of halophytes was lower in 2015 than in 2014 and there 
was no significant difference in the evaporation rate between the IM and CK treatments 
in 2015. A possible reason is that the amount of irrigation in the early growth period 
was larger in 2014 than in 2015 (Figure 3) and the halophytes exhibited better growth in 
2014 than in 2015. The IM treatment resulted in greater ET because the canopy cover of 
Medicago sativa L. was lower than that of the other intercropping treatments. 
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Intercropping halophytes reduced the accumulation rate of soil salt and soil sodium 
ions. It decreased the soil salt accumulation rate by 50%-134% and 74%-125% in the 0-
40 cm and 0-100 cm deep soil layers in both years compared to the CK. The 
accumulation rate of the soil sodium ions decreased by 29%-138% and 17%-148% in 
the 0-40 cm and 0-100 cm deep soil layers compared to the CK. There are two reasons 
for this: first, the canopy cover of the halophytes reduced the soil surface evaporation, 
which reduced the accumulation of soil salt and soil sodium ions. Second, the 
halophytes absorbed the soil salt and sodium ions (Zhou et al., 2019). The IS treatment 
resulted in a reduction in the accumulation rate of soil sodium ions, and this treatment 
was more effective than the other treatments. Suaeda salsa has a higher canopy cover 
than the other halophytes in arid-saline environments. Intercropping Cuminum cyminum 
L. also resulted in a reduction in the accumulation rate of the soil salt and sodium ions 
compared to the CK. In addition, Cuminum cyminum L. can be harvested because it is a 
good condiment with high economic value. Intercropping Medicago sativa L. also 
reduced the soil salt compared to the CK, and there was no significant difference in the 
desalination effect compared to the other halophytes. Medicago sativa L. is a forage 
crop with high nutritional value (Zhao et al., 2019). It is known as the king of pasture 
and can survive in light saline-alkali soil. Studies have shown that Medicago sativa L. 
has good salt and drought tolerance and it is a legume which could increase soil fertility 
and improves the soil. The halophytes (Suaeda salsa, Medicago sativa L., and Cuminum 
cyminum L.) are economic and forage crops and provide good yield; therefore, their 
overall benefit is higher than that of CK. 

Conclusions 

Intercropping halophytes (Suaeda salsa, Medicago sativa L., and Cuminum 
cyminum L.) in cotton field reduced the accumulation rate of soil salt and soil sodium 
ions, as well as the soil surface evaporation in the cotton field. The accumulation rate of 
soil sodium ions was highest for intercropping Suaeda salsa. Intercropping halophytes 
had little effect on the cotton yield and biomass. The results of this study provide 
guidance for the improvement of light and medium saline-alkali soils. Future studies 
should investigate the suitability of different halophytes in cotton fields for the removel 
of soil salt from different types of saline soil. 

Acknowledgments. This project was supported by the National Natural Science Foundation of China (No. 
51379173) and the Shaanxi Provincial Natural Science Basic Research Program (No. 2018JM5051). 

REFERENCES 

[1] Albaho, M. S., Green, J. L. (2000): Suaeda salsa, A Desalinating Companion Plant for 
Greenhouse Tomato. – Hortscience A Publication of the American Society for 
Horticultural Science 35: 620-623. 

[2] Allen, R., Pereira, L., Raes, D., Smith, M. (1998): Irrigation and drainage paper No. 56. – 
FAO. 

[3] Chehab, H., Tekaya, M., Gouiaa, M., Mahjoub, Z., Laamari, S., Sfina, H., Chihaoui, B., 
Boujnah, D., Mechri, B. (2018): The use of legume and grass cover crops induced 
changes in ion accumulation, growth and physiological performance of young olive trees 
irrigated with high-salinity water. – Scientia Horticulturae 232: 170-174. 



Guo et al.: Effects of intercropping different halophytes in bare strips on soil water content, salt accumulation, and cotton 
(Gossypium hirsutum) yields in mulched drip irrigation 

- 5936 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5923-5937. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_59235937 
© 2020, ALÖKI Kft., Budapest, Hungary 

[4] Farooq, M. A., Shakeel, A., Atif, R. M., Saleem, M. F. (2019): Genotypic variations in 
salinity tolerance among BT cotton. – Pakistan Journal of Botany 12(51): 1945-1953. 

[5] Graifenberg, A., Botrini, L., Giustiniani, L., Filippi, F., Curadi, M. (2003): Tomato 
growing in saline conditions with biodesalinating plants: Salsola soda L., and Portulaca 
oleracea L. – Acta Horticulturae 609: 301-305. 

[6] Ji, S., Unger, P. W. (2001): Soil Water Accumulation under Different Precipitation, 
Potential Evaporation, and Straw Mulch Conditions. – Soil Science Society of America 
Journal 65: 442-448. 

[7] Kang, Y. H., Wang, R. S., Wan, S. Q., Hu, W., Jiang, S. F., Liu, S. P. (2012): Effects of 
different water levels on cotton growth and water use through drip irrigation in an arid 
region with saline ground water of Northwest China. – Agricultural Water Management 
109: 117-126. 

[8] Lage, M., Bamouh, A., Karrou, M., El, M. M. (2003): Estimation of rice 
evapotranspiration using a microlysimeter technique and comparison with FAO Penman-
Monteith and Pan evaporation methods under Moroccan conditions. – Agronomie 23: 
625-631. 

[9] Li, R., Hou, X., Jia, Z., Han, Q., Ren, X., Yang, B. (2013): Effects on soil temperature, 
moisture, and maize yield of cultivation with ridge and furrow mulching in the rainfed 
area of the Loess Plateau, China. – Agricultural Water Management 116: 101-109. 

[10] Li, X., Jin, M., Zhou, N., Huang, J., Jiang, S., Telesphore, H. (2016): Evaluation of 
evapotranspiration and deep percolation under mulched drip irrigation in an oasis of 
Tarim basin, China. – Journal of Hydrology 538: 677-688. 

[11] Li, X. Q., Xia, J. B., Zhao, X. M., Chen, Y. P. (2019): Effects of planting Tamarix 
chinensis on shallow soil water and salt content under different groundwater depths in the 
Yellow River Delta. – Geoderma 335: 104-111. 

[12] Manousaki, E., Kalogerakis, N. (2011): Halophytes Present New Opportunities in 
Phytoremediation of Heavy Metals and Saline Soils. – Industrial & Engineering 
Chemistry Research 1(50): 656-660. 

[13] Panta, S., Flowers, T., Lane, P., Doyle, R., Haros, G., Shabala, S. (2014): Halophyte 
agriculture: Success stories. – Environmental & Experimental Botany 107: 71-83. 

[14] Prueger, J. H., Hipps, L. E., Cooper, D. I. (1996): Evaporation and the development of the 
local boundary layer over an irrigated surface in an arid region. – Agricultural & Forest 
Meteorology 78(3-4): 223-237. 

[15] Qiao, L., Zhou, J., Li, X. (2011): Preliminary analysis of the effectiveness of desalting 
leaching using spring irrigation for use of brackish water for under-film drip irrigation of 
cotton. – Proceedings of the International Conference on Mechanic Automation & 
Control Engineering. 

[16] Sagers, J. K., Waldron, B. L., Creech, J. E., Mott, I. W., Bugbee, B. (2017): Salinity 
toleranceof three competing rangeland plant species: Studies in hydroponic culture. – 
Ecology & Evolution 7: 1-14. 

[17] Schofield, R. V., Kirkby, M. J. (2003): Application of salinization indicators and initial 
development of potential global soil salinization scenario under climatic change. – Global 
Biogeochemical Cycles 17(3): 1078. 

[18] Shaygan, M., Mulligan, D., Baumgartl, T. (2017): The potential of remediation of soils 
affected by salt using halophytes. – Proceedings of the EGU General Assembly 
Conference. 

[19] Simpson, C., Franco, J. G., King, S. R., Volder, A. (2013): Intercropping to Mitigate 
Salinity Stress on Watermelon: Halophyte Performance in a Greenhouse Pot Study. – 
Proceedings of the Ashs Conference. 

[20] Sun, H. Y., Shao, L. W., Liu, X. W., Miao, W. F., Chen, S. Y., Zhang, X. Y. (2012): 
Determination of water consumption and the water-saving potential of three mulching 
methods in a jujube orchard. – European Journal of Agronomy 11(43): 87-95. 



Guo et al.: Effects of intercropping different halophytes in bare strips on soil water content, salt accumulation, and cotton 
(Gossypium hirsutum) yields in mulched drip irrigation 

- 5937 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5923-5937. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_59235937 
© 2020, ALÖKI Kft., Budapest, Hungary 

[21] Tan, S., Wang, Q. J., Xu, D., Zhang, J. H., Shan, Y. Y. (2017): Evaluating effects of four 
controlling methods in bare strips on soil temperature, water, and salt accumulation under 
film-mulched drip irrigation. – Field Crops Research 214(12): 350-358. 

[22] Uclés, O., Villagarcía, L., Cantón, Y., Domingo, F. (2013): Microlysimeter station for 
long term non-rainfall water input and evaporation studies. – Agricultural & Forest 
Meteorology 182: 13-20. 

[23] Wang, Z., Jin, M., Šimůnek, J., Genuchten, M. T. V. (2014): Evaluation of mulched drip 
irrigation for cotton in arid Northwest China. – Irrigation Science 32: 15-27. 

[24] Xiao, K. B., Wu, P. T., Lei, J. Y., Ban, N. R. (2012): Bio-reclamation of Different 
Halophytes on Saline-alkali Soil. – Journal of Agro-Environment Science 31(12): 2433-
2440. (in Chinese). 

[25] Zhang, W., Lu, X., Li, L., Liu, J., Sun, Z., Zhang, X., Yang, Z. (2008): Salt transfer law 
for cotton field with drip irrigation under the plastic mulch in Xinjiang Region 24: 15-19. 
DOI:10.3969/j.issn.1002-6819.2008.8.003. 

[26] Zhang, L., Ma, H., Chen, T., Pen, J., Yu, S., Zhao, X. (2014): Morphological and 
Physiological Responses of Cotton (Gossypium hirsutum L.) Plants to Salinity. – Plos 
One 9: e112807. 

[27] Zhang, G., Bai, J., Min, X., Zhao, Q., Lu, Q., Jia, J. (2016): Soil quality assessment of 
coastal wetlands in the Yellow River Delta of China based on the minimum data set. – 
Ecological Indicators 66: 458-466. 

[28] Zhang, C. W., Tian, X. Y., Zhang, C. S. (2019): Diversity and probiotic activities of 
endophytic bacteria associated with the coastal halophyte Messerschmidia sibirica. – 
Applied Soil Ecology 143(11): 35-44. 

[29] Zhao, K., Hai, F., Zhou, S., Jie, S. (2003): Study on the salt and drought tolerance of 
Suaeda salsa and Kalanchoe claigremontiana under iso-osmotic salt and water stress. – 
Plant Science 165: 837-844. 

[30] Zhao. Y., Wei, X. H., Ji, X. Z., Ma, W. J. (2019): Endogenous NO-mediated transcripts 
involved in photosynthesis and carbohydrate metabolism in alfalfa (Medicago sativa L.) 
seedlings under drought stress. – Plant Physiol Biochem 141: 456-465. 

[31] Zhou, M. X., Engelmann, T., Lutts, S. (2019): Salinity modifies heavy metals and arsenic 
absorption by the halophyte plant species Kosteletzkya pentacarpos and pollutant 
leaching from a polycontaminated substrate. – Ecotox Environ Safe 182: 10. 

[32] Zuccarini, P. (2008): Ion uptake by halophytic plants to mitigate saline stress in Solanum 
lycopersicon L., and different effect of soil and water salinity. – Soil & Water Research 
3(2): 62-73. 

https://doi.org/10.3969/j.issn.1002-6819.2008.8.003


Prasertphon et al.: Water chemistry, phytoplankton diversity and severe eutrophication with detection of microcystin contents in Thai 

tropical urban ponds 
- 5939 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5939-5951. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_59395951 
© 2020, ALÖKI Kft., Budapest, Hungary 

WATER CHEMISTRY, PHYTOPLANKTON DIVERSITY AND 
SEVERE EUTROPHICATION WITH DETECTION OF 

MICROCYSTIN CONTENTS IN THAI TROPICAL URBAN PONDS 

PRASERTPHON, R.1 – JITCHUM, P.2 – CHAICHANA, R.1,3* 

1Department of Environmental Technology and Management, Faculty of Environment, 
Kasetsart University, Bangkok, Thailand 

2Department of Fishery Biology, Faculty of Fisheries, Kasetsart University, Bangkok, Thailand 

3Research Group: Natural Environment in Forest and Freshwater Ecosystems, Faculty of 
Environment, Kasetsart University, Bangkok, Thailand 

*Corresponding author 
e-mail: fscircc@ku.ac.th; phone: +662-579-2945; fax: +662-579-2946 

(Received 20th Mar 2020; accepted 2nd Jul 2020) 

Abstract. This study investigated eutrophication and the microcystin contents in urban ponds prone to the 
influx of excessive nutrients. We sampled urban ponds in five provinces (Khon Kaen, Chanthaburi, Chiang 
Mai, Bangkok and Pathum Thani) in different regions of Thailand. Water and phytoplankton samples were 
determined between the end of the cold and hot seasons in 2018-2019. The results revealed that all the 
urban ponds were in a hypereutrophic condition as indicated by the Florida trophic state index. Nutrients 
were exceptionally high in both the cold and hot seasons. The Cyanophyceae were common and abundant 
in most urban ponds and increased from the cold season into the hot season. Cluster analysis and 
multidimensional scaling indicated unique phytoplankton composition among the urban ponds. 
Dissimilarities in the phytoplankton among the urban ponds increased from the cold season to the hot 
season. Microcystin analysis showed that an urban pond in Pathum Thani province contained the highest 
mean microcystin content during cold (3.62 ±0.43 µg/L) and hot (3.10 ±0.97 µg/L) seasons. In conclusion, 
there is an urgent need for the restoration of urban ponds in Thailand. In particular, controlling external and 
internal nutrient sources should be a main focus together with regular monitoring of eutrophication. 
Keywords: chlorophyll a, cyanotoxin, microcystis, nitrogen, phosphorus, trophic state index 

Introduction 

Urban ponds in urbanized landscapes are important and play several roles (Oertli and 
Parris, 2019). In ecosystems, ponds serve as a network of habitat patches (Hassall, 2014) 
and thus are inhabited by several plant and animal species. The ponds provide food 
sources and a breeding ground for species like invertebrates (snails and insects) and 
vertebrates (amphibians and fish) (Hamer et al., 2012), while maintaining ecosystem 
integrity and biodiversity in the city (Hassall, 2014). Ponds also provide ecosystem 
services to the people living in cities (Hill et al., 2017). The main services are cultural 
services including recreation, education and inspiration (Ghermandi and Fichtman, 2015). 
Urban ponds are an attraction for visitors in public parks where ponds are located. In 
addition, urban ponds provide regulating services such as water purification, flood control 
and water storage (Tixier et al., 2011; Sun et al., 2019). In particular, excess water during 
heavy rain can be stored in urban ponds to avoid flooding in the city areas. Although 
urban ponds are essential to wildlife and people, they are exposed to anthropogenic 
activities that have resulted in the deterioration of water quality and quantity of the urban 
ponds (Tixier et al., 2011).  

mailto:fscircc@ku.ac.th
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Urban ponds are prone to eutrophication due to the addition of excessive nutrients 
(Waajen et al., 2014). Nutrient inputs of urban ponds come from several sources such as 
fertilizers applied on lawns, land runoff, artificial fish and bird feeding (Chaichana et al., 
2011) and treated and untreated wastewater from surrounding areas (Oshima et al., 2008). 
Previous studies showed that urban ponds contained large quantities of nutrients and that 
eutrophication was present. In Belgium, for example, 42 urban ponds had high amounts 
of total phosphorus (0.1 mg/L) and cyanobacterial blooms were detected (such as 
Anabaena, Aphanizomenon, Microcystis and Planktothrix) (Peretyatko et al., 2010). In 
the Netherlands, eutrophication of urban ponds was induced by wastewater from 
communities and rainwater drainage (Total phosphorus (TP) 0.16-0.44 mg/L), with 
blooms of phytoplankton occurring, which were dominated by Microcystis, Anabaena 
and Planktothrix (Waajen et al., 2014). Eutrophication as a form of water pollution in 
urban ponds exerts ecological impacts. Eutrophication thus reduces potential of ponds 
and their usefulness since the ponds themselves remain important, but they are unable to 
fulfill their potential. 

A particular concern is eutrophication accompanied by harmful algal blooms. Several 
phytoplankton species in the Division Cyanophyta produce toxic substances which can 
be divided into several categories such as hepatotoxin, cytotoxin, neurotoxin and 
dermatotoxin (Sivonen, 2009). The most common toxic substance is microcystin. 
Microcystin is a secondary metabolite produced by Microcystis, Anabaena, Planktothrix 
(Oscillatoria), Nostoc, Hapalosiphon and Anabaenopsis (Bartram and Chorus, 1999). 
These toxic compounds can pose a threat to wildlife and water users (Waajen et al., 2016; 
Tilahun et al., 2019). In Lake Zumpango, Mexico, for example, microcystin can 
accumulate through trophic levels and was found in the liver of Oreochromis niloticus 
(Zamora-Barrios et al., 2019). 

In Thailand, eutrophication is one of the most important water pollution problems. 
Thailand is a tropical country where eutrophication is widespread and common due to a 
combination of nutrients, high temperature and abundance of sunlight throughout the 
year. Previous studies have revealed blooms of Microcystis, Oscillatoria, 
Planktolyngbya, Planktotrix and Pseudanabaena in recreational reservoirs in Khon Kaen 
province in north-eastern Thailand (Somdee et al., 2013). In reservoirs in northern 
Thailand, blooms of Microcystis aeruginosa resulted in microcystin being found in Nile 
Tilapia (Oreochromis niloticus) (Aroonvilairat et al., 2004; Seekhao et al., 2007; 
Whangchai et al., 2013). Studies of eutrophication in Thailand have so far focused on 
reservoirs (for drinking purposes). Relatively little attention has been given to urban 
ponds, which could also be at risk of eutrophication and contamination by microcystin. 
Therefore, this research focused on documenting eutrophication in urban ponds in 
Thailand. The objectives were to investigate the water quality, trophic states of urban 
ponds in four regions between the cold and hot seasons and to determine phytoplankton 
diversity and composition. The microcystin contents were assessed to provide data that 
could be used to help monitor and manage eutrophication in urban ponds. 

Materials and Methods 

Study sites 

Five urban ponds located in cities of five provinces in different parts of Thailand were 
selected for this study as eutrophication has occurred in these urban ponds (Fig. 1). The 
names of the ponds are: 1) Bueng Nong Khot in Khon Kaen province in the northeast, 2) 
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pond in Somdej Phrachao Taksin Maharat Public Park in Chanthaburi province in the 
east, 3) Nong Ho in Chiang Mai province in the north, 4) the Bueng beside the Railway 
Hospital in Bangkok in central Thailand and 5) Bueng Yai in Pathum Thani province in 
central Thailand (‘Bueng’ and ‘Nong’ in Thai mean pond). Details of each urban pond 
are given in Table 1. 
 

Figure 1. Locations of five urban ponds in five provinces of Thailand 
 
 

Table 1. Locations and details of selected urban ponds 

Detail Khon Kaen Chanthaburi Chiang Mai Bangkok Pathum Thani 

Location Northeast East North Central Central 
Coordinate 

(North) 16°25'55"N 12°36'18"N 18°49'15"N 13°45'05"N 13°59'42"N 

Coordinate 
(East) 102°47'58"E 102°06'21"E 98°58'31"E 100°33'11"E 100°36'31"E 

Area (m2) 1,047,690 181,950 84,102 9,666 82,162 
Depth (m) 6 6 3 3 8 

Purposes 

Water storage for 
flood control, 

recreation, 
fishing and 

sports 

Public park, fish 
feeding. This pond 

receives 
discharged water 
from wastewater 
treatment plant. 

Recreation, 
surrounded by 

local restaurants 

Water storage, 
surrounded by 

houses and 
restaurants 

Water storage for 
flood control 

 
 
Sampling collection and analysist 

Sampling of water and plankton 

In each pond, water samples were collected from three sampling points across the ponds. 
Water samples were taken twice in the cold season (Dec-Jan 2019) and in the hot season (Mar-
Apr 2019). We measured water quality on site based on: dissolved oxygen (DO, mg/L), pH, 
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temperature (°C), conductivity (µs/cm) and total dissolved solid (TDS, mg/L) using a multi-
parameter analyser (Consort 9116). Water transparency and depth were also studied using a 
Secchi disk. In addition, two L of water samples were collected and kept in plastic bottles and 
then put in a container at four °C for further analysis in the laboratory. We analysed ammonium-
N using the phenol-hypochlorite method (Strickland and Parsons, 1972), soluble reactive 
phosphorus (SRP) using the ascorbic acid method, total nitrogen (TN) using the Kjeldahl 
method, total phosphorus (TP) using the vanadomolybdate method, total suspended solid (TSS) 
using filtration and chlorophyll a using the acetone extraction method. All samples were 
analysed in triplicate at the Department of Environmental Technology and Management, 
Faculty of Environment, Kasetsart University and Central Laboratory, Bangkok, Thailand. 

Phytoplankton was collected using a 20 µm plankton net. Sampling points for plankton were 
at the same locations as the water sampling points. A sample of ten L of water was passed 
through each plankton net. Samples were then preserved in 70% ethanol. Plankton samples 
were investigated by counting and classifying up to the species level using a Sedgewick-Rafter 
counting chamber under compound light microscope. 

Toxic analysis 

Microcystin was analysed using a Microcystin-Adda ELISA kit (Abraxis, USA). Samples 
of water were collected and then filtered using a glass microfiber filter, grade GF/C (diameter 
47 mm) Whatman. Toxic analysis was done in the laboratory by measuring the absorbance at 
450 nm wavelength using a microplate spectrophotometer (Powerwave 340, Biotek, USA). 

Data analysis 

Data presented as mean±standard deviation. We used the Florida trophic state index 
(TSI) to classify the urban ponds based on chlorophyll levels and the nitrogen and 
phosphorus concentrations (Huber et al., 1982). The trophic state index equations are: 
 

 𝐶𝐻𝐿𝐴𝑇𝑆𝐼 = 16.8 + [14.4 × 𝐿𝑁(𝐶𝐻𝐿𝐴)] (Eq.1) 
 

 𝑇𝑁𝑇𝑆𝐼 = 56 + [19.8 + 𝐿𝑁(𝑇𝑁)] (Eq.2) 
 

 𝑇𝑁2𝑇𝑆𝐼 = 10 × [5.96 + 2.15 × 𝐿𝑁(𝑇𝑁 + 0.0001)] (Eq.3) 
 

 𝑇𝑃𝑇𝑆𝐼 = [18.6 × 𝐿𝑁(𝑇𝑃 × 1000)] − 18.4 (Eq.4) 
 

 𝑇𝑃2𝑇𝑆𝐼 = 10 × [2.36 × 𝐿𝑁(𝑇𝑃 × 1000)] − 2.38 (Eq.5) 
 

Limiting nutrient considerations for calculating NUTRTSI 

• If TN/TP > 30, then NUTRTSI = TP2TSI. 
• If TN/TP < 10, then NUTRTSI = TN2TSI. 
• If 10<TN/TP < 30, then NUTRTSI = (TPTSI + TNTSI)/2. 

 
 𝑇𝑆𝐼 = (𝐶𝐻𝐿𝐴𝑇𝑆𝐼 + 𝑁𝑈𝑇𝑅𝐼𝑇𝑆𝐼)/2 (Eq.6) 

 
In equations, CHLA is chlorophyll a (µg/L), TN is total nitrogen (mg/L), TP is total 

phosphorus (mg/L), LN is natural log and NUTR is nutrient. The final TSI can then be used to 
classify trophic state. TSI less than 60 indicates that a lake is oligotrophic to mid-eutrophic. TSI 
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between 60 and 69 indicates that a lake is mid-eutrophic to eutrophic. TSI higher than 70 
indicate that a lake is hypereutrophic. 

Limiting nutrient was calculated by TN/TP ratio (Lakewatch, 2000). When the TN/TP ratio 
is less than 10, a lake is nitrogen-limited. When the TN/TP ratio is between 10 and 17, nitrogen 
or phosphorus could be limiting and when the TN/TP ratio is greater than 17, a lake is 
phosphorus-limited. 

Differences in water quality parameters and phytoplankton abundances between seasons 
was determined using a Student t-test by using SPSS 23. Correlation coefficient between 
microcystin content and cyanobacteria was also tested. The Primer seven software package was 
used to analyze nonmetric multi-dimensional scaling (MDS). MDS displays the spatial 
distribution of variables (phytoplankton) among provinces, thus indicating similarities or 
dissimilarities among variables. Cluster analysis was also performed to group similar variables 
of phytoplankton. Data were log-transformed and standardized. 

Results 

Water quality 

The water quality analysis revealed that all urban ponds were in hypereutrophic 
conditions in both the cold and hot seasons as indicated by the Florida trophic state index 
(Table 2). Water quality varied among ponds and between seasons (Table 3). Nutrient 
concentrations were exceptionally high. In the cold season, TN concentrations were in 
the range 2.92-13.13 mg/L. The highest TN value was in Khon Kaen province 
(13.13 mg/L). TP values were in the range 0.10-1.43 mg/L. The highest TP value was 
detected in Bangkok (1.43 mg/L). Chlorophyll a values were in the range 45.68-
4,022.09 µg/L. The highest value was in Chiang Mai province (4,022.09 µg/L). 
 

Table 2. Florida trophic state index of sampled urban ponds 

Province Season 

Trophic 

State 

Index 
(Chl a) 

Trophic 

State 

Index 
(TP) 

Trophic 

State 

Index 2 
(TP) 

Trophic 

State 

Index 
(TN) 

Trophic 

State 

Index 2 
(TN) 

Trophic 

State 
Index 

State 

Khon Kaen 
C 83.65 - 76.85 - - 80.25 Hypereutrophic 

H 71.71 - - - - 87.95 Hypereutrophic 

Chanthaburi 
C 71.76 - 95.52 - - 83.64 Hypereutrophic 

H 98.25 - - - 106.23 102.24 Hypereutrophic 

Chiang Mai 
C 110.90 - - - 98.80 104.85 Hypereutrophic 

H 90.34 - - - 101.28 95.81 Hypereutrophic 

Bangkok 
C 87.33 - - - 91.36 89.34 Hypereutrophic 

H 108.25 - - - 91.36 99.80 Hypereutrophic 

Pathum Thani 
C 114.90 - - - 98.80 106.85 Hypereutrophic 

H 77.41 - - - 106.24 91.81 Hypereutrophic 

Remark: C = cold season, H = hot season 

 
 

In the hot season, the TN concentrations were in the range 1.46-8.75 mg/L, with the 
highest value (8.75 mg/L) in Khon Kaen province. The TP values were in the range 0.25-
34.80 mg/L, with the highest value in Chiang Mai (38.36 mg/L). The chlorophyll a values 
were in the range 46.00-576.61 µg/L and the highest value was in Bangkok (736.80 µg/L). 
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Table 3. Water quality of urban ponds in Thailand in cold (C) and hot (H) seasons 

Parameter 
Khon Kaen Chanthaburi Chiang Mai Bangkok Pathum Thani 

C H C H C H C H C H 

DO (mg/L) 3.9±0.2 3.8±1.4 5.5±1.3 4.3±1.9 3.5±1.7 6.0±3.2 10.0±0.6* 16.0±0.5* 11.8±0.3* 7.6±1.0* 

Twater (°C) 28±2 34±1 30±2 33±1 27±2* 35±0* 29±0* 35±0* 31±1* 34±1* 

pH 8.1±0.1 8.6±0.6 7.4±0.2* 6.7±0.1* 7.2±0.1* 9.9±0.1* 8.3±0.1* 8.7±0.1* 9.4±0.3* 8.8±0.1* 

TSS (mg/L) 28.9±8.4 32.0±18.8 34.4±9.3* 51.1±4.7* 59.3±33.3 81.3±4.1 98.7±124.3 70.4±8.3 181.8±123.0* 36.4±20.3* 

Turbidity (NTU) 23±7 17±3 38±6* 44±3* 101±65* 111±45* 32±6* 40±7* 309±265 16±5 

Trans. (cm) 43.33±7.64 28.33±7.64 26.67±5.77 20.00±0.00 12.67±21.94 15.00±4.36 30.00±5.00 24.00±22.54 11.67±16.07 29.67±13.05 

TDS (mg/L) 386±3 398±10 169±3 475±27 143±12 93±1 456±3 389±1 264±3 227±2 

Conductivity (µs/cm) 621±10* 714±20* 282±7 837±41 243±3 170±2 762±7 715±5 450±9 411±8 

Salinity (mg/L) 0.3±0.0 0.4±0.1 0.10±0.00 0.4±0.0 0.1±0.0 0.1±0.0 0.3±0.0 0.3±0.00 0.2±0.00 0.2±0.00 

Chl a (µg/L) 119.70±77.83 46.00±9.63 45.68±5.80 301.20±120.66 4022.09±6642.16 187.22±116.77 134.08±6.07* 576.51±76.95* 1288.25±1268.69 72.59±33.82 

NH4 (µg/L) 251.84±97.22 90.81±42.51 ND 2.86±19.49 152.85±243.18 0.45±5.76 12.22±14.10* 562.45±151.12* 0.67±1.25 26.16±25.59 

SRP (µg/L) 13.69±4.24 7.96±5.63 9.25±1.60 19.19±5.58 10.98±7.74 14.60±3.05 773.33±4.70* 681.89±6.35* 329.33±87.77* 18.11±4.21* 

TN (mg/L) 13.13±4.38* 8.75±4.38* 5.83±5.05 2.92±5.05 4.38±3.09 8.75±7.57 2.92±2.53 1.46±2.53 4.38±3.09 2.92±5.05 

TP (mg/L) 0.10 ±0.09 0.25 ±0.41 0.18 ±0.10* 26.69± 2.36* 1.19 ±0.06* 34.80±4.42* 1.43 ±0.03* 26.69±2.36* 1.33 ±0.67* 17.35±5.11* 

Remark: Values are shown as mean ±standard deviation. * indicates significant differences between cold and hot season at the 0.05 level 

 
 



Prasertphon et al.: Water chemistry, phytoplankton diversity and severe eutrophication with detection of microcystin contents in Thai 

tropical urban ponds 
- 5945 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5939-5951. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_59395951 
© 2020, ALÖKI Kft., Budapest, Hungary 

The t-test results showed that only the TN at Khon Kaen was significantly (P < 0.05) 
different between the cold and hot seasons. The TP values in most provinces 
(Chanthaburi, Chiang Mai, Bangkok and Pathum Thani) were significantly different 
between the cold and hot seasons (P <0.05). Similarly, the chlorophyll a values in most 
provinces were significantly (P <0.05) different between the cold and hot seasons (Khon 
Kaen, Chanthaburi, Bangkok and Pathum Thani). Furthermore, the limiting factor was 
calculated as shown in Table 4. Most ponds were nitrogen limited in both the cold and 
hot seasons (except Khon Kaen). 
 

Table 4. TN/TP ratio for sampled urban ponds 

Remark: (P) = P is limiting; (N) = N is limiting 

 
 

The phytoplankton results revealed that the Cyanophyceae were the main group of 
phytoplankton in all urban ponds in both cold and hot seasons. The Cyanophyceae tended 
to increase from the cold season to the hot season (Fig. 2). In the cold season, the 
dominant Division was the Cyanophyta (97% in Chiangmai, 81% in Khon Kaen and 
Pathum Thani and 54% in Chanthaburi). Pseudanabaena sp. was the dominant species in 
Khon Kaen with a density of 145,800 cells/L. In Chanthaburi province, Oscillatoria sp. 
was the dominant species with a density of 22,230 cells/L. Microcystis aeruginosa was 
the main species in Chiang Mai and Pathum Thani provinces with densities of 4,596,673 
and 416,295 cells/L, respectively. In Bangkok the most common group was in the 
Division Bacillariophyceae (62%), with Cyclotella sp. being the most dominant species 
at a density of 1,668,969 cells/L. 
 

Figure 2. Phytoplankton community succession in five urban ponds (a is cold season and b is 
hot season) 

Province 
TN/TP ratio 

Cold season Hot season 

Khon Kaen 131.30(P) 35(P) 
Chanthaburi 32.39(P) 0.11(N) 
Chiang Mai 3.68(N) 0.25(N) 

Bangkok 2.04(N) 0.05(N) 
Pathum Thani 3.29(N) 0.25(N) 
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In the hot season, the Division Cyanophyta comprised 97% of the community in 
Chiang Mai, 80% in Chanthaburi, 79% in Prathum Thani, 65% in Khon Kaen and 53% 
in Bangkok.Cylindrospermopsis raciborskii was the dominant species (density of 
283,279 cells/L in Chiang Mai, 158,265 cells/L in Chanthaburi, 467,134 cells/L in Khon 
Kaen and 780,612 cells/L in Pathum Thani). In Bangkok, Merismopedia minima was the 
dominant species with a density of 206,107 cells/L. Details of the phytoplankton present 
in each province are given in Table 5. Statistical analysis found no significant (P> 0. 50 ) 
differences in the phytoplankton between the cold and hot seasons for all provinces. 
 

Table 5. Phytoplankton occurrence in each urban pond and season 

Phytoplankton 
Khon Kaen Chanthaburi Chiang Mai Bangkok Pathum Thani 

C H C H C H C H C H 

Anabaena sp. + + +    + + + ++ 

Anacystis sp.   +        

Chroococcus sp.          ++ 

Cylindrospermopsis 
raciborskii 

++ +++ ++ +++ +++ +++    +++ 

Planktothrix sp.          + 

Planktolyngbya 
limnetica 

    +      

Pseudanabaena sp. +++ + ++ +++ +++    +  

Oscillatoria limosa       ++    

Osicllatoria sp. ++ ++ ++ + +++  +++ ++ ++ + 

Spirulina platensis + ++ ++    +++ +++ +++  

Spirulina sp.    + +++ ++     

Microcystis 
aeruginosa 

+++ ++   +++ +++   +++ ++ 

Merismopedia 
convoluta 

   +       

Merismopedia 
minima 

+ + + +    +++ +  

Merismopedia 
punctata 

 +   +++      

Merismopedia sp.        +   

Remark: C = cold season, H = hot season, + < 5,000 cells/L, ++ = 5,001-50,000 cells/L, +++ > 50,000 
cells/L 

 
 

The results of the cluster analysis revealed some unique features and some similarities 
regarding the phytoplankton in each pond. Similarities in the phytoplankton in each pond 
were observed between the cold and hot seasons (Fig. 3). Furthermore, multidimensional 
scaling and cluster analysis showed more distinct differences in the phytoplankton at 
Chiang Mai, Pathum Thani and Bangkok in the hot season (approximately 60% 
similarities) than in the cold season (approximately 40% similarities). In contrast, the 
phytoplankton at Khon Kaen and Chanthaburi were rather similar in both the cold and 
hot seasons compared with the other provinces (Fig. 4). The stress value of the non-metric 
MDS indicated a fair (stress value 0.12 for cold season) and good (stress value 0.07 for 
hot season) goodness-of-fit. 
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Figure 3. Cluster analysis of phytoplankton (a is cold season and b is hot season). Variables 
represents sampling stations one, two, three of each pond (e.g. Bangkok one, two, three) 

 
 

Figure 4. Multidimensional Scaling of phytoplankton (a is cold season and b is hot season) 
 
 

The concentration of microcystin varied among seasons and ponds (Table 6). In the 
cold season, the highest microcystin content was detected at Pathum Thani (3.62 µg/L), 
followed by Chanthaburi (1.05 µg/L), Chiang Mai (0.52 µg/L) and Khon Kaen 
(0.063 µg/L) provinces, respectively. In the hot season, the highest microcystin content 
was found in Pathum Thani (3.10 µg/L), followed by Khon Kaen (0.39 µg/L), 
Chanthaburi (0.23 µg/L) and Chiang Mai (0.01 µg/L) provinces, respectively. In 
Bangkok, no microcystin content was detected. 
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Table 6. Microcystin detected in urban ponds 

Province Season Microcystin (µg/L) 

Khon Kaen 
C 0.06 ±0.11 
H 0.39 ±0.41 

Chanthaburi 
C 1.05 ±0.99 
H 0.23 ±0.38 

Chiang Mai 
C 0.52 ±0.90 
H 0.01 ±0.02 

Bangkok 
C ND 
H ND 

Pathum Thani 
C 3.62 ±0.43 
H 3.10 ±0.97 

Remark: MD = non detectable 

 
 
Discussion 

This study investigated the water quality, phytoplankton and microcystin levels in 
urban ponds in different regions of Thailand. The selected ponds are valuable and play 
crucial roles in ecosystem and human uses. However, urban ponds are in a critical 
condition due to exposure to nutrient pollution coming from different anthropogenic 
activities (e.g. wastewater from houses and restaurants) (Mayer et al., 1996). The ponds 
in Bangkok, Phathum Thani and Khon Kaen are functional as stormwater ponds. They 
are used to store runoff flow in order to mitigate flood risk during heavy rain. The ponds 
in Khon Kaen and Chanthaburi serve as recreational ponds, with both ponds attracting 
visitors coming for recreational activities such as fish feeding. Artificial feeding by the 
public can have adverse effects on water quality due to leftover fish feed and excretion 
from animals (Chaichana et al., 2011). The pond at Chanthaburi receives treated 
wastewater from a municipal wastewater treatment plant.  

Water samples were comparatively determined between the cold season and the hot 
season. Water temperatures were lower in the cold season than in hot season in most 
ponds. The pH values were rather basic. The dissolved oxygen contents were in normal 
ranges and tended to be higher in ponds in Bangkok and Pathum Thani provinces, most 
likely due to photosynthesis. The turbidity and TSS were relatively high in the ponds in 
Bangkok, Chiang Mai and Pathum Thani and as a result there was lower transparency. 
Most ponds had high conductivity and TDS which could be due to contamination by 
pollutants from surrounding areas. 

The Florida trophic state index suggested that all ponds were in a hypereutrophic 
condition (poor quality) in both the cold and hot seasons (Huber et al., 1982). The total 
phosphorus concentration peaked at 34.80±4.42 mg/L, which was much higher than in 
other urban ponds. In the Netherlands, ponds in urban areas were highly eutrophic with 
mean total phosphorus concentrations between 0.16 and 0.44 mg/L (Waajen et al., 2014). 
In Malaysia, most lake water was in a eutrophic-hypereutrophic state (Sinang et al., 2015) 
with total phosphorus ranging from 15 to 4,270 µg/L. It was also found that nitrogen (N) 
rather than phosphorus (P) appeared to be limiting factor in most ponds (except in Khon 
Kean). This could be explained by ponds in urban landscapes receiving P from washing 
wastewater and other anthropogenic P inputs (Mischler et al., 2014). This was in contrast 
with the rural ponds in agricultural landscapes where N appeared to be more abundant 
than P, and N was the major cause of nutrient enrichment (Chaichana et al., 2011). 
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The Cyanophyta was the main composition in all hypereutrophic urban ponds in Thailand. 
Phytoplankton in the Division Cyanophyta tended to increase toward the hot season in 
response to higher temperatures and sufficient sunlight that promoted the formation of 
phytoplankton (Chaichana and Dampin, 2016). This was in accordance with Jahan et al. 
(2010) stating that cyanobacterial blooms were positively correlated with temperature and 
pH. This study also revealed that Osicllatoria, Pseudanabaena, Spirulina platensis, 
Microcystis aeruginosa and Merismopedia minima were common in most urban ponds. 
Several studies reported Cyanobaterial species such as Microcystis and Planktothrix as being 
dominant in eutrophic ponds (Jahan et al., 2010; Waajen et al., 2014; Sinang et al., 2015). 
This study found blooming phytoplankton on the water surface. In most ponds, blooms 
appeared only in certain areas of the water surface, depending on the influence of waves and 
winds. In contrast, in Pathum Thani province, intense blooms of phytoplankton occurred 
across the pond indicating severe eutrophication.  

The current study detected microcystin in most ponds (with a peak at 3.62 ±0.43 µg/L) 
except for the urban pond in Bangkok. Microcystin in this study was lower than in other 
studies (Waajen et al., 2014) and this may have been due to differences in the pond size and 
volume, residence time, water chemistry and climatic conditions (Olding et al., 2011; WHO, 
2011). WHO (2011) has guidelines on cyanotoxins in drinking water with a value of 1 µg/L 
for microcystin-LR. Although the urban ponds in the current study do not provide raw water 
for drinking, high cyanotoxin levels could have an effect on wildlife. The highest microcystin 
content was in Pathum Thani and this correlated with intense blooms of Cyanobacteria, 
mainly M. aeruginosa (r=0.407, P<0.05). Other toxic-producing species such as Oscillatoria 
and Pseudanabaena (Marsalek et al., 2003; Teneva et al., 2009; Paerl and Otten, 2013) were 
also present. Toxic content was found in the urban pond in Chanthaburi even with the absence 
of M. Aeruginosa.  

We observed some management actions taken by local government to solve 
eutrophication problems. For example, in Khon Kean, local officers are working on treatment 
of a nearby eutrophic pond using aluminum sulphate (phosphorus precipitation). The result 
(personal communication) was satisfactory and this treatment may be used to improve water 
quality of the Khon Kean pond. In Chiang Mai, some restaurants located inside the pond were 
removed to reduce external nutrient input. In Bangkok, as the ponds serve as water storage to 
deal with heavy rain in Bangkok, the water retention time is short. This reduces the formation 
of phytoplankton. In Chanthaburi, artificial feeding of fish in the pond should be stopped 
through a public educational campaign. The pond in Pathum Thani is still of concern since 
no restoration action has been taken so far. Therefore, recommendations for future research 
should focus on finding appropriate restoration methods (such as application of alum or 
phoslock, sediment removal, or biomanipulation) to improve water quality of these urban 
ponds. 

In conclusion, this study determined eutrophication problems in some urban ponds of 
Thailand in a comparison between the cold and hot seasons. The results showed that the 
nutrient pollution levels were relatively high with intense eutrophication in all urban ponds 
in both the cold and hot seasons. Environmental conditions in the hot season appeared to 
stimulate phytoplankton growth. Most ponds were dominated by Cyanobacteria that produce 
toxins (M. aeruginosa, Oscillatoria and Pseudanabaena). Microcystin contents were 
detected with the level depending on the degree of intensity of the bloom. These findings 
indicated potential health risks in water use due to the presence of microcystin. Urgent 
management and restoration of hypereutrophic urban ponds in Thailand is needed. 
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Abstract. Effects of straw application on amino sugars (a significant soil organic matter pool) in upland 
fields have received much attention, however, those in paddy fields remain unknown. We conducted a 
three-year experiment including three treatments: one without straw application (CK) and straw application 
at rates of 2500 (SA1) and 5000 (SA2) kg ha−1 yr−1. SA2 stimulated a higher increase in glucosamine 
(GluN), muramic acid (MurA), galactosamine (GalN), fungal-derived GluN (GluNF), and total amino 
sugars than SA1 in the rhizosphere and bulk soil in the first year. Generally, the positive effects of SA1 and 
SA2 on amino sugars did not differ in the last two years. Rhizosphere soil maintained a significantly higher 
content of MurA at 10.95%-16.35% than bulk soil. In total, rhizosphere soil accumulated insignificantly 
more GluN, GluNF, and total amino sugars than the bulk soil, indicating a limited positive effect of the 
rhizosphere on microbial-derived carbon. SA1 and SA2 notably increased the ratio of GluNF/MurA in bulk 
soil, implying that straw application increased the relative contribution of fungal-derived residues to soil 
organic carbon. This work may contribute to understanding the effect of straw applications on microbial 
residues and their contribution to soil organic carbon in paddy fields. 
Keywords: amino sugars, straw application, microbial residue, soil organic carbon, paddy soil 

Introduction 

Agricultural soil contains large amounts of organic carbon (C), variations of which is 
critical concerning climate change and the sustainable development of agriculture 
(Manlay et al., 2007). Soil organic C (SOC) is very susceptible to the activity of soil 
microorganisms, which play a decisive role in regulating SOC (Chaparro et al., 2012). 
Microbial biomass and microbial residues are effective indicators for assessing the 
contribution of microbial processes to SOC accumulation (Liang et al., 2017). Although 
microbial biomass is sensitive to environmental changes (Koponen and Baath, 2016) and 
drives SOC turnover, microbial residues reside much longer in the soil than living 
microbial biomass and are believed to be a significant source of the stable C pool 
(Simpson et al., 2007). In the context of agriculture, soil requires SOC sequestration to 
maintain fertility, and better knowledge on the contribution of microbial residues to SOC 
is imperative. 

Straw application not only proves to be highly efficient for SOC accumulation (Liu et 
al., 2014; Zhao et al., 2018), but could also lead to simultaneous variations in soil 
microbial communities and biomass (Chen et al., 2017a). However, the majority of 
previous studies on soil microorganisms have concentrated on the effects of straw 
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application on microbial biomass and community composition (Hurisso et al., 2013; Fan 
et al., 2016; Zhao et al., 2016; Chen et al., 2017a; Wang et al., 2018). Information on the 
effects of straw application on microbial residues remains scarce (Simpson et al., 2004; 
Liu et al., 2019). The dynamics of microbial residues and their contribution to SOC can 
be examined and quantified by soil amino sugars (Zhang et al., 1999) due to their high 
abundance in microbial cells (>90%) compared to dead microbial cells (Amelung et al., 
2001) and their stability against fluctuations (Glaser et al., 2004). Thus, the analysis of 
amino sugars could provide insight into the fate and sequestration of C and N in microbial 
residues and also into long-term shifts in soil organic matter quality (Joergensen et al., 
2010). Among various amino sugars, galactosamine (GalN) accounts for a significant 
fraction of the total amino sugar pool (Glaser et al., 2004), but its origin in soil is still 
debated (Engelking et al., 2007). Glucosamine (GluN) originates mainly from the chitins 
of fungal cell walls, though a small amount originates from bacterial peptidoglycan and 
exoskeletons of soil invertebrates (Amelung et al., 2001; Joergensen, 2018). Muramic 
acid (MurA) is a unique bacterial residue biomarker because it originates exclusively 
from the peptidoglycans of bacterial cell walls (Engelking et al., 2007). As a result of the 
different origins of GluN and MurA, their ratios (GluN/MurA) have been widely used to 
evaluate the relative contribution of fungal- and bacterial- derived residues to SOC (van 
Groenigen et al., 2010). 

Although some studies have investigated the effects of straw application on amino 
sugars in agricultural soil (Ding et al., 2013, 2015; Liu et al., 2019), they did not 
differentiate the effects of straw application between rhizosphere and bulk soil. By root 
exudates, plant roots play a vital role in regulating rhizosphere microecosystems, such as 
shaping rhizosphere microbiota (Wang et al., 2012; Hu et al., 2018; Zhalnina et al., 2018) 
and stimulating nitrogen (N) transformation (Yin et al., 2013). The effect could be appear 
as impacting rhizosphere bacterial communities associated with shifts in carbon 
metabolism (Staley et al., 2017), and facilitating or inhibiting SOC decomposition (Cheng 
et al., 2014). At the end, the accumulation of amino sugars in the rhizosphere and their 
contribution to SOC could be further influenced. An adequate description of the 
accumulation of amino sugars in the rhizosphere contributes to accurately evaluating the 
contribution of microbial residues to SOC. However, comparatively few studies have 
focused on amino sugar accumulation in the rhizosphere of agricultural systems as 
compared to bulk soil. In addition, straw application affects not only microbial biomass 
and community structure (Li et al., 2012; Wang et al., 2018; Jin et al., 2019; Yang et al., 
2019), but also root biomass (Ma et al., 2019) and growth (Gao et al., 2018). These factors 
may all further alter the accumulation of amino sugars in the rhizosphere soil directly or 
indirectly. 

Moreover, previous studies on the effects of straw application on amino sugars have 
focused on upland fields (i.e., maize fields, mung bean fields) (Praveen et al., 2002; Liang 
et al., 2007; Ding et al., 2015; Liu et al., 2019),while the effects on paddy fields remain 
mostly unexplored. Paddy fields in Northeast China provide the second largest grain yield 
in this region with large amounts of rice straw available after harvesting. In recent years, 
it was recommended to return rice straw to the field for maintaining fertilization and 
contributing to sustainable agriculture instead of conventional burning to avoid 
environmental pollution. The objective of this study is to reveal the effect of straw 
application on the amino sugar accumulation in the rhizosphere and bulk soil of paddy 
fields. 
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Materials and Methods 

A three-year experiment from October 2016 to August 2019 was conducted in Daan 
City (123°08′45″-124°21′56″E, 44°57′00″-45°45′51″N), Western Jilin province, 
Northeast China. The weather of study site is typical of a semi-arid and semi-humid 
continental monsoon climate. The average annual temperature is 4.3 °C, and the average 
annual precipitation is about 414 mm. The basic properties of the soil before the trial are 
shown in Table 1. 
 

Table 1. Soil properties at 0–15 cm depth of the experimental site (October 2016) 

SOC 

(g kg−1) 

Bulk Density 

(g cm −3) 

Total N 

(g kg−1) 

Total P 

(g kg−1) 

Total K 

(g kg−1) 

Hydrolysable-N 

(mg kg−1) 
pH 

Particle size distribution 

(%) 

sand silt clay 

24.31 1.23 1.56 0.35 18.90 105.63 7.68 22.76 54.71 22.53 

 
 
Crop management 

The growth period of rice lasts from about mid-May to the end of September. For the 
rest of the year, the fields lie fallow. Before 2016, conventional tillage without straw 
application was practiced for over 25 years. 

The rice seeds were sown in the greenhouse for nursery raising and seedlings were 
transplanted manually to the field at 30 × 18 cm plant spacing. The same fertilization rates 
and timing for all treatments were applied during 2017, 2018, and 2019. 150 kg N ha−1 
(urea) was applied, 20% of which was for base fertilization, 50% of which was for the 
tillering period, and 30% of which was for the heading period. 100 kg P2O5 ha−1 
(superphosphate) and 60 kg K2O ha−1 (potassium chloride) were applied as base 
fertilizers. 30 kg K2O ha−1 were applied during the heading period. 

Experiment design 

The experiment consisted of three treatments: 1) no straw application (CK); 2) straw 
application at a rate of 2500 kg ha−1 year−1 (SA1); 3) straw application at a rate of 
5000 kg ha−1 year−1 (SA2). All the aboveground plant residues in all the plots were 
removed after the annual harvest. The rice straw was chopped into 5-cm-long pieces and 
evenly strewed onto the soil surface in SA1 and SA2 treatments by hand, then integrated 
into the 0–20-cm layer using a shovel and followed by raking after harvest in 2016, 2017, 
and 2018. The 0–20-cm soil layer in the CK treatment was mixed using a shovel and 
raking in the same way and at the same time as in the SA1 and SA2 treatments. The 
treatments were arranged in a randomized complete block design with three replicates. 
Each plot measured 2.56 m2 (1.6 m × 1.6 m), and the space between adjacent plots was 
at least 1 m. Chambers (1.6 m × 1.6 m × 0.55 m) without top and bottom made of 
polymethyl methacrylate for the plots were pressed into the soil to a depth of 40 cm to 
minimize the effects from outside the plots. 

Sampling and measurements 

Soil samples were collected during the heading period in 2017, 2018, and 2019. Three 
rice plants were randomly selected in each plot, and rice plants in one row on each side 
of all plots were not collected to avoid border effects. Soil in between 0−15 cm depth 
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5−10 cm distance from the rice shoot in the horizontal direction was collected as the bulk 
soil. Rice plants and the soil within 5 cm from their shoot in the horizontal direction were 
dug out to a depth of 15 cm. Rhizosphere soil was collected from soil adhering to the 
roots after they were thoroughly shaken. After visual plant residues and rocks were 
removed, soil samples were air dried, ground, and passed through a 0.25-mm sieve for 
SOC and amino sugar analyses. 

Amino sugars were determined according to the method described by Zhang and 
Amelung (Zhang and Amelung, 1996). Briefly, soil samples (containing about 0.3 mg N) 
with 10 ml of 6 M HCl were heated for 8 h at 105 °C. After cooling, the hydrolysate with 
the addition of 100 μl inositol solution (1 μg ml−1) was filtered. The filtrate was dried, 
and the residue was dissolved with distilled water and adjusted to a pH of 6.6−6.8. The 
solution was centrifuged and dried again. The residue was dissolved with methanol and 
centrifuged. The supernatant was transferred to a derivative bottle and dried using N2 gas 
at 45 °C. Amino sugars were determined by gas chromatography with a flame ionization 
detector (Agilent 6890, Agilent Technologies, Inc., USA) after their conversion to 
aldononitrile acetates. The concentrations of total amino sugars were calculated as the 
sum of GluN, GalN and MurN. 

Previous studies showed that the ratio of MurN and GluN from bacteria is 1:2, 
therefore, the fungal-derived GluN (GluNF, mg kg−1) can be calculated according to Eq. 1 
(Engelking et al., 2007). 
 

 GluNF= (GluN
179

− 2×
MurN
251

) ×179 (Eq.1) 

 
where GluN, MurN, and GluNF are the concentrations of glucosamine, muramic acid, 
and fungal glucosamine, respectively. The molecular weight of GluN and MurN is 
179 g mol−1 and 251 g mol−1, respectively. 

Statistical analysis 

The differences between treatments and different years were tested with repeated 
measures analysis of variance using SPSS 22.0 (International Business Machines 
Corporation, New York, USA). All figures were drawn using Sigmaplot 12.5 (Systat 
Software Inc. San Jose, CA, USA). 

Results 

In CK and SA2, the contents of MurA, GalN, GluN, GluNF, total amino sugars, and 
GluNF/MurA did not differ during the trial in both rhizosphere and bulk soil (Fig. 1, 
Fig. 2, and Fig. 3). Although, the contents MurA, GalN, GluN, GluNF, and total amino 
sugars in SA1 treatment were increased from 2017 to 2018, no significant difference was 
observed between 2018 and 2019 at the rhizosphere or bulk soil. The rhizosphere soil of 
SA1 and SA2 in 2018 and 2019 did not differ with respect to the contents of MurA, GluN, 
GluNF, and total amino sugars, respectively, and the same was true for bulk soil. 

The content of MurA in the rhizosphere soil of CK, SA1, and SA2 ranged from 
42.65−44.39, 48.45−56.84, and 52.98−56.46 mg kg−1 during the trial, which was 
significantly higher by 10.95%−13.21% (4.21−5.18 mg kg−1), 13.52%−16.14% 
(5.77−7.90 mg kg−1), and 12.99%−16.35% (6.44−7.83 mg kg−1) than that in bulk soil, 
respectively (Fig. 1). The content of MurA in the rhizosphere and bulk soil of CK in 2017, 
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2018, and 2019 was significantly lower than that of SA1 and SA2, respectively. 
Compared to the content of MurA in the rhizosphere soil of CK (42.65 mg kg−1) and SA1 
(48.45 mg kg−1) in 2017, that of SA2 increased significantly by 24.22% and 9.35%, 
respectively. The rhizosphere and bulk soil of SA1 in 2019 maintained a significantly 
higher content of MurA than that in 2017, respectively. 
 

Figure 1. Variations of muramic acid (MurA) and galactosamine (GalN) in different treatments 
from 2017 to 2019. Different uppercase letters indicate significant differences between the same 

treatments in the different year, whereas different lowercase letters indicate significant 
differences among different treatments in the same year (P<0.05, multiple comparison test by 
least significant difference). RS: rhizosphere soil; BS: bulk soil; CK: no straw application; 
SA1: straw application at a rate of 2500 kg ha−1 year−1; SA2: straw application at a rate of 

5000 kg ha−1 year−1. The same below 
 
 

The content of GalN in rhizosphere soil in the CK treatment ranged from 
238.74−253.65 mg kg−1 during the trial, which was in general lower by 9.33%−10.31% 
(26.1−28.42 mg kg−1) than that in bulk soil (Fig. 1). The values of GalN in rhizosphere 
and bulk soil in SA1 and SA2 peaked in 2019. Compared to the content of GalN in the 
rhizosphere and bulk soil of CK in 2019, that of SA1 increased by 141.46 mg kg−1 and 
87.74 mg kg−1, and that of SA2 increased by 149.35 mg kg−1 and 89.94 mg kg−1. In SA1 
and SA2, rhizosphere soil contained notably higher contents of GalN than bulk soil in 
2018, and 2019, respectively. 

Rhizosphere and bulk soil in the same treatment and year did not differ overall in GluN 
and GluNF. The rhizosphere soil in all treatments contained 38.69−60.15 mg kg−1 more 
GluN and 27.52−50.86 mg kg−1 more GluNF than the bulk soil (Fig. 2). At the end of the 
experiment, the soil content found of GluN and GluNF in the rhizosphere soil were higher 
by 192.36 mg kg−1 and 174.59 mg kg−1 at SA1 treatment, as well as by 208.78 mg kg−1 
and 191.58 mg kg−1 at SA2 treatment than at CK treatment. Bulk soil in SA1 and SA2 in 
2019 contained 201.05 mg kg−1 and 217.72 mg kg−1 more GluN, and 16 mg kg−1 and 
202.39 mg kg−1 more GluNF than the bulk soil of CK. 
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Figure 2. Variations of glucosamine (GluN) and the fungal-derived GluN (GluNF) in different 
treatments during the trial 

 
 

Total amino sugars among CK, SA1, and SA2 in 2017 varied significantly in both 
rhizosphere and bulk soil. It followed the order: SA2 (1224.95 mg kg−1, RS; 1140.49 mg 
kg−1, BS) > SA1 (1082.09 mg kg−1, RS; 1025.36 mg kg−1,BS) > CK (932.91 mg kg−1, RS; 
901.36 mg kg−1, BS) (Fig. 3). SA1 and SA2 in 2019 maintained significantly higher 
contents of total amino sugars by 346.28 mg kg−1 and 370.19 mg kg−1 in the rhizosphere 
soil and by 298.53 mg kg−1 and 318.41 mg kg−1 in the bulk soil than in the CK treatment, 
respectively. Just at the SA1 treatment, the content of total amino sugars in either the 
rhizosphere or bulk soil was notably higher in 2019 than in 2017. 
 

Figure 3. Variations of total amino sugars and the ratio of GluNF and MurA (GluNF/MurA) in 
different treatments during the trial 
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The values of GluNF/MurA in rhizosphere soil among the three treatments in the same 
year did not differ (Fig. 3). There were no significant differences in the values of 
GluNF/MurA among 2017, 2018, and 2019 in the rhizosphere soil in each of the three 
treatments. The values of GluNF/MurA in the bulk soil of SA1 and SA2 in 2017 were not 
significantly different from and, in 2019, markedly higher than those in the CK. 

Discussion 

Effects of straw application on amino sugar fractions 

The present results demonstrate that straw application facilitated the accumulation of 
amino sugars (GalN, MurA, GluN, GluNF, and total amino sugars) in both the rhizosphere 
and bulk soil in rice fields, which was similar to the results reported for upland fields 
(Ding et al., 2013, 2015; Liu et al., 2019). The accumulation of amino sugars was ascribed 
to microbial biomass turnover as well as to the balance of microbial residue production 
and decomposition (Ding et al., 2013, 2015). Straw provided more available substrates 
and, therefore, maintained a higher microbial biomass (Chen et al., 2017b). Additionally, 
sugars, amino acids, and other nutrients rised from rice straw decomposition can favor a 
greater microbiology activity in the soil (Blagodatskaya and Kuzyakov, 2008). With 
continuous microbial reproduction and mortality, microbial cell wall components, such 
as amino sugars, are gradually released and subsequently accumulated more in the SA1 
and SA2 treatments than in the CK treatment. On the other hand, association of amino 
sugars in aggregates can facilitate the maintenance of aggregate cohesion and 
stabilization (Chantigny et al., 1997), which, thus, protecting amino sugars from 
decomposition and reducing its decomposition, and thereby, increasing the potential of 
amino sugar accumulation. Xue et al. (2020) found that straw incorporation drives the 
formation of SOC-Fe (oxyhydr) oxides associations in aggregates, which contributes to 
SOC (including amino sugars) stabilization in paddy soils. The SA2 treatment could 
provide more available substrates, nutrients, and microbial cell wall components and 
better stimulate the amino sugar mediated formation of aggregates, thus, leading to an 
excessive accumulation of amino sugars in 2017. The lack of pronounced differences in 
the content of amino sugars between SA1 and SA2 in both 2018 and 2019 suggests a 
threshold effect of straw incorporation on microbial residue build-up in the present paddy 
soil. The threshold effect might result from the “saturation” of the soil aggregates with 
amino sugars, indicating that microbial amino sugars could be decomposed, and that the 
prerequisite for amino sugars contributing to a stable C pool is their combination with 
aggregates (Craig et al., 2018). 

Although the straw application to paddy and upland fields have increased amino sugar 
accumulation, the degree of this accumulation is different. After a three-year straw 
application, compared to the treatment without straw application, our results show that 
total amino sugar contents increased by 32.27-38.98%. However, Liu et al. (2019) and 
Ding et al. (2013) reported that the content of total amino sugars in upland fields increased 
by 8.37% and 1.23%, respectively. These differences were perhaps due to a variation in 
soil aeration. The better soil aeration in upland fields greatly facilitate the decomposition 
of SOC (Chen et al., 2017a) (including amino sugars), thus, leading to a slower 
accumulation of amino sugars. Soil erosion, aggregate breakdown (Hao et al., 2019), and 
decreased SOC contents (Yao et al., 2019) caused by rainfall were also responsible for 
the increased loss of amino sugars in upland fields. Continuous flooding conditions in 
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paddy fields provide anaerobic and relatively stable conditions (Chen et al., 2017a) to 
protect the amino sugars and aggregates from decomposition and physical destruction, 
respectively. 

Amino sugars in rhizosphere and bulk soil 

Our results showed that living rice roots change the accumulation of amino sugars in 
the rhizosphere. Root exudates (i.e., organic acids, amino acids), which are major 
components contributing to the rhizosphere effect, appear to shape the rhizosphere 
microbial community (Zhalnina et al., 2018). Rice root exudates provided not only 
available C for microbes (Lu et al., 2004), but also affected microbial biomass. Kong et 
al. (2008) found that rice root exudates resulted in a higher number of bacteria, 
actinobacteria, and fungi in rhizosphere than in bulk soil. Furthermore, rhizosphere 
aggregate stability was higher than that of non-rhizosphere soil (Caravaca et al., 2002). 
These aspects might favor the higher contents of MurA, GluN, and total amino sugars in 
the rhizosphere soil of our study. The significantly higher contents of MurA in the 
rhizosphere probably resulted from the fact that minor variations would lead to significant 
impacts on MurA because of its low content. The lack of pronounced differences in the 
contents of GluN and total amino sugars between rhizosphere and bulk soil were probably 
due to the fact that microbes had enough substrates to feed on both in rhizosphere and 
bulk soil. The net increase of GluN and total amino sugars caused in the rhizosphere soil 
was diminished when expressed on their large background in the present soil. This 
indicated a limited rhizosphere effect on the content of GluN and total amino sugars. 

The factors that caused variations in the content of GalN appeared to be more complex. 
The GalN content in rhizosphere soil was lower in CK, but higher in SA1 and SA2 than 
that in bulk soil, respectively. Compared with MurA and GluN, little information is 
known about the main origin of GalN in soil (Amelung et al., 1999) and its function within 
microbial cells or as metabolites (Engelking et al., 2007). Engelking et al. (2007) 
concluded that fungi contribute larger percentages of GalN to the amino sugar pool than 
bacteria, which contradicted the viewpoint stated in earlier publications (Kogel and 
Bochter, 1985). Joergensen (2018) reported that GalN occurred mainly in bacterial 
extracellular polymeric substances, fungal extracellular polymeric substances, and fungal 
cell walls, but he did not quantify it. Ding et al. (2013) found that GalN accumulation 
patterns within aggregates were different from those of GluN or MurA. Therefore, further 
investigation is necessary to elucidate the origin and function of GalN as well as its 
dynamics in soil. 

Variations in GluNF/MurA 

Previous studies showed that GluNF accumulated mainly in coarse particulate organic 
matter and macroaggregates, and 79% of the total MurA pool accumulated in the clay 
fraction (Pronk et al., 2015). Straw incorporation had a more positive impact on the 
macro-aggregate (> 2000 μm) and mid-aggregate (250-2000 μm) fraction than on the 
micro-aggregate fraction (<250 μm) in paddy fields (Huang et al., 2017). This could be 
responsible for the significantly increased GluNF/MurA ratio in the bulk soil of SA1 and 
SA2 in 2018 and 2019 in the current study, indicating that straw application increased the 
relative contribution of fungal- over bacterial-derived residues to SOC. The insignificant 
variations in GluNF/MurA in the rhizosphere soil of all treatments was probably due to 
the regulation of the bacterial and fungal communities and/or aggregates by rice root 
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exudates instead of the litter amendments. Therefore, the rhizosphere likely mediated the 
relative contribution of fungal- and bacterial-derived residues to SOC and kept it stable. 
However, the related mechanisms remain unclear. 

Conclusions 

Amino sugar analysis revealed that three-year straw application enhanced the 
accumulation of MurA, GluN, GalN, GluNF, and total amino sugars in rhizosphere and 
bulk soil. A high rate of straw application led to a high amino sugar accumulation in the 
first year only. Aggregates tended to be “saturated” with amino sugars in the last two 
years, indicating a limited positive effect of straw application on amino sugar 
accumulation. In the rhizosphere soil, the accumulation of MurA was promoted, and the 
contents of GluN, GalN, GluNF, and total amino sugars tended to be higher than those in 
the bulk soil, suggesting a limited effect of the rhizosphere on GluN, GalN, GluNF, and 
total amino sugars. Straw application increased the relative contribution of fungal-derived 
residues to SOC in bulk soil and did not affect the relative contribution of fungal- and 
bacterial- derived residues to SOC in rhizosphere soil. This work may contribute to 
understanding the effect of straw applications on microbial-derived C and their 
contribution to SOC in paddy fields. Future research should concentrate more strongly on 
the nature and mechanisms of microbial residue–C process during long-term agricultural 
practices (e.g. fertilization, water management, tillage). 
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Abstract. Freshwater wetlands are unique aquatic ecosystems, which are a tremendous source of organic 
carbon. A bacterial community plays a significant role in the carbon cycle of organic matter through its 
cellulolytic enzymes; namely, cellulases. For this study, culturable bacteria were isolated from a freshwater 
wetland reserve situated in Thailand and screened for their cellulase production. Seventy-six cellulolytic 
bacteria were grouped by a PCR-RFLP of 16S rDNA technique and identified by a nucleotide sequencing 
analysis. A total of 17 different RFLP patterns were obtained, belonging to nine bacterial genera including 
Acinetobacter, Aeromonas, Bacillus, Chromobacterium, Citrobacter, Enterobacter, Herbaspirillum, 
Paenibacillus and Vibrio. The predominant genera of the isolated cellulolytic bacteria were Bacillus, 
Chromobacterium and Herbaspirillum. The cellulolytic bacterium isolated from the moist peat samples 
designated as B. megaterium strain S0702 could produce three types of cellulases and showed the highest 
CMCase activity at 4.48  0.08 U/mL. The optimum pH and temperature for the CMCase activity were 
determined to be 45 - 50C at a pH of 7.0 with a stability range of 25 - 60C and pH 5.0 - 8.0. The CMCase 
activity was greatly enhanced by Mn2+ and considerably inhibited by EDTA and ethyl-acetate. This enzyme 
could possibly be used in various biotechnological applications. 
Keywords: aquatic ecosystem, B. megaterium, cellulase, CMCase activity, PCR-RFLP 

Introduction 

Wetlands are natural or artificial, permanent or temporary areas with static or flowing 
water, where the depth at low tide does not exceed six meters; these include, fens, 
marshes, peatlands, freshwater areas and marine water areas (Bassi et al., 2014; Kalita et 
al., 2019). Wetlands serve as a source of biogeochemical cycles, bioremediation of 
contaminants, flood alleviation and production of food (Leff, 2009). Freshwater wetland 
is a type of saturated land, the nature of which varies based on the hydrological and plant 
communities. This unique nature affects the microbial communities dwelling in the 
wetland. Wetland soils and sediments are also a tremendous source of terrestrial carbon 
including decayed plants and woody organic matter (Gorham, 1991; An et al., 2019). 
Microbial communities also play a critical role in the detritus decomposition resulting in 
dissolved organic carbon and related organic compounds which maintain the nutrient 
cycle and wetland stableness. Cellulolytic microbes mainly provide the decomposition of 
cellulose-based plant litter through their cellulolytic enzymes producing the simple sugar 
derivatives in the sediment (Soares-Júnior et al., 2013). Microbial cellulolytic enzymes, 
generally called cellulase, are complex substances that comprise endoglucanases 
(E.C. 3.2.1.4), exoglucanases (E.C. 3.2.1.91, and E.C. 3.2.1.176) and  -glucosidases 
(E.C. 3.2.1.21), which synergistically work to hydrolyze the -1,4 glycosidic linkages of 
cellulose polymer (Chantarasiri, 2015). Cellulases account for 20% of the world enzyme 
market and have biotechnological promise in various industries; such as, agriculture, 
animal feed, biofuel, breweries, food, laundry, paper and pulp, pharmaceuticals, textiles 
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and waste management (Juturu and Wu, 2014; Behera et al., 2017). Furthermore, 
microbial cellulases have been reported in aerobic and anaerobic, mesophilic and 
thermophilic bacteria and fungi (Sharma and Yazdani, 2016). Cellulolytic microbes have 
been commonly isolated from soil, decaying organic matter, animal digestive tracts and 
herbivore dung (Juturu and Wu, 2014); such as, Aspergillus (Nwodo-Chinedu et al., 2005; 
Gao et al., 2008), Bacillus (Anand et al., 2010; Chantarasiri, 2014, 2015; Sriariyanun et 
al., 2016), Cellulomonas (Sangkharak et al., 2011), Clostridium (Reddy et al., 2010), 
Fusarium (Qin et al., 2010; Nwodo-Chinedu et al., 2005), Geobacillus (Ibrahim and El-
diwany, 2007; Baharuddin et al., 2010), Gluconacetobacter (Wee et al., 2011) and 
Penicillium (Nwodo-Chinedu et al., 2005). Currently, most commercial cellulases in the 
global enzyme market have been produced by Trichoderma reesei and Aspergillus sp. 
(Zhang et al., 2006). Moreover, a few cellulolytic microbes have been isolated from 
freshwater wetlands and related environments due to their complexity and inaccessibility. 
The isolated cellulolytic microbes from freshwater wetlands were identified as bacteria 
belonging to the genera Bacillus (Chantarasiri et al., 2015), Brucella (Behera et al., 2016), 
Nocardia (Benhadj et al., 2019), Micromonospora (Benhadj et al., 2019) and fungi 
belonging to the genera Fusarium, Peziza, and Zygomycete (Wu et al., 2015). The search 
for cellulolytic microbes still has much interest, and microbial species and environmental 
sources of microbial isolation have been reported. However, only a few microbes can 
produce high cellulolytic activity, and only a few can produce all three cellulase enzymes 
(Sharma and Yazdani, 2016). To improve the knowledge of cellulolytic microbes and 
their cellulolytic performance, more research has been conducted. Isolation and screening 
of cellulase-producing microbes from nature is one of the important ways to obtain novel 
and effective cellulases. 

However, sufficient data of cellulolytic microbes isolated from freshwater wetland 
ecosystem are required. This research consequently aimed to isolate and screen 
cellulolytic bacteria from Bueng Samnak Yai, a wetland reserve of Thailand. The 
molecular genetic methods, polymerase chain reaction-restriction fragment length 
polymorphism (PCR-RFLP) of 16S rDNA and nucleotide sequencing analysis, were used 
to describe the diversity of a cellulolytic bacterial community. All representative bacteria 
of each RFLP pattern were determined for their cellulolytic performance. Finally, the 
most effective bacterium, B. megaterium strain S0702, was cellulolytic characterized to 
evaluate its biotechnological potential. 

Materials and Methods 

Description of the sampling site 

The study area in this research was Bueng Samnak Yai (12 39 N, 101 32 E) in 
Rayong province, Thailand. Bueng Samnak Yai has been designated as a wetland reserve, 
which uniquely combines coastal (brackish) wetland and freshwater wetland. The coastal 
wetland area is grown over by many characteristic plants (Chantarasiri et al., 2017) which 
those species are similar to those of a freshwater wetland area. Water and moist peat 
(partially decayed plants) samples were randomly collected from the grass islands 
floating in the freshwater wetland area. Twenty water samples and 30 moist peat samples 
were taken at a depth of 0 - 5 cm from the sampling grass islands. The sampling site 
covered an area of 190 ha with an average depth of water of one meter. The site comprised 
more than 100 floating and flowing grass islands, which their dimensions ranged from a 
table-sized to a soccer field-sized island. The grass islands were strongly formed by stem 
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and rhizome networks of three dominant grass species consisting of Lepironia articulate 
(Retz.) Domin, Imperata cylindrica (L.) Beauv. and Carex baccans Nees. All samples 
were collected during September 2017. The samples were kept at 4°C in sterilized plastic 
bags and taken for bacterial isolation within 24 hours of collection. The locations of the 
sampling site are shown in Figure 1. 
 

Figure 1. Bueng Samnak Yai: (a) Map of Bueng Samnak Yai (12 39 N, 101 32 E) situated in 
Rayong province, Thailand (Source: Google Maps). (b) Freshwater wetland area and a few 

table-sized floating grass islands. (c) A scene of a soccer field-sized floating grass island 
 
 
Isolation and purification of bacteria from the freshwater wetland samples 

Water and moist peat samples were serially diluted with sterilized 0.85% NaCl 
solution supplemented with 0.1% buffered peptone to obtain 1:10,000 dilutions (Merck, 
India). One hundred microliters of diluted samples were spread plated on Tryptone soya 
agar (HiMedia, India) and incubated at 28.5  0.1C (the average temperature of the 
sampling site) for 24 hours. The bacterial strains were selected based on the colony’s 
morphology and subsequently the colony was purified by being streak plated on Tryptone 
soya agar. 

Screening of cellulolytic bacteria 

The screening of cellulolytic bacteria from an aquatic environment was conducted 
from that previously described (Chantarasiri, 2015). One drop (five microliters) of 
overnight growth culture in the Tryptone soya broth (HiMedia, India) of each isolated 
bacterium was spot plated on carboxymethyl cellulose (CMC) agar (0.2% NaNO3, 0.1% 
K2HPO4, 0.05% MgSO4, 0.05% KCl, 0.2% CMC sodium salt, 0.02% peptone and 1.7% 
agar). All culture plates were incubated at 28.5  0.1C for 48 hours and then flooded 
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with iodine solution (0.33% I2 and 0.67% KI) for 10 minutes. The bacterial isolates could 
produce the cellulolytic zone around the colonies after Gram’s iodine staining indicated 
the synthesis of the extracellular cellulases by the cellulolytic candidates. The cellulolytic 
performance was evaluated by the hydrolysis capacity (HC) value that was calculated 
from the ratio between the diameter of the cellulolytic zone and the diameter of the 
bacterial colony. All experiments were performed in triplicate. 

Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) of 

16S rDNA 

Genomic DNA of each cellulolytic bacteria was extracted by a heat treatment method 
(Dashti et al., 2009). Polymerase chain reaction (PCR) amplification of the 16S rRNA 
genes was performed using the OnePCRTM reaction mixture (Bio-Helix, Taiwan). The 
primer set used for the amplification of the target 16S rRNA genes included the universal 
forward primer 27F (5-AGAGTTTGATCMTGGCTCAG-3) and the universal reverse 
primer 1492R (5-TACGGYTACCTTGTTACGACTT-3) (Sigma-Aldrich, Singapore). 
The PCR conditions involved a preheating step at 94C for four minutes, denaturation 
step at 94C for 40 seconds, annealing step at 55C for one minute, extension step at 72C 
for 1 minute 10 seconds, and final extension step at 72C for 10 minutes. PCR was 
performed for 35 amplification cycles in a Mastercycler Nexus (Eppendorf, Germany). 
The 16S rDNA fragments resulting from the PCR processes were approximately 
1,500 bp. The restriction fragment length polymorphism (RFLP) analysis was performed 
by two restriction enzymes of MspI and AluI (New England Biolabs, UK) in a CutSmart® 
buffer (New England Biolabs, UK). The 16S rDNA fragments were digested with MspI 
and AluI at 37C for 12 hours then the digestion reaction was terminated by heating the 
reaction mixtures at 80C for 15 minutes following the protocol described by New 
England Biolabs with minor modifications. The resulting restriction fragments were 
analyzed using 3% (w/v) OmniPur agarose gel (Calbiochem, Germany) and visualized 
by Novel Juice (Bio-Helix, Taiwan). The PCR marker used in this study was a 100 bp 
DNA ladder RTU (Bio-Helix, Taiwan). 

16S rDNA sequencing and phylogenetic analysis 

The 16S rDNA PCR products were purified and sequenced by the nucleotide 
sequencing service of Macrogen Inc. (Seoul, Korea). The sequence similarity analysis of 
the resulting 16S rDNA was aligned using the BLASTn suite (National Center for 
Biotechnology Information: NCBI). The phylogenetic tree was analyzed and visualized 
by the SeaView software version 4.6.4 (Gouy et al., 2010) and FigTree software version 
1.4.3 (Institute of Evolutionary Biology, University of Edinburgh, UK). The phylogenetic 
tree was generated by the neighbor-joining (NJ) method with 100,000 bootstrap 
replications. All the resulting nucleotide sequences of the identified cellulolytic bacteria 
from this study were deposited in the GenBank database of NCBI under the accession 
numbers MN993647, MN993849, MN993893, MN993916, MN994046, MN994069, 
MN994075, MN994076, MN994079 to MN994082, MN994084 and MN994270 to 
MN994273. 

Preparation of the crude cellulases 

The cellulolytic bacteria were cultured in a CMC liquid medium. All bacterial cultures 
were shaken under an aeration condition in a baffled flask (Schott-Duran, Germany) at 
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150 rpm, 28.5  0.1C, for 48 hours. The bacterial cells were then removed from the 
liquid medium to obtain the crude cellulases by a centrifugation method at 4,500 g at 
4C for 30 minutes (Chantarasiri, 2015). The crude cellulases were concentrated by 
30-kDa Amicon® ultra centrifugal filter units (Millipore, Ireland). 

Cellulolytic activity assays of the crude cellulases 

The cellulolytic activity assays of the crude cellulases were conducted from that 
previously described (Chantarasiri, 2015). The endoglucanase activity (CMCase) was 
measured by incubating 0.5 mL of crude cellulases with 0.5 mL of 2% CMC in an assay 
buffer at 50C for 30 minutes. The exoglucanase activity (Avicelase) was measured by 
incubating 0.5 mL of crude cellulases with 0.5 mL of 2% Avicel PH-101 (Sigma-
Aldrich, Germany) in an assay buffer at 50C for one hour. The reducing sugars liberated 
from the CMCase and Avicelase reactions were spectrophotometrically determined by a 
3,5-dinitrosalicylic acid (DNS) method at 540 nm (Miller, 1959). The cellulolytic activity 
values of CMCase and Avicelase were calculated by a glucose standard curve. One unit 
(U) of CMCase and Avicelase was defined as the amount of enzyme required to release 
1 mol of the reducing sugars as glucose equivalents per minute under the assay 
conditions. The -glucosidase activity was measured by incubating 0.5 mL of crude 
cellulases with 1 mL of 0.1% p-nitrophenyl--D-glucopyranoside (Sigma-Aldrich, 
Germany) in an assay buffer at 50C for one hour. The reaction was terminated by adding 
2 mL of 1 M Na2CO3 solution. The reaction mixture was spectrophotometrically 
measured at 400 nm. The cellulolytic activity values of -glucosidase were calculated by 
a p-nitrophenol standard curve. One unit (U) of -glucosidase was defined as the amount 
of enzyme required to release 1 mol of p-nitrophenol per minute under the assay 
conditions. The assay buffer used in this study was 50 mM sodium phosphate buffer at a 
pH 7.0, which its pH value was conducted from Samira et al. (2011) and Shobharani et 
al. (2013). All experiments were performed in triplicate. 

Characterization of the cellulolytic activity from the most active cellulolytic bacteria 

The characterization of the cellulolytic activity was examined on the crude cellulases 
produced from the most active endoglucanasic bacterium, B. megaterium strain S0702. 
The study on the cellulolytic activity was determined based on its CMCase activity. The 
enzymatic characterization focused on three parameters, which affected the cellulolytic 
activity consisting of temperature, pH and some chemical additives. All experiments were 
performed in triplicate. 

Effect of temperature on the cellulolytic activity and thermal stability 

The CMCase activity was measured accordingly as mentioned in the section 
“Cellulolytic activity assays of the crude cellulases” at temperatures ranging from 25C 
to 80C in an assay buffer. Thermal stability was examined by pre-incubating the crude 
enzyme at temperatures ranging from 25C to 80C in an assay buffer for 24 hours, and 
the relative activity of CMCase was monitored using 2% CMC sodium salt as a substrate 
under the mentioned CMCase conditions. The assay buffer used in this study was a 
50 mM sodium phosphate buffer at a pH 7.0. 
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Effect of pH on the cellulolytic activity and pH stability 

The CMCase activity was measured accordingly as mentioned above in the pH-varied 
buffers at 50C. The assay buffer used in this study was a 50 mM citrate buffer (pH 4.0 - 
6.0), 50 mM sodium phosphate buffer (pH 6.0 - 8.0) and 50 mM glycine-NaOH buffer 
(pH 8.0 - 10.0). The pH stability was examined by pre-incubating the crude enzyme in 
the above-mentioned buffer at 50C for 24 hours, and the relative activity of CMCase 
was monitored using 2% CMC sodium salt as a substrate under the mentioned CMCase 
conditions. 

Effect of chemical additives on the cellulolytic activity 

The CMCase activity was measured accordingly as mentioned above. Crude cellulases 
were pre-incubated with metal ions, a chelating agent and organic solvents. Ten metal 
ions were used comprising Ca2+ (as CaCl2), Co2+ (as CoCl2), Cu2+ (as CuCl2), Fe2+ (as 
FeCl2), Hg2+ (as HgCl2), K+ (as KCl), Mn2+ (as MnCl2), Ni2+ (as NiCl2), Pb2+ (as PbCl2) 
and Sr2+ (as SrCl2). The chelating agent used in this study was ethylene diamine tetra-
acetic acid (EDTA) sodium salt. The final concentration of the metal ion and chelating 
agent solutions was 5 mM following the study of Seo et al. (2013). The relative activity 
of CMCase was monitored using 2% CMC sodium salt as a substrate after being 
incubated with the metal ions and chelating agent at 50C for one hour (Annamalai et al., 
2013). There were six organic solvents used comprising acetone, dichloromethane, 
ethanol, ethyl-acetate, methanol and n-hexane with the final concentration of 25% of 
various organic solvents. The relative activity of CMCase was monitored using 2% CMC 
sodium salt as a substrate after being incubated with the organic solvents at 50C for four 
hours (Annamalai et al., 2013). 

Statistical analysis 

The statistical analysis in this study was analyzed by one-way ANOVA followed by 
Tukey's test with a 95% confidence interval using R software version 3.6.2 (R Core Team, 
2017). 

Results and Discussion 

Description of the freshwater wetland samples 

Twenty water samples and 30 moist peat samples were randomly collected from the 
sampling site, Bueng Samnak Yai. The average temperature of the 50 sampling points 
was 28.5  0.1C. All samples were a dark brown color due to the large amount of organic 
matter and humic substances (Leff, 2009). 

Isolation, purification and screening of bacteria from the freshwater wetland samples 

Two-hundred and eight bacterial strains were isolated and purified from the freshwater 
wetland samples. There were 88 bacterial strains isolated from the water samples and 120 
bacterial strains isolated from the moist peat samples with a dissimilar morphological 
colony. Most aquatic bacteria had a yellow pigmentation, circular shape, entire margin 
and convex elevation, whereas the moist peat bacteria usually had a white pigmentation, 
circular shape, entire margin and raised elevation. The percentage of the morphology of 
the isolated bacteria from the freshwater wetland samples is shown in Table 1. 
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Table 1. Percentage of the morphology of the isolated bacteria from the freshwater wetland 
samples 

Bacteria 
Pigmentation 
(Percentage) 

Shape 
(Percentage) 

Margin 
(Percentage) 

Elevation 
(Percentage) 

Aquatic Bacteria 
 

(88 strains) 

Violet 11.10 Circular 90.00 Entire 80.00 Convex 34.34 

White 37.38 Irregular 7.78 Erose 4.44 Flat 32.34 

Yellow 44.85 Punctiform 2.22 Lobate 5.56 Raised 30.00 

Translucent 6.67 Filamentous - Undulate 10.00 Umbonate 3.32 

Total 100.00 Total 100.00 Total 100.00 Total 100.00 

Moist Peat 
Bacteria 

 
(120 strains) 

Violet 4.17 Circular 95.83 Entire 97.50 Convex 35.00 

White 68.33 Irregular 2.50 Erose - Flat 23.33 

Yellow 19.17 Punctiform 1.67 Lobate 1.67 Raised 40.00 

Translucent 8.33 Filamentous - Undulate 0.83 Umbonate 1.67 

Total 100.00 Total 100.00 Total 100.00 Total 100.00 

 
 

The screening of the cellulolytic bacteria using the CMC agar method showed 22 
bacterial strains isolated from the water samples (25% of the isolated aquatic bacteria) 
and 54 bacterial strains isolated from the moist peat samples (45% of the isolated moist 
peat bacteria) that were defined as active cellulolytic bacteria. The hydrolysis capacity 
(HC) values of the aquatic bacteria ranged from 1.54 to 3.54, while that of the moist peat 
bacteria ranged from 1.57 to 3.55. The aquatic bacterium strain W0105 and moist peat 
bacterium strain S0804 showed a maximum HC of 3.54  0.13 and 3.55  0.33, 
respectively. The cellulolytic zone around the bacterial colonies on the CMC agar plates 
after Gram’s iodine staining is shown in Figure 2. Chantarasiri et al. (2015) reported that 
there were 87 bacterial strains (60% of the isolated bacteria) isolated from the coastal 
wetland soils of Bueng Samnak Yai defined as cellulolytic bacteria. The bacterium with 
the highest HC values of that study was the Bacillus sp. strain BR0302 with a HC value 
of 4.15  0.18. From the hydrolytic performance on the CMC agar plates, it was believed 
that the cellulolytic bacteria dwelling in the moist peat and related terrestrial samples were 
more abundant than bacteria dwelling in a water sample. 
 

Figure 2. The cellulolytic zone around the colonies on the CMC agar plates after Gram’s 
iodine staining. (a) Non-cellulolytic bacterium. (b) Aquatic-cellulolytic bacterium strain 

W0105.(c) Moist peat-cellulolytic bacterium strain S0804 
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PCR-RFLP analysis of the 16S rDNA fragments amplified from the cellulolytic 

bacteria 

The 16S rRNA genes of the isolated cellulolytic bacteria were amplified using the PCR 
method with a set of primers consisting of the 27F-forward primer and 1492R-reverse 
primer. The 16S rDNA fragments resulting from that amplification were digested by the 
MspI and AluI restriction enzymes. The resulting RFLP profiles electrophorized on 
agarose gel are shown in Figure 3. There were seven different patterns in the RFLP profile 
obtained from the 22 strains of cellulolytic bacteria isolated from the water samples and 
10 different patterns in the profile obtained from the 54 strains of cellulolytic bacteria 
isolated from the moist peat samples. The different patterns of the RFLP are summarized 
in Tables 2 and 3. Patterns W1 and W7 were the ones most commonly found in the 
cellulolytic bacteria isolated from the water samples by 27%. Pattern W6 showed a smear 
arrangement; however, there was only one bacterial strain (W1401) in this pattern 
(Table 2). Therefore, it did not affect the categorization of the pattern and identification 
of this bacterium. Pattern S4 was the one most commonly found in the cellulolytic 
bacteria isolated from the moist peat samples by 37%. All patterns from the moist peat 
bacteria were explicit arrangements and practicable for bacterial categorization. 
Interestingly, several patterns of the two RFLP profiles were similar; such as, the pair of 
patterns W1-S4 (Figure 3). They were possibly believed to be the same species of 
cellulolytic bacteria like a pair of patterns W2-S5 and a pair of patterns W5-S1 (Figure 3). 
 

Figure 3. RFLP profiles resulting from the PCR-RFLP analysis of the isolated cellulolytic 
bacteria. (a) RFLP profile of the cellulolytic bacteria isolated from the water samples (pattern 
W1 to W7).(b) RFLP profile of the cellulolytic bacteria isolated from the moist peat samples 

(pattern S1 to S10). M denoted 100 bp DNA ladder RTU. NC denoted negative control of PCR 
 
 

Table 2. Different RFLP patterns and number of the cellulolytic bacteria isolated from the 
water samples 

RFLP Pattern Bacterial Strain Total No. of Bacterial Strains 

W1 W0105, W0902, W1307, W1802, W1902, W2002 6 
W2 W0203, W0301, W2003 3 
W3 W0303 1 
W4 W0306, W2004 2 
W5 W0205, W1103, W1504 3 
W6 W1401 1 
W7 W0903, W1104, W1105, W1506, W1507, W1508 6 

 Total 22 
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Table 3. Different RFLP patterns and number of the cellulolytic bacteria isolated from the 
moist peat samples 

RFLP Pattern Bacterial Strain Total No. of Bacterial Strains 

S1 S0104, S0303, S2802 3 
S2 S0503 1 
S3 S0701, S1202, S2604, S3003 4 

S4 
S0103, S0201, S0204, S0703, S0804, S0902, S0903, 
S1103, S1302, S1304, S1306, S1702, S2004, S2303, 

S2601, S2605, S2803, S2804, S2904, S3004 
20 

S5 
S0402, S0501, S0601, S0702, S0904, S0905, S0906, 
S0907, S0908, S1601, S1701, S2001, S2902, S2903, 

S2905, S2906, S2907, S3006 
18 

S6 S1305, S1401, S1404 3 
S7 S1402 1 
S8 S1602 1 
S9 S2606 1 

S10 S3007, S3008 2 
 Total 54 

 
 
Identification of the cellulolytic bacteria by 16S rDNA sequencing and phylogenetic 

analysis 

The genomic DNA was extracted from 17 different bacterial strains based on the RFLP 
profiles as mentioned above. The 16S rDNA amplification was performed by the 
universal primers, 27F and 1492R. The 16S rDNA PCR-products were purified, 
sequenced and aligned. The alignment results of the cellulolytic bacteria belonged to nine 
genera: Acinetobacter, Aeromonas, Bacillus, Chromobacterium, Citrobacter, 
Enterobacter, Herbaspirillum, Paenibacillus and Vibrio (Table 4). The cellulolytic 
bacteria isolated from the water samples were closely similar to the bacteria in the genera 
of Bacillus, Chromobacterium and Enterobacter with a 94 - 98% identity. The cellulolytic 
bacteria isolated from the moist peat samples were closely similar to bacteria in the genera 
of Acinetobacter, Aeromonas, Bacillus, Chromobacterium, Citrobacter, Herbaspirillum, 
Paenibacillus and Vibrio with a 93 - 98% identity. The moist peat samples had a greater 
biodiversity of cellulolytic bacteria than the aquatic environment in the freshwater 
wetland. This could be related to their amount of organic matter and related carbon 
sources, which would be essential for bacterial life. The phylogenetic tree of the isolated 
bacteria with 100,000 bootstrap replications is shown in Figure 4. 

The cellulolytic bacteria were designated as being closely related based on the 
alignment results of the 16S rDNA sequence when the identity was more than 98%; such 
as, B. wiedmannii strain W1401. The ones which were lower than a 98% identity were 
presented at the genus level; such as, Bacillus sp. strain W0105 and Bacillus sp. strain 
S0804 (the cellulolytic bacteria with the maximum HC values as previously mentioned). 
The alignment and phylogenetic tree results confirmed the hypothesized identification of 
the same RFLP patterns as mentioned above comprising patterns W1-S4, W2-S5 and W5-
S1 (Table 4). 

All the 16S rDNA sequences from this study were deposited in the GenBank database 
of the NCBI under the accession numbers MN993647, MN993849, MN993893, 
MN993916, MN994046, MN994069, MN994075, MN994076, MN994079 to 
MN994082, MN994084 and MN994270 to MN994273, as mentioned above in the 
Materials and Methods section. 
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Table 4. Identity percentage of the 16S rDNA sequences for the isolated cellulolytic bacteria 

RFLP 

Pattern 
Closely Related Bacteria 

GenBank Accession 

No. (Database) 

Identity 

(%)* 

GenBank Accession 

No. (Deposited) 

W1 
Bacillus cereus 

strain ATCC 14579 
NR_074540.1 94.49 MN993849 

W2 
Bacillus megaterium 
strain ATCC 14581 

NR_117473.1 97.98 MN993647 

W3 
Chromobacterium piscinae 

strain LMG 3947 
NR_114953.1 97.20 MN993916 

W4 
Enterobacter asburiae 

strain JM-458 
NR_145647.1 96.74 MN994046 

W5 
Chromobacterium violaceum 

strain ATCC 12472 
NR_074222.1 97.55 MN993893 

W6 
Bacillus wiedmannii 
strain FSL W8-0169 

NR_152692.1 98.83 MN994075 

W7 
Chromobacterium amazonense 

strain CBMAI 310 
NR_136426.1 96.80 MN994069 

S1 
Chromobacterium violaceum 

strain NBRC 12614 
NR_113595.1 98.25 MN994079 

S2 
Chromobacterium vaccinia 

strain MWU205 
NR_109451.1 95.85 MN994081 

S3 
Herbaspirillum frisingense 

strain NBRC 102522 
NR_114140.1 98.61 MN994082 

S4 
Bacillus cereus 

strain ATCC 14579 
NR_074540.1 95.27 MN994076 

S5 
Bacillus megaterium 
strain ATCC 14581 

NR_117473.1 98.54 MN994080 

S6 
Aeromonas veronii 
strain JCM 7375 

NR_112838.1 93.09 MN994084 

S7 
Paenibacillus chibensis 

strain JCM 9905 
NR_040885.1 97.24 MN994270 

S8 
Citrobacter koseri 

strain CDC-8132-86 
NR_104890.1 97.43 MN994271 

S9 
Acinetobacter calcoaceticus 

strain NCCB 22016 
NR_042387.1 97.76 MN994272 

S10 
Vibrio fluvialis 

strain NBRC 103150 
NR_114218.1 95.51 MN994273 

Remark: * The identity results were analyzed on January 28, 2020 

 
 

The predominant bacterial genera of the isolated cellulolytic bacteria in this study were 
Bacillus of the Firmicutes by 63%, Chromobacterium of the Proteobacteria by 14%, and 
Herbaspirillum of the Proteobacteria by 5%. The previous study reported that the 
bacterial diversity in wetland soils showed predominant bacterial phyla belonging to 
Proteobacteria, Bacteroidetes, Acidobacteria, Firmicutes and Actinobacteria (Lv et al., 
2014). Bacillus is a genus of ubiquitous bacteria frequently isolated from various 
environments including air, dust, soil, and water. The cellulolytic Bacillus in this study 
was isolated from both the water and moist peat samples. It was closely related to 
B. cereus, B. megaterium and B. wiedmannii. Previous reports showed that many Bacillus 
species were effective cellulolytic bacteria; such as, B. cereus, B. circulans, 
B. licheniformis, B. megaterium, B. methylotrophicus and B. subtilis (Chantarasiri, 2014, 
2015; Azadian et al., 2016; Shahid et al., 2016). Importantly, this study has now 
confirmed that the B. wiedmannii was cellulolytic bacteria. B. wiedmannii was firstly 
isolated from a raw milk sample, named, and described in 2016 (Miller et al., 2016). It 
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was recently defined as a rice root-associated bacterium and found its cellulase gene by 
molecular detection in 2020 (Khaskheli et al., 2020). Chromobacterium is a genus of 
saprophytic bacteria, which are generally isolated from soil and freshwater (Soby et al., 
2013). The cellulolytic Chromobacterium was found in both samples similar to the 
Bacillus species. It was closely related to C. amazonense, C. piscinae, C. vaccinia and 
C. violaceum. Chromobacterium species have been previously reported as cellulolytic 
bacteria (Vazquez-Arista et al., 1997; Sudiana et al., 2001). Herbaspirillum is a genus of 
nitrogen-fixing bacteria associated with the roots of many grasses including rice, maize 
and sorghum (Kirchhof et al., 2001). H. frisingense was the only species of 
Herbaspirillum isolated from the moist peat samples. It has been defined as a cellulolytic 
species described in a previous study (Fujii et al., 2012). The other isolated genera 
belonging to Acinetobacter, Aeromonas, Citrobacter, Enterobacter, Paenibacillus and 
Vibrio had been previously reported as cellulolytic bacteria (Gao et al., 2012; Poomai et 
al., 2014; Pawar et al., 2015; Islam and Roy, 2018; Waghmare et al., 2018). 
 

Figure 4. Phylogenetic tree of the 16S rDNA sequences of the cellulolytic bacteria. The 
neighbor-joining (NJ) method with 100,000 bootstrap replications was used in the infer tree 

topology. The phylogenetic tree was generated and visualized by the SeaView program version 
4.6.4 and FigTree program version 1.4.3. The colour-coding represents bootstrap values 

 
 
Cellulolytic activity assays of the crude cellulases 

The representative bacterium from each RFLP pattern was examined for the 
cellulolytic activity assays consisting of endoglucanase (CMCase), exoglucanase 
(Avicelase) and -glucosidase activities. The assays showed that they could yield crude 
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cellulases from 0.57 to 4.48 U/mL of the CMCase activity, 0.06 to 0.44 U/mL of the 
Avicelase activity and 0.01 to 0.19 U/mL of the -glucosidase activity (Table 5). All 
representative bacteria satisfactorily produced CMCases; however, they barely produced 
any Avicelases and -glucosidases. It could be stated that endoglucanases were the 
mainly produced enzyme in their cellulolytic system. 
 

Table 5. Cellulolytic performances of the representative bacteria 

RFLP 

Pattern 

Bacterial 

Representative 

CMCase Activity 

(U/mL) with a pH 

7.0 

Avicelase Activity 

(U/mL) with a pH 

7.0 

-Glucosidase Activity 

(U/mL) with a pH 7.0 

W1 
Bacillus sp. 

strain W0105 
3.68  0.54ef 0.13  0.03bc 0.06  0.01bc 

W2 
Bacillus sp. 

strain W0301 
3.84  0.27fg 0.44  0.04d 0.06  0.01bc 

W3 
Chromobacterium sp. 

strain W0303 
0.57  0.02a 0.07  0.01ab 0.02  0.00a 

W4 
Enterobacter sp. 

strain W0306 
3.91  0.08fg 0.08  0.03ab 0.06  0.01bc 

W5 
Chromobacterium sp. 

strain W1103 
3.65  0.17ef 0.10  0.03ac 0.06  0.00bc 

W6 
B. wiedmannii 
strain W1401 

3.87  0.32fg 0.08  0.01ab 0.03  0.01ab 

W7 
Chromobacterium sp. 

strain W0903 
1.19  0.24ab 0.06  0.00a 0.02  0.00a 

S1 
C. violaceum 
strain S2802 

2.15  0.17cd 0.15  0.03c 0.06  0.01bc 

S2 
Chromobacterium sp. 

strain S0503 
1.01  0.10a 0.07  0.01ab 0.02  0.00a 

S3 
H. frisingense 
strain S0701 

0.90  0.07a 0.08  0.01ab 0.02  0.00a 

S4 
Bacillus sp. 
strain S0804 

3.17  0.07e 0.12  0.00ac 0.06  0.01bc 

S5 
B. megaterium 
strain S0702 

4.48  0.08g 0.07  0.00ab 0.08  0.02c 

S6 
Aeromonas sp. 
strain S1401 

2.21  0.18cd 0.08  0.03ab 0.06  0.01bc 

S7 
Paenibacillus sp. 

strain S1402 
1.73  0.11bc 0.08  0.03ab 0.07  0.01c 

S8 
Citrobacter sp. 

strain S1602 
2.40  0.29d 0.10  0.03ac 0.08  0.02c 

S9 
Acinetobacter sp. 

strain S2606 
1.08  0.17a 0.07  0.01ab 0.01  0.00a 

S10 
Vibrio sp. 

strain S3007 
3.94  0.07fg 0.07  0.00a 0.19  0.02d 

Remark: The mean values in the same row followed by the same letter were not significantly different 
according to Tukey’s test (p < 0.05) among the representative bacteria 

 
 

B. megaterium strain S0702 was the significant endoglucanasic bacteria at 
4.48  0.08 U/mL (p < 0.01). It was considered as a bacterial model for the following 
experiments of this study because it was generally considered to be a non-pathogenic and 
well-known bacterium. Chantarasiri (2015) reported that B. cereus strain JD0404 isolated 
from mangrove swamp soils was an active endoglucanasic bacterium and primary 
degraded CMC with its endoglucanase activity. Interestingly, B. megaterium strain S0702 
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was not the most active cellulolytic bacterium based on the HC value determination on 
the CMC agar. It exhibited only 2.27  0.17, which was less than that of Bacillus sp. 
strains W0105 and S0804. This conflicting result may be due to the fluctuations in some 
experimental parameters which affected the cellulase producing processes described in 
several previous reports (Ahmad et al., 2013; Chantarasiri et al., 2015). The cellulolytic 
activity of B. megaterium strain S0702 was compared to other bacteria in the Bacillus 
genus isolated from the wetland ecosystems (Table 6). Bacillus sp. strain W0301 
significantly produced the high activity of Avicelase by 0.44  0.04 U/mL (p < 0.01); 
however, it could not indicate being an effective cellulolytic bacterium due to its medium 
CMCase and low -glucosidase performances. This enzymatic performance was in 
agreement with the lack of the complete cellulolytic system of the Bacillus genus (Kim 
et al., 2012). Moreover, Bacillus sp. strain W0301 was closely related to B. cereus that 
was generally considered as a pathogenic bacterium. Vibrio sp. strain S3007 showed quite 
a high activity of CMCase and significant -glucosidase activity of 0.19  0.02 U/mL 
(p < 0.01). The Vibrio species could produce -glucosidase for utilizing the glucans and 
related compounds (Wang et al., 2015). However, it was not appropriate for further 
experiments and industrial applications, as it was believed to be a human-pathogenic 
bacterium. 
 

Table 6. Cellulolytic performance of B. megaterium strain S0702 and the related bacteria in 
the Bacillus genus isolated from the wetlands and related environments 

Bacteria 
Source of 

Isolation 

CMCase 

Activity 

(U/mL) 

Avicelase 

Activity 

(U/mL) 

-Glucosidase 

Activity 

(U/mL) 

References 

Bacillus sp. 
strain BR0302 

Coastal wetland 0.12 ND ND 
Chantarasiri et al. 

(2015) 
B. cereus 

strain JD0404 
Mangrove 

swamp 
1.78 0.08 0.05 

Chantarasiri 
(2015) 

B. licheniformis 
strain CDB-12 

Mangrove in a 
river delta 

98.25* ND ND 
Behera et al. 

(2016) 
B. subtilis 

strain A-53 
Seawater 92* ND ND Kim et al. (2009) 

B. megaterium 
strain S0702 

Freshwater 
wetland 

4.48 0.07 0.08 
This current 

study. 

Remark: * = purified cellulases. ND = not determined 

 
 
Characterization of the cellulolytic activity from B. megaterium strain S0702 

Crude cellulases from B. megaterium strain S0702 were characterized for the CMCase 
performance in different experimental conditions; such as, temperature, pH and chemical 
additives. The optimum temperature and pH for the CMCase activity of the crude 
cellulases were 45 - 50C (p < 0.01) with a pH 7.0 (p < 0.01) (Figures 5a and 6a). The 
enzyme remained stable at up to 60C (p < 0.01) and a pH range of 5.0 - 8.0 (p < 0.01) 
for 24 hours (Figures 5b and 6b). The different buffers with the same pH were not 
significantly affected by the CMCase activity (Figure 6b). The cellulases produced from 
other B. megaterium were studied and evaluated for their CMCase activity. It was found 
that B. megaterium strain BM05 had the optimum pH and temperature of 6.5 and 50C 
with a stability range of 6.0 - 8.0 and 30 - 40C (Shahid et al., 2016). The CMCase from 
B. megaterium strain CB-sw1-I was optimally active with a pH 6.0 and temperature of 
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60C (Shobharani et al., 2013). The CMCases from many Bacillus species were active at 
a temperature range of 50 - 60C and a pH range of 4.8 - 11.0 (Sadhu and Maiti, 2013; 
Chantarasiri, 2015). This B. megaterium CMCase was preferred for various industrial 
applications; such as, bioethanol industries and agricultural industries because the 
enzyme could be active and hydrolyze the cellulose-based materials under mild 
conditions with a neutral pH and meso-temperature. 
 

Figure 5. Effect of temperature on the CMCase activity (a) and stability (b) from B. megaterium 
strain S0702. Error bars represent the standard deviation of the three replicates. The mean 
values followed by the same letter were not significantly different according to Tukey’s test 

(p < 0.05) among the CMCase activity 
 
 

Figure 6. Effect of pH on the CMCase activity (a) and stability (b) from B. megaterium strain 
S0702. The CMCase activity was measured in a citrate buffer (), sodium phosphate buffer 
() and glycine-NaOH buffer (). Error bars represent the standard deviation of the three 

replicates. The mean values followed by the same letter were not significantly different 
according to Tukey’s test (p < 0.05) among the CMCase activity 

 
 

The effect of various chemical additives is shown in Table 7. The results of the metal 
ions revealed that the CMCase activity of B. megaterium strain S0702 was significantly 
enhanced by Mn2+, Ca2+, Co2+ and Sr2+ (p < 0.01). Similarly, many previous reports 
showed that these metal ions could activate the CMCase activity of Bacillus cellulases 
(Shobharani et al., 2013; Chantarasiri, 2015; Shahid et al., 2016). It was believed that they 
could possibly respond to certain amino acid residues in the active site and promote the 
favorable conformation of the enzyme to the substrate binding and enzyme activity 
(Azzeddine et al., 2013; Shahid et al., 2016). Mn2+ could be promised as the great 
activator of the CMCase in further biotechnological applications due to being less toxic 
than those of other metal ions. Many Mn2+ compounds were known; such as, manganese 
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sulfate (MnSO4) and manganese chloride (MnCl2). Most metal ions and organic solvents 
could inhibit the CMCase activity of B. megaterium strain S0702. The activity was 
significantly inhibited by EDTA and ethyl-acetate. The reduction of the cellulolytic 
performance by a chelating agent EDTA revealed that the CMCase from B. megaterium 
strain S0702 could be identified as a metalloenzyme (Annamalai et al., 2013). The results 
indicated that this CMCase was not remarkably appropriate for any organic solvent 
related applications. 
 

Table 7. Effect of the various chemical additives on the CMCase activity from B. megaterium 
strain S0702 

Chemical Additives Relative Activity (%) 

Ca2+ 241.25  7.43j 
Co2+ 221.01  0.78i 

Cu2+ 77.51  7.79ef 
Fe2+ 68.06  5.45e 
Hg2+ 64.91  6.18de 
K+ 50.52  7.79cd 

Mn2+ 625.87  0.78k 
Ni2+ 74.81  2.06ef 
Pb2+ 63.56  1.35de 
Sr2+ 199.42  7.43h 

EDTA 23.98  4.34ab 
Acetone 38.82  4.43bc 

Dichloromethane 68.51  7.79e 
Ethanol 95.05  2.06g 

Ethyl-acetate 22.63  3.12a 

Methanol 63.56  4.05de 
n-Hexane 88.30  0.78fg 

Remark: The mean values followed by the same letter were not significantly different according to 
Tukey’s test (p < 0.05) among the CMCase activity 

 
 
Conclusion 

The freshwater wetland ecosystem is a potential source for the isolation of cellulolytic 
bacteria. There were nine genera of cellulolytic bacteria isolated from Bueng Samnak 
Yai, a freshwater wetland in Thailand based on the RFLP-PCR of a 16S rDNA and 
nucleotide sequencing analysis comprising Acinetobacter, Aeromonas, Bacillus, 
Chromobacterium, Citrobacter, Enterobacter, Herbaspirillum, Paenibacillus and Vibrio. 
The cellulolytic performance of the representative bacteria from each RFLP pattern was 
determined. It revealed that B. megaterium strain S0702 was the most active CMCase 
bacterium. Its CMCase was characterized and found that it could possibly be used in 
various biotechnological applications. This CMCase was not remarkably appropriate for 
some metal ions and organic solvent related applications. Finally, further study on 
enzyme purification, enzyme kinetic and applications of CMCase are suggested. 
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Abstract. Soil is considered as the fundamental media to provide nutrients to plants for their growth and 
development. Nevertheless, soil quality is closely related to soil microbes, enzyme activity, soil 
physicochemical properties, and above-ground biomass. In this study, soil quality evaluation was 
performed on 17 indicators, including soil physicochemical properties and enzyme activity. For this, the 
stand density with the highest soil quality score was selected for improving forest productivity and forest 
management. Stand density and soil layer factors have little effect on physical properties, mainly 
affecting chemical properties and enzyme activity. Different species have different adaptability to soil 
nutrients. The stand density of Dendrocalamus minor var. amoenus was positively correlated with total 
nitrogen, urease, available potassium, and available phosphorus. Nine indicators were screened by 
principal component analysis to explain soil quality (cumulative proportion of 92.50%). Among them, 
Stand H1 had the highest soil quality score, and the lower stand density is helpful in alleviating 
competition pressure on light resources, soil nutrition and so on. It is suggested that the future forest 
management of Dendrocalamus minor var. amoenus should be controlled in the range of 
4300 ramet/hm-2, which is more conducive to soil quality. 
Keywords: coastal sandy, ramet density, soil physicochemical, soil enzymes, clonal species, bamboo 

Introduction 

Soil provides nutrients for plant growth and development. Plant litter and rhizosphere 
effects promote soil nutrient cycling and develop a plant-soil dynamic response 
relationship (Yang et al., 2016). Various biotic and abiotic factors influence soil quality, 
such as, soil and vegetation types (Zhang et al., 2018), which affects stand density or 
ramet densities. Among them, the most significant factors of soil nutrient fluctuation are 
site quality and stand density (Zhang et al., 2018), which can be influenced by severe 
and harsh climatic conditions (Japet et al., 2009). Changes in environment and resources 
play a significant role in regulating stand density and promoting individual climax of 
plant species (Maherali et al., 2001). Excessive stand density affects plant root growth, 
interception of light resources, and soil microbial activity in the forest; appropriate stand 
densities can reduce forest productivity loss caused by intra-species competition and 
improve the effective use of soil resources (Chen and Li, 2015; Fan et al., 2015). 



Zheng et al.: Comprehensive evaluation of soil quality at different stand densities of Dendrocalamus minor var. amoenus plantations 
- 5986 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5985-5996. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_59855996 
© 2020, ALÖKI Kft., Budapest, Hungary 

Stand density and plant growth are restricted by site conditions (Wang et al., 2004). 
Studies on soil quality differences under different stand densities have been reported, such 
as Larix gmelinii forest, Phyllostachys edulis forest, Pinus tabulaeformis forest and Acacia 
auriculiformis forest stands (Zhao, 2012; Fan et al., 2015). These study sites were mainly 
concentrated in the mountains and hills, but a few could be found on the sandy coastal land. 
Recently, to overcome the rapid land degradation and low productivity of sandy coastal 
areas, bamboo species have been introduced for afforestation in Fujian province, China. 
Bamboo species have shown strong adaptability to cope with such environmental 
conditions with fast growth and strong reproductive capabilities. Meanwhile, bamboo 
species have long fiber to resist strong winds near the coastal line. The soil quality of 
vegetation cover is higher than that of bare land (Tu, 2014). The soil enzyme activities and 
nutrients under bamboo species on the sandy coastal land have greatly improved the soil 
quality (Tu, 2014). In order to utilize environmental resources, the relationship between 
different bamboo stand densities and soil quality needs to be further explored. In order to 
improve the soil quality of sandy land, it plays an important role in the process of artificial 
forest construction, forest productivity improvement and soil nutrient cycling effect. 

Dendrocalamus minor var. amoenus is a woody bamboo species, which is native to 
south of Guangxi Province, China. It usually was distributed in low altitude hills. This 
species is clonal species with strong growth ability and drought resistance. It has been 
reported that soil nutrient variability in bamboo forests is strongly correlated with the 
response of the underground whip root system (Zhang et al., 2018). Most bamboo root 
distributed in 0-40 cm soil depth. The whip root system of Pleioblastus amarus is mainly 
distributed in the 0-40 cm depth (Zhao, 2009). The soil layer concentrates about 90% of the 
root system of Bambusa oldhamii in the 0-40 cm depth (Li, 2014). Although the root 
system of Phyllostachys edulis can reach more than 70 cm, the maximum of root volume 
range to 0-40 cm depth (Luo, 2009). For that reason, it is important to know the effects of 
various Dendrocalamus minor var. amoenus plantation densities on soil physicochemical 
properties and enzyme activities at two different vertical depth gradients. We hypothesized 
that plantation densities and two distinct depths will affect soil quality and enzyme activity. 
The best stand density plays a sustainable ecological role in regulating bamboo forest 
production and improving the ecological environment by comprehensive evaluation of soil 
quality. 

Materials and Methods 

Study site 

The study was conducted at Dahe State-owned Protection Forest Farm, which is located 
(119° 40'-119° 43 'E, 25° 57'-25° 59 'N) in Changle District, Fuzhou City, Fujian Province, 
China (Fig. 1). The area falls in the subtropical climate with abundant rainfall. The annual 
rainy day is about 160 d, concentrated in summer. The average annual precipitation is about 
1200 mm. The average annual temperature is 19.2 °C. The highest temperature occurs in 
July with average 35.6 °C; while the lowest temperatures occur in January with average 0 
°C. The coastal climate has less frost damage, without snow cover throughout the year. The 
average annual wind (northeast) speed is about 4.2 m.s-1. The annual sunshine hours are 
1837.6 h. The coastal terrain is mainly sand dunes with a gentle slope, and the sandy coast 
is more than 10 kilometers from the coastline. These stands of Dendrocalamus minor var. 
amoenus were planted in 2011 at a spacing of 3 m × 3 m. Since then, no cultural or 
management practices were adopted until 2018. Each stand densities were surveyed in 
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August 2018, and the stand density was determined according to the number of ramets. The 
population structure characteristics of four kinds of stand densities are shown in Table 1. 
The sampling site had almost similar altitude within 10 m asl with 6-8° slope. 

 

Figure 1. The location of the sampling site 
 
 

Table 1. Structure characteristics of Dendrocalamus minor var. amoenus populations 

Stand Density (Ramet/hm-2) Mean DBH (cm) Mean height (cm) Crown (cm) 

H1 4300 ± 253 2.12 2.93 127.00 

H2 5200 ± 314 2.33 3.50 105.00 

H3 9400 ± 586 2.67 4.04 91.50 

H4 13400 ± 599 2.66 3.95 75.80 

Values are mean ± standard deviations 

 
 
Methods 

Soil sampling and analysis 

Samples of soil were randomly collected from different directions in each stand 
densities (approximately 667 m2) in summer of 2018. Each plot (10 m × 10 m) was 
selected for each stand density. Within each plot, soil samples collected near five 
randomly selected bamboos (Fig. 2) at three randomly selected points. We collected soil 
in 0-20 cm and 20-40 cm vertical depth. Roots and litters were carefully removed from 
the soil before sieving. Each soil sample was divided into two portions for 
determination of soil physicochemical properties and soil enzyme activities. 
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Figure 2. Sampling at the site, which was 10 m × 10 m, and the space of the bamboo was 3 m × 
3 m. The sampled bamboo is represented by the circle with oblique line 

 
 

The one portion was air dried for chemical analysis and sieved to 2 mm to get 
sub-samples. The 0.149-mm fraction was used for the analysis of total nitrogen (TN), 
total phosphorus (TP) and total potassium (TK). The 2-mm fraction was used for the 
analysis of pH, available nitrogen (AN), available phosphorus (AP) and available 
potassium (AK). The other portion (fresh soil) was stored at 4 ℃ immediately after 
sample collection for soil enzymatic analysis and sieved through a 1 mm sieve to 
remove small litter fragments. 

Soil physical and chemical analysis 

Volume weight, non-capillary porosity, capillary porosity, total porosity, soil 
aeration, soil moisture were measured by weighing fresh soil samples after and before 
drying at 105 ℃ to a constant weight (LY/T 1213-1999). The pH was measured at a 
soil: water ratio of 1:2.5 (LY/T 1239-1999). TN was measured by the sulfuric 
acid-mixed accelerator digestion-diffusion method, TK was measured by the sodium 
hydroxide melt-flame photometer method, the TP was measured by the molybdenum 
antimony colorimetry, and AN was measured by a sodium hydroxide (sodium 
hydroxide (NaOH)) hydrolytic diffusion method, AK was measured by 
extraction-molybdenum antimony colorimetric method, and AP was measured by 
ammonium acetate extraction-flame photometry. The detail of these method were under 
Bao (2005) construction. 

Soil enzymatic activities analysis 

Four enzymes were selected for analysis: acid phosphatase, sucrase, urease and 
catalase. The method of measuring four enzymes were previously described (Qiu et al., 
2010). The results were based on three replicates. Acid phosphatase activity was 
measured the method of Qiu et al. (2010). Urease activity was measured by the indigo 
colorimetry method. The NH3-N released by urease enzymatic hydrolysis of urea was 
determined colorimetrically at 578 nm, expressed as NH3-N mg•g-1 •h-1. The 
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p-nitrophenol (PNP) in the filtrate was determined colorimetrically at 410 nm, 
expressed as PNP mg•g-1 •h-1. Sucrase activity was measured by 3,5-dinitrosalicylic 
acid colorimetry method. Catalase activity was measured by volumetric method. 

Comprehensive evaluation of soil quality 

Volume weight (X1), noncapillary porosity (X2), napillary porosity (X3), yotal 
porosity (X4), soil aeration (X5), soil moisture (X6), pH (X7), total nitrogen (X8), total 
phosphorus (X9), total potassium (X10), available nitrogen (X11), available potassium 
(X12), available phosphorus (X13), acid phosphatase (X14), urease (X15), sucrase 
(X16), catalase (X17) were normalized. Except that Volume weight is a negative effect 
indicators, the other indicators are positive effect indicators to soil quality. Principal 
component analysis was used to analyze the eigenvalues, proportion, and cumulative 
proportion of Principal component. The indicators were then rotated to the load matrix 
to calculate the σ2 of common factor. The weight of each indicator was the proportion 
of the σ2 of common factor to the total σ2 of common factor. Principal component 
correlation coefficients below 0.1 are not displayed. The comprehensive score of soil 
quality (F) as calculated as equation (1): 
 

  ) X F(× W∑ =F ii  (Eq.1) 

 
where F(Xi): membership, Wi: weight of each indicators. 

Data analysis 

All data were collected using Microsoft Excel 2013, and SPSS 20.0 software (SPSS 
Inc., Chicago, USA) was used to analyze One-way ANOVA and Least-Significance 
Difference (LSD) for 17 soil indicators of different stand densities. Principal component 
analysis was used for calculation Comprehensive score of soil quality at different stand 
densities. 

Result 

Effects of stand densities on Physical properties of soil 

The physical properties of soils of Dendrocalamus minor var. amoenus populations 
with different densities are shown in Table 2. The volume weight of 0-40 cm soil layer 
ranged from 1.15-1.28 g/m3, noncapillary porosity ranged from 2.52-4.45%, and total 
porosity ranged from 56.70-66.45%, soil aeration ranged from 32.06-39.99%, and the 
soil moisture is between 6.78-12.24%. In the 0-20 cm soil layer, the difference between 
different densities is not significant. In the soil layer 20-40 cm, there are some 
differences in the total porosity and soil aeration of different densities. Soil aeration of 
stand H2 was the lowest. 

Effects of stand densities on Chemical properties of soil 

The soil pH and nutrient content of Dendrocalamus minor var. amoenus populations 
with different densities are shown in Table 3. pH ranged from 6.27-6.58 in 0-40 cm 
depth. Total nitrogen ranged from 0.08-0.26 g·kg-1, total phosphorus at 0.23-0.27 g·kg-1, 
total potassium ranged from 13.47-14.02 g·kg-1, available nitrogen between 



Zheng et al.: Comprehensive evaluation of soil quality at different stand densities of Dendrocalamus minor var. amoenus plantations 
- 5990 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5985-5996. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_59855996 
© 2020, ALÖKI Kft., Budapest, Hungary 

20.91-38.35 g·kg-1, and available potassium ranged from 6.06-11.61 g·kg-1. The 
available phosphorus was between 1.52-2.77 g·kg-1. In the 0-20 cm soil depth, Stand H2 
had the highest total phosphorus content. Stand H1 and H2 had the highest total 
nitrogen content. Stand H4 has the highest available phosphorus content. There were no 
significant differences in pH, total potassium, and available nitrogen at different 
densities. In the 20-40 cm soil layer, there were no significant differences in available 
potassium and available phosphorus with different densities. Stand H4 has the highest 
pH, stand H1 and H3 have the highest total nitrogen content. 
 

Table 2. Soil physical properties in Dendrocalamus minor var. amoenus populations 

Layer/cm Stand 

Volume 

weight 
(g/m3) 

Noncapillary 

porosity 
(%) 

Capillary 

porosity 
(%) 

Total 

porosity 
(%) 

Soil aeration 
(%) 

Soil moisture 
(%) 

0-20 

H1 1.28±0.09a 3.53±1.35a 62.49±2.71a 66.02±2.85a 39.99±2.03a 10.16±0.79a 

H2 1.15±0.13a 3.64±0.98a 53.06±14.74a 56.70±14.86a 35.33±8.13a 9.38±3.07a 

H3 1.25±0.14a 5.37±1.96a 55.00±6.58a 60.37±7.78a 39.16±1.75a 6.78±3.65a 

H4 1.20±0.05a 3.18±1.90a 61.51±8.07a 64.69±8.34a 38.44±3.62a 10.99±2.21a 

20-40 

H1 1.19±0.05a 2.52±0.80a 62.03±2.32a 64.54±3.00ab 35.46±2.10a 12.20±0.84a 

H2 1.23±0.05a 2.90±0.93a 59.15±2.32a 62.05±2.08b 32.06±2.43b 12.24±1.35a 

H3 1.25±0.05a 4.45±1.61a 59.08±3.73a 63.53±3.29ab 35.62±1.82a 12.24±1.75a 

H4 1.26±0.09a 4.14±1.68a 62.32±3.96a 66.45±4.69a 37.63±3.30a 11.50±0.92a 

Different letters in the same soil layer mean that there are significant different between densities 
(P<0.05), the same as below. Values are mean±standard deviations. H1 means that stand densities of 
plantation is 4300 ± 253 ramet/hm-2, details in Table 1 

 
 

Table 3. Chemical property of soil in Dendrocalamus minor var. amoenus populations 

Layer/cm Stand pH 
TN 

(g·kg-1) 

TP 

(g·kg-1) 

TK 

(g·kg-1) 

AN 

(mg·kg-1) 

AK 

(mg·kg-1) 

AP 

(mg·kg-1) 

0-20 

H1 6.37±0.07a 0.26±0.06a 0.26±0.01b 13.65±2.55a 33.04±3.12a 11.61±1.90ab 1.89±0.19b 

H2 6.30±0.08a 0.24±0.07a 0.27±0.02a 13.47±2.13a 38.35±10.97a 13.51±2.23a 2.09±0.23b 

H3 6.36±0.08a 0.11±0.02b 0.25±0.01b 13.65±2.28a 36.44±7.05a 9.57±2.54b 2.34±0.38b 

H4 6.42±0.15a 0.16±0.04c 0.25±0.01b 13.75±3.46a 31.54±3.48a 8.74±2.02c 2.77±0.50a 

20-40 

H1 6.41±0.06b 0.14±0.13a 0.25±0.03a 14.02±5.99a 32.02±3.93a 7.37±2.61a 1.52±0.16a 

H2 6.38±0.04b 0.08±0.02b 0.25±0.01a 13.66±3.08ab 32.53±5.89a 7.56±2.38a 1.64±0.49a 

H3 6.27±0.09b 0.15±0.09a 0.24±0.01ab 13.65±1.64ab 24.47±7.11b 6.51±0.30a 1.72±.016a 

H4 6.58±0.05a 0.08±0.04b 0.23±0.01b 13.58±2.48b 20.91±7.48b 6.06±1.38a 1.86±0.45a 

TN: total nitrogen, TP: total phosphorus, TK: total potassium, AN: available nitrogen, AP: available 
phosphorus, AK: available potassium. Values are mean±standard deviations 

 
 
Soil enzyme activities 

The soil enzyme activities of Dendrocalamus minor var. amoenus populations with 
different densities are shown in Table 4. Soil acid phosphatase ranged from 
0.02-0.09 umol·d-1·g-1 in 0-40 cm soil layer, urease ranged from 0.19-0.41 mg·g-1, 
sucrase was between 0.02-0.49 mg·g-1 and catalase was between 1.22-3.88 mg·g-1. In 
the 0-20 cm soil layer, the content of catalase of stand H4 is the lowest. In the 20-40 cm 
soil layer, stand H2 had the highest urease content. Stand H3 and H4 had the lowest 
catalase content. There were no significant differences of sucrase between the soil 
densities and soil layers. 
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Table 4. Enzyme activity of soil in Dendrocalamus minor var. amoenus populations 

Layer/cm Stand 
Acid phosphatase 
(PNP mg•g-1 •h-1) 

Urease 
(NH3-N mg•g-1 •h-1) 

Sucrase 
(0.1N Na2S2O3 mL•g-1) 

Catalase 
(0.1 N KMNO4 mL•g-1) 

0-20 

H1 0.08±0.01ab 0.19±0.08b 0.49±0.42a 3.88±0.92a 

H2 0.07±0.01b 0.21±0.10b 0.11±0.09a 3.88±0.92a 

H3 0.09±0.01a 0.41±0.08a 0.10±0.05a 3.47±0.63a 

H4 0.09±0.04ab 0.36±0.11a 0.10±0.10a 2.76±0.76b 

20-40 

H1 0.02±0.01b 0.23±0.08b 0.05±0.04a 2.65±0.92a 

H2 0.02±0.01b 0.40±0.32a 0.16±0.08a 1.63±0.63a 

H3 0.05±0.01a 0.31±0.11b 0.02±0.02a 1.22±0.00b 

H4 0.04±0.02ab 0.24±0.10b 0.05±0.08a 1.48±0.92b 

Values are mean±standard deviations 

 
 
Principal component analysis 

Five principal component factors were extract from 17 indicators. The eigenvalue of 
the first principal component is 6.99, which explains 41.11% of the total proportion. 
The cumulative proportion of the five principal component factors is 92.50%, which can 
be better expressed 17 indicators (Table 5). There are nine indicators were screened, 
volume weight, noncapillary porosity, soil aeration, total phosphorus, total potassium, 
available nitrogen, available phosphorus, acid phosphatase and urease. 
 

Table 5. Principal component analysis of soil indicators 

Indicators 
Principal component 

σ2 of common factor Weight 
1 2 3 4 5 

Volume weight -0.430  -0.127 -0.127 0.879 0.9896 0.0629 

Noncapillary porosity -0.102 0.341 -0.817 -0.282 0.244 0.9330 0.0593 

Capillary porosity -0.652  0.640 0.147 0.349 0.9815 0.0624 

Total porosity -0.744  0.473  0.451 0.9878 0.0628 

Soil aeration -0.215 0.828  0.250 0.392 0.9552 0.0607 

Soil moisture -0.453 -0.623 0.589 -0.133  0.9672 0.0615 

pH -0.786 0.163 0.234  -0.118 0.7197 0.0458 

Total nitrogen 0.497 0.230  0.751 0.173 0.8931 0.0568 

Total phosphorus 0.913 0.151  0.289 -0.228 0.9970 0.0634 

Total potassium   0.845 -0.160  0.7580 0.0482 

Available nitrogen 0.914 0.285   -0.104 0.9389 0.0597 

Available potassium 0.728 0.367 -0.187 0.526  0.9773 0.0622 

Available phosphorus  0.903  -0.181 -0.219 0.9084 0.0578 

Acid phosphatase 0.305 0.869 -0.296  0.144 0.9587 0.0610 

Urease 0.118 0.128  -0.961  0.9532 0.0606 

Sucrase 0.291 0.187 0.180 0.473 0.706 0.8742 0.0556 

Catalase 0.631 0.575  0.445  0.9314 0.0592 

Eigenvalue 6.99 3.31 2.91 1.46 1.06   

Proportion(%) 41.11 19.47 17.13 8.57 6.22   

Cumulative proportion(%) 41.11 60.58 77.71 86.28 92.50   

 
 
Comprehensive evaluation of soil quality 

Nine important indicators were selected that expressed soil quality by comprehensive 
evaluation. The soil quality of stand H1 is highest score (Table 6). At the same density, 
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the 20-40 cm soil layer generally owns higher scores than the 0-20 cm soil layer, with 
the exception of stand H4. Stand H4 had the highest score in 0-20 cm soil layer, but 
lowest score in 20-40 cm soil layer. 
 

Table 6. Comprehensive evaluation of soil depth under different densities 

Stand Layer/cm Physical properties Chemical properties Soil enzyme activities Score Mean 

H1 
0-20 0.0326 0.1204 0.0650 0.2180 

0.2279 
20-40 0.0197 0.1443 0.0738 0.2378 

H2 
0-20 0.0305 0.1161 0.0608 0.2074 

0.2131 
20-40 0.0439 0.1103 0.0647 0.2188 

H3 
0-20 0.0231 0.1208 0.0582 0.2020 

0.2116 
20-40 0.0357 0.1195 0.0659 0.2211 

H4 
0-20 0.0401 0.1358 0.0647 0.2406 

0.2064 
20-40 0.0090 0.0977 0.0655 0.1721 

 
 
Discussion 

The relationship between soil layer and soil quality 

The soil quality of different soil layers is different, mainly manifested in the 
differences in chemical properties and soil enzyme activities. In physical properties, the 
soil moisture and soil aeration in 0-20 cm soil layer are higher than those in 20-40 cm 
soil layer, which may be related to the soil composition. There are loose soil particles 
and large gaps between the gravels in 0-20 cm soil depth. Because of that, water is 
easily lost from topsoil to deep soil layer. Therefore, the soil moisture in 20-40 cm layer 
is higher. 

The activity of catalase and acid phosphatase can better reflect soil nutrient condition 
(Qiu et al., 2010). The activity of catalase and acid phosphatase in 20-40 cm soil layer is 
lower than that in 0-20 cm soil layer, indicating that soil nutrition decreased with soil 
layer increase. Urease activity can be used to characterize soil nitrogen content (Qiu et 
al., 2010). The content of urease activity of stand H1 and H2 in the 0-20 cm soil layer is 
higher than that in 20-40 cm soil layer, while the content of urease of stand H3 and H4 
has the opposite trend. The trend of total nitrogen is similar to urease. But the content of 
available nitrogen in 0-20 cm soil layer is better than that in 20-40 cm soil layer. The 
underground whiproot system of bamboo forests are sensitive to soil nutrient (Zhang et 
al., 2018). The content of soil nutrient in 0-20 cm is higher than that of 20-40 cm soil 
layer, which may be related to the distribution, secretion and residues of root can 
effectively accumulate nutrients, and loose soil conditions in 0-20 cm soil layer are also 
conducive to microbial decomposition of litter (Qi, 2009). The decomposition of litter 
produces a large amount of nutrients to return to the soil, so the nutrients in 0-20 cm soil 
layer are higher than 20-40 cm. The 20-40 cm soil layer has relatively few root systems, 
and soil nutrients gradually decrease with increasing soil depth. The content of nutrient 
elements and their supply significantly affect root competition and distribution 
(Markham and Halwas, 2011; Murphy et al., 2013). Plants determine the distribution of 
root systems by integrating resources within their habitats (Cahill et al., 2010). It can be 
inferred that the root systems of Dendrocalamus minor var. amoenus are mainly 
distributed at 0-20 cm. 
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The relationship between stand density and soil quality 

Plant nutrients mainly come from soil nutrients. There was a positive correlation 
between total nitrogen, urease, available potassium, available phosphorus with the stand 
density. Soil moisture and total nitrogen are the most important factors affecting plant 
functional characteristics (Ding et al., 2011). The higher the soil nitrogen content, the 
higher the root tissue density (Yang et al., 2014). The growth of five tree species is 
restricted by phosphorus in sandy coast (Qiu et al., 2017). Abundant soil nutrition 
promoted the increase ramets density of Dendrocalamus minor var. amoenus. The 
higher nitrogen content in the soil, the plant allocate nutrients into the above ground, 
increasing the number of ramets and biomass to adapt to the environment (Yue et al., 
2002, 2004, 2005). This shows that the correlation between stand density and soil 
quality is greater. The adaptability of different species to soil nutrients is different. The 
soil nutrient of Phyllostachys edulis rises first and descends later with the stand density 
(Fan et al., 2015). The stand of Pinus tabulaeformis and Acacia sylvestris showed the 
opposite trend, and the nutrient content decreased with the increase of the stand density 
(Vesterdal et al., 1995; Xu et al., 2008). There may be different strategies for resource 
adaptation and biomass allocation of different species (Hoffman, 2010). The ramet 
density of Chimonobambusa tumidinoda and Pleioblastus maculata decreased with 
increasing availability of water resources (Dong et al., 2002; Liu et al., 2004). In this 
study, there was no significant difference in soil moisture content and volume weight 
between different densities. It may be that the species of Dendrocalamus minor var. 
amoenus is more resistant to drought or has adapted to drought environment. 

The activity of catalase can reflect soil nutrient condition (Qiu et al., 2010). The 
activity of catalase decreases with increasing stand density, indicating that stand density 
increases with soil nutrient decrease. In the 20-40 cm soil layer, the total phosphorus, 
total potassium, and available nitrogen content had a negative correlation with stand 
density. On a small scale, the pachymorph of clonal plants increases the contact chance 
of ramets and easily occupy local resource (Turkington and Harper, 1979; Dong, 2011). 
Dendrocalamus minor var. amoenus is a phalanx clonal plant with close arrangement of 
its ramets, which is likely to form a pattern of local resource monopoly. High stand 
density increases soil nutrient consumption and inhibits the growth of underground 
roots. Beside that, high canopy density also reduces light in the forest and weakens soil 
microbial activity (Zhao, 2009; Ren, 2012). The root system consumes soil nutrients, 
and the movement of nutrient elements from the soil to the plant become faster, which 
causes the soil nutrients gradually decrease (Shanmughavel and Francis, 1997). 

Comprehensive evaluation of soil quality 

In this study, nine representative indicators were screened by principal component 
analysis, which are different to other research results. Previous studies show that eleven 
and nine indicators were selected to represent the soil quality of Phyllostachys edulis 
forest in subtropical climate (Fan et al., 2015; Chen, 2015). The difference may be 
related to soil types, site conditions, and indicators selected. In this study, we did not 
measure organic matter indicator, which has certain differences with other research 
results. Because the sandy coast is mainly inorganic minerals and the carbon content is 
very small (Huang and Chen, 1994; Griffith et al., 2009). 

The comprehensive scores of soil quality at different stand densities are quite 
different. It means that soil properties of different stand densities are different (Table 6). 
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In physical properties, the highest score in 0-20 cm soil layer is stand H4, but the 
highest score in 20-40 cm soil layer is stand H2. In the chemical properties, the highest 
score in 0-20 cm soil layer is stand H4, and the highest score in 20-40 cm soil layer is 
stand H1. In soil enzyme activities, the highest scores in 0-20 cm and 20-40 cm soil 
layer were stand H1. The comprehensive scores are ranked as: stand H1> stand H2> 
stand H3> stand H4. Thus, the higher the stand density, the lower the comprehensive 
score of soil quality. Dendrocalamus minor var. amoenus is a pachymorph species with 
many short individual spacers. These spacers are under great pressure to compete with 
light resources and soil nutrients. Therefore, low stand density get high comprehensive 
score. 

Conclusion 

The introduction of Dendrocalamus minor var. amoenus in sandy coast has gained 
good effect for stability of artificial forests and society economic. Soil properties of 
different densities is different. This study shows that the highest comprehensive score of 
soil quality with is stand H1. This stand density is good for soil quality. We recommend 
that diseased, old and dead ramets should be removed in future forest management. 
Meanwhile, topsoil should be protected, which is conducive to improving soil quality 
and forest productivity. Future researches should focus on the chemical elements 
balance in bamboo ramets, the root distribution and nutrient of different organs to reveal 
the fact that different stand densities could be formed with similar situation. Comparing 
different functional traits and their allometric growth relationships at different densities. 
The purpose of this study is to find a better stand density for soil quality. In coastal 
shelter forests, the wind resistance of bamboo clusters are also an extremely important 
concern, and it should be continuously paid attention in future research. 
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Abstract. Salinity in agricultural lands is a major problem worldwide and the application of 
1-aminocyclopropane-1-carboxylate (ACC) producing plant growth-promoting rhizobacteria (PGPR), is a 
good option to reduce the effects of salt stresses on plant growth and development. This study aims to 
isolate ACC deaminase producing PGPR and evaluate their effect on the growth and yield of wheat 
(Triticum aestivum L.) under salt stress of conditions. 21 ACC deaminase producing bacteria were 
isolated from wheat rhizosphere and the effectiveness of the isolates was determined by petri, jar and pot 
experiments. Pot experiments were established with 5 bacterial isolates (Bacillus cereus, Serratia 
odorifera, Lelliottia amnigena, Arthrobacter arilaitensis, Pseudomonas putida) and 4 different salt levels 
(0.95, 3.98, 7.80, 11.05 dS m-1). ACC deaminase producing bacteria increased shoot and root length 
under petri and jar trial. Likewise, inoculation of PGPRs under salt stress conditions had a positive effect 
on wheat Sodium (Na), Potassium (K), Calcium (Ca), Chlorophyll a and chlorophyll b contents compared 
to uninoculated control plants in pot trials. Inoculation of wheat with ACC deaminase producing PGPR 
alleviated the negative effects of salinity and increased plant growth. This study shows the vital role of 
rhizobacteria producing ACC deaminase increasing salt tolerance and eventually the development of 
wheat under salinity stress. 
Keywords: plant growth-promoting rhizobacteria (PGPR), abiotic stress, salinity, ethylene, pot 
experiments 

Introduction 

Salinity is one of the most notable abiotic stress sources that affect agricultural 
systems and cause a decrease in the food supply in agricultural production. Salinity 
affects 80 million hectares of agricultural land worldwide (Munns and Tester, 2008) and 
saline soils increase approximately 7% per year (Tester, 2003). More than 6% of the 
total land that can be used for agricultural purposes is seriously affected by salt stress in 
arid and semi-arid regions around the world (Sarkar et al., 2018). Arid climates, 
low-quality irrigation water, and high temperatures with imbalances in the distribution 
of rain are among the main causes of soil salinity. Soluble salts accumulate in the plow 
layer in regions where the evaporation amount of plants is higher than the size of the 
leach fraction (Rajput et al., 2013). Salt deposits in the soil disrupt the physical and 
chemical balance of the soil and naturally adversely affect plant growth. In plants 
developing at high salt concentrations, reactive oxygen species, osmotic shock, ion 
toxicity, reduced nutrient uptake and reduction in leaf area are observed (Parihar et al., 
2015). Increased soil salinity leads to a decrease in plant growth and crop yields as well 
as in microbial activity. Environmentally friendly, cost-effective and innovative 
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approaches are needed to minimize the effects of salinity on agricultural soils and 
increase crop yields. The use of bacteria known as Plant Growth Promoting 
Rhizobacteria (PGPR) which increases plant growth in abiotic stress conditions is one 
of the most appropriate and sustainable approaches for alleviating the effects of salt 
stress (Yang et al., 2008; Sofo et al., 2015). PGPR can increase plant growth by 
reducing the effects of abiotic stresses, fixing nitrogen, producing plant hormones, 
dissolving phosphates in the soil and also producing siderophores that increase iron 
intake (Shanmugam and Kanoujia, 2011; Çakmakçı, 2016). Reduced the amount of 
ethylene produced under stress conditions, by 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase containing PGPR is one of the most important mechanisms of 
alleviating salt stress (Singh et al., 2016). Ethylene is a gaseous form and is a very 
important plant hormone that is produced by almost all plants and plays a role in plant 
growth and differentiation. Ethylene at low concentration (10 µg L-1) plays a part in 
plant growth, seed germination, fruit maturing, flower shedding and root development. 
However, at high concentration (25 > µg L-1) may cause root growth reduction and 
some plant process (Nadeem et al., 2010). A number of PGPR strains containing ACC 
deaminase which can break down the ethylene precursor ACC into ammonia and 
α-ketobuyrate thereby reduce the level of ethylene in stressful plants (Ali et al., 2014; 
Glick, 2014). In recent years, ACC deaminase producing bacteria have been used to 
reduce the amount of ethylene produced by plants under stress conditions. Research has 
found that PGPR containing ACC deaminase increases plant growth in abiotic stress 
conditions such as heavy metal (Hassan et al., 2016; Grobelak et al., 2018), flood 
(Ravanbakhsh et al., 2017; Ali and Kim, 2018), drought (De Zelicourt et al., 2013; 
Erdogan et al., 2016; Carlson et al., 2020) salinity (Afridi et al., 2019; Tahir et al., 
2019). This study aims to isolate acc deaminase-containing PGPR from wheat roots 
grown in saline soils and to determine their effects on wheat development under salt 
stress conditions in pot trials. 

Materials and Methods 

Isolation of bacteria 

For isolation, 21 soil samples were collected from saline soils of Eskişehir province 
TURKEY in 2014. Soil samples were taken from wheat root rhizosphere and brought 
into the laboratory in plastic bags. Rhizopheric bacteria were isolated by serial dilution 
technique. Between 10-4 and 10-6 dilution was spread on DF salt minimal medium 
which ACC is used as a nitrogen source (Dworkin and Foster, 1958) and bacterial 
isolates were purified by repeated streaking. In laboratory, we prepared salt medium as 
follows (per 1000 ml) 6.0 g Na2HPO4, 4.0 g KH2PO4, 2.0 g glucose, 2.0 g gluconic acid, 
2.0 g citric acid, 0.2 g MgSO4.7H2O, 1 mg FeSO4.7H2O, 124.6 µg ZnSO4.7H2O, 
78.22 µg CuSO4.5H2O, 10 µg H3BO3, 11.19 µg MnSO4.H2O, 10 µg MoO3 and 15.0 g 
agar (pH 7.2). We prepared 300 ml DF salt medium autoclaved and after cooling 
(> 35 oC) added 30 ml 0.5 mM ACC solution (filter sterilized). Purified ACC deaminase 
containing bacteria was stocked in LB medium and 20% glycerol at - 80 0C. 

Characterization and identification of bacteria 

Characterization of bacteria used in pot experiments was done by 16s rDNA method. 
Genomic DNA isolated from bacteria and sequence analysis was performed by 
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replicating DNA's 16s rDNA region by PCR (Barnawal et al., 2014). Nucleotide 
similarities were determined by NCBI-BLAST  and gene bank numbers were obtained. 

Inoculation of seeds with bacteria 

Wheat seeds surface sterilized and coated with bacteria for further experiments. After 
wheat seeds were immersed to 95% ethanol for a very short time (5 seconds), kept in 
2% HgCI2 solution for 3 min. Seeds washed 5 times with sterilized distilled water. 
Seeds immersed 3 m M ACC solution for 5 min. then kept in 30 min 24-h bacterial 
culture (Zahir et al., 2009). 

Petri experiments 

In Petri experiments, 5 bacteria coated seeds placed in sterile petri dishes containing 
sterile filter paper under sterile conditions. After a second filter paper to cover the seeds 
and five ml of sterile 5 dS m-1 NaCl solution added to each petri dish. Petri dishes 
incubated seven days with 28±1 oC and shoot, root data recorded. The experiments 
conducted with three replication. 

Jar experiments 

In jar experiment, sterilized jars were used and conducted with 3 replication. 5 
bacteria coated seeds were sandwiched between two sterilized filter paper which placed 
in 10 dS m-1 NaCl containing ½ strength Hoagland solution (Hoagland and Arnon, 
1950). The jars were placed in the growth chamber at 25 ° C, adjusted to 16 hours light 
and 8 hours dark for 21 days (Zahir et al., 2009). End of the jar trials shoot length and 
root length recorded. 

Pot experiments 

Pot experiments were carried out in the greenhouse of Eskişehir Transitional Zone 
Agricultural Research Institute Turkey to determine the effectiveness of selected 
bacterial strains for plant growth of wheat under different salt conditions. Soils were 
taken from the land and sieved through 2 mm 4.5 kg of plastic pots were filled from the 
homogeneous mixture (3:1 soil, sand). Pot mixture was analyzed for some 
physicochemical properties i.e. saturation 56%, pH: 7.82, EC: 0.95 dS m-1 organic 
matter: 1.44%, extractable P: 4.12 mg kg-1 and extractable K: 120.38 mg kg-1. 40 kg ha-1 
phosphorus (together with sowing) and 180 kg ha-1 nitrogen (half sowing and half at the 
beginning of tillering) were applied to the pots. 

Pot experiments were planned at 4 different salt levels with 1, 4, 8, 12 dS m-1 with 4 
replications. The amount of NaCl calculated, dissolved in water and applied to the pots 
soils. Actual salinity was measured as 0.95, 3.98, 7.80 and 11.05 dS m-1. 8 bacterial 
grafted wheat seeds were planted in the pots and after germination, the seeds were 
diluted 4 plants. The experiment was carried out according to the factorial experiment 
design in randomized plots. In the experiment, irrigation was carried out twice a week 
with distilled water without drainage. Na, K, Ca, chlorophyll a, and chlorophyll b were 
determined and analyzed. Data were analyzed by using SPSS version 25.0 (SPSS Inc., 
Chicago, IL, USA). differences among means were compared with Duncan multiple 
comparison tests. 
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Determination of leaf element contents 

The first leaves, just below the flag leaf, were collected and analyzed for each plant. 
Leaf samples collected from plants were washed with distilled water and dried for 65 ºC 
48 hours. The dried samples were ground and weighed into 0.25 g microwave tubes. 
10 ml of HNO3 mixture containing 20% HCIO4 was added to the weighed sample and 
digested in the for 30 minutes. Na, K, and Ca were determined as mg g-1 dry weight 
(DW) by ICP-OES (Optima 8000, PerkinElmer, USA) after completing 50 ml of the 
digested liquid. 

Determination of chlorophyll a and b content 

To determine the amount of chlorophyll a and chlorophyll b in wheat leaves, 500 mg 
fresh weight (FW) leaf were crushed in mortar in 90% acetone and centrifuged at 
9000 g for 10 minutes. After centrifugation, the supernatant was completed to 50 ml and 
measured at 645 and 663 nm in the spectrophotometer. Chlorophyll a (Eq.1) and 
chlorophyll b (Eq.2) contents were determined (Lichtenthaler, 1987). 
 
 Chlorophyll a (mg g-1 FW) = (11.75 x A663 – 2.35 x A645) x 50/500 (Eq.1) 
 
 Chlorophyll b (mg g-1 FW) =(18.61 x A645 – 3.96 x A663) x 50/500 (Eq.2) 

Results 

Petri and jar experiments 

The data obtained as a result of the petri experiments showed that the root and shoot 
lengths of wheat which inoculated with ACC deaminase producing PGPR increased 
compared to the uninoculated control (Table 1). Inoculation with ACC deaminase 
containing bacteria significantly increased plant root and seedling length. The strain 
20/1 caused the maximum increase in root length with 74% compared to the 
uninoculated control. Strain 20/1 was followed by strain 18/6 with 54%, strains 1/6 and 
11/5 with 32% over the control. Among the isolates in the petri experiment, the highest 
shoot length was obtained from strain 17/4 with 43% over the control. Strain 10/6 and 
strain 1/6 increased shoot length 41% and 35% compared to uninoculated control 
respectively. 

The jar experiments were established with 9 bacterial isolates which were determined 
as a promising from the petri experiments. As a result of jar trials, length of root and 
shoot of wheat seeds inoculated with ACC deaminase containing strains increased 
compared to control (Table 2). Strain 21/4 caused maximum increase of root length 
(97%) compared to uninoculated control. Strain 15/1 and strain 11/5 increased root 
length of 82% and 56% over the control, respectively. Similarly, strain 18/6 and 10/6 
increased shoot length of 54% and 51% over the control, respectively. The maximum 
shoot length increase data obtained from strain 15/1 with 60% compared to control. 

Pot experiments 

As a result of jar trials, pot experiments were established with strain 10/6, strain 11/5, 
strain 15/1, strain 18/6, strain 21/4 and 4 different salt levels which 0.95, 3.98, 7.80, 
11.05 dS m-1. The bacterial isolates used for the pot experiments were identified as 
strain 10/6 Bacillus cereus 10/6, strain 11/5 Serratia odorifera 11/5, strain 15/1 
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Lelliottia amnigena, strain 18/6 Arthrobacter arilaitensis, and strain 21/4 Pseudomonas 
putida (Table 3). 
 

Table 1. Effect of ACC deaminase producing rhizobacteria on root and shoot length of 
wheat under 5 dS m-1  NaCl in petri trial (p <0.05) 

Strain RootLenght (cm) ShootLenght (cm) 

Control 5.85 ± 0.42** 4.98 ± 0.21 

1/6* 7.70 ± 0.27 6.70 ± 0.22 

2/5 6.16 ± 0.62 6.01 ± 0.50 

3/4 6.02±0.48 5.24± 1.45 

4/2 6.92 ± 032 6.82 ± 0.72 

5/4 6.15±0.47 5.07±0.97 

6/1 6.27 ± 0.37 6.50 ± 0.61 

7/3 5.19±0.12 6.48± 1.11 

8/4 7.13 ± 0.52 6.60 ± 0.48 

9/7 6.29±1.14 6.29±1.04 

10/6* 7.65 ± 0.73 7.02 ± 0.31 

11/5* 7.70 ± 0.29 5.76 ± 0.19 

12/1 6.00±0.79 5.15±0.71 

13/4* 7.47 ± 0.56 6.14 ± 0.19 

14/2 6.12±0.45 5.01±0.21 

15/1* 7.02 ± 0.30 5.90 ± 0.26 

16/1 7.09 ± .048 6.42  ± 0.39 

17/4* 7.50 ± 0.39 7.10 ± 0.44 

18/6* 9.02  ± 0.28 6.09 ± 0.13 

19/3 6.12±0.77 6.08±0.51 

20/1* 10.02 ± 0.87 6.30 ± 0.51 

21/4* 7. 47 ± 0.21 5.90 ± 0.18 

* Selected for jar trial **Average for third replicate  ± Std. Error 

 
 

Table 2. Effect of ACC deaminase producing rhizobacteria on root and shoot length of 
wheat under 10 dS m-1 NaCl  in jar trial (p < 0.05) 

Strain Root Lenght (cm) Shoot Lenght (cm) 

control 6.80 ± 0.75* 16.00 ± 0.53 

1/6 6.60 ± 0.80 19.45 ± 1.15 

10/6a 10.40 ± 0.89 24.20 ± 1.07 

11/5a 10.60 ± 0.89 21.60 ±  2.60 

13/4 7.60  ± 0.96 20.80 ± 0.95 

15/1a 12.40 ± 0.96 25.60 ± 0.80 

17/4 9.50 ± 0.83 20.80 ±  2,02 

18/6a 9.20 ± 0.43 24.60 ± 1.10 

20/1 8.40 ± 0.60 23.20 ± 1.28 

21/4a 13.40 ± 0.30 23.60 ± 1.23 

a Selected for pot trial * Average for third replicate  ± Std. Error 
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Table 3. Identification of strains 

Strain No. Species Accession No Similarity (%) 

10/6 Bacillus cereus KP027636.1 99 

11/5 Serratia odorifera NR037110.1 99 

15/1 Lelliottia amnigena KM114915.1 99 

18/6 Arthrobacter arilaitensis CP012750.1 99 

21/4 Pseudomonas putida GQ2008822.1 99 

 
 

Na+ contents tested in salt stress wheat plants in response to ACC deaminase 
producing PGPR. According to the results of the analysis, the leaf Na+ content increased 
due to increasing salt concentrations (Table 4). Bacterial applications caused reductions 
in Na+ content compared to uninoculated control at 3.98, 7.80, 11.05 dS m-1 salinity 
levels. Application of A. arilaitensis at 7.80 and 11.05 dS m-1 salt levels decreased Na+ 
content by 32% and 10%, respectively, compared to control. Likewise, application of 
P. putida was decreased Na+ content of wheat by 26% and %9 at 7.80 and 11.05 dS m-1 
salinity levels, respectively. 
 

Table 4. Effect of ACC deaminase producing rhizobacteria on Na, K, and Ca under 
differents salinity levels in pot trials 

Strain 0.95 (dS m-1) 3.98 (dS m-1) 7.80 (dS m-1) 11.05 (dS m-1) 

Na+ (mg g-1 DW)     

Control 0.12 h 0.15 efg 0.22 d 1.15 a 
B. cereus 0.12 h 0.14 fgh 0.22 d 1.13 a 

S. odorifera 0.12 h 0.13 gh 0.16 ef 1.09 b 
L. amnigena 0.12 h 0.13 fh 0.21 d 1.10 b 

A. arilaitensis 0.12 h 0.12 h 0.15 efg 1.04 c 
P. putida 0.12 h 0.12 h 0.16 ef 1.05 c 

K+ (mg g-1 DW)     

Control 2.09 bc 1.98 de 1.67 hıj 1.56 k 
B. cereus 2.10 bc 2.08 bcd 1.77 gh 1.57 k 

S. odorifera 2.16 b 2.10 b 1.86 fg 1.57 k 
L. amnigena 2.18 b 2.09 bc 1.83 fg 1.57 k 

A. arilaitensis 2.50 a 2.15 b 1.90 ef 1.70 hı 
P. putida 2.56 a 2,18 b 2.0 cde 1.61 ıjk 

Ca+2 (mg g-1 DW)     

Control 0.80 abcd 0.74 efg 0.69 g 0.57 h 
B. cereus 0.80 abcd 0.80 abcd 0.71 fg 0.59 h 

S. odorifera 0.85 a 0.77 bcde 0.69 g 0.58 h 
L. amnigena 0.82 ab 0.81 abc 0.75 def 0.59 h 

A. arilaitensis 0.82 ab 0.82 ab 0.77 bcde 0.70 fg 
P. putida 0.84 a 0.77 bcde 0.77 bcde 0.69 g 

p<0.05 bacteria *, salinity *, bacteriaxsalinity*values with the same letter are not different according to 
DUNCAN 

 
 

Leaf K+ content decreased due to increased salt concentrations in trials (Table 4). 
Bacterial applications containing ACC deaminase were found to increase leaf K+ 
content 0.95, 3.98, 7.80, 11.05 dS m-1 salinity levels compared to control. Application 
of P. putida increased leaf K+ content at 3.98, 7.80, 11.05 dS m-1 salinity levels by 10%, 
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20% and 4%, respectively. Similarly, application of A. arilaitensis increased 9%, 14% 
and 9% K+ content at 3.98, 7.80, 11.05 dS m-1 salinity levels, respectively. 

Leaf Ca+2 content decreased due to increased salt concentrations similar to K+ 
content. Bacterial applications increased Ca+2 content at, 3.98, 7.80, 11.05 dS m-1 
salinity levels over the uninoculated control. The maximum Ca+2 increases data 
obtained from A. arilaitensis application at 3.98, 7.80, 11.05 dS m-1 salinity levels by 
9%, 9% and 22%, respectively. 

Chlorophyll a content of wheat significantly affected salinity (Table 5). Depending 
on the salt level, chlorophyll a content significantly decreased. ACC deaminase 
producing PGPR applications did not affect chlorophyll a content at 0.95 dS m-1 salinity 
levels. However, bacterial applications increased chlorophyll a content compared to 
control at 3.98, 7.80, 11.05 dS m-1 salinity levels. Application of P. putida increased 
chlorophyll a content at 3.98, 7.80, 11.05 dS m-1 salinity levels by 4%, 7% and 10%, 
respectively. 
 

Table 5. Effect of ACC deaminase producing rhizobacteria on chlorophyll a content of 
wheat under different salinity levels in pot trials (mg g-1 FW) 

Strain 0.95 (dS m-1) 3.98 (dS m-1) 7.80 (dS m-1) 11.05 (dS m-1) Avarage 

Control 1.95 1.80 1.73 1.60 1.77b 

B. cereus 1.94 1.83 1.76 1.73 1.82ab 

S. odorifera 1.94 1.85 1.77 1.72 1.82a 

L.  amnigena 1.94 1.87 1.77 1.74 1.83a 

A. arilaitensis 1.98 1.89 1.82 1.75 1.86a 

P. putida 1.97 1.89 1.84 1.75 1.86a 

Average 1.95a 1.86b 1.78c 1.72d  

p<0.05 bacteria *, salinity *, bacteriaxsalinity n.s. values with the same letter are not different according 
to DUNCAN 

 
 

Chlorophyll b content of wheat significantly decreased due to salinity application 
(Table 6). Bacteria applications did not affect chlorophyll b content at 0.95 dS m-1 
salinity levels. Contrary to the 0.95 dS m-1 salinity levels, the amount of chlorophyll b 
increased with the application of ACC deaminase producing PGPR at 3.98, 7.80, 
11.05 dS m-1 salinity levels. A. arilaitensis application increased the amount of 
chlorophyll b by 15% on average. 
 

Table 6. Effect of ACC deaminase producing rhizobacteria on chlorophyll b content of 
wheat under different salinity levels in pot trials (mg g-1 FW) 

Strain 0.95 (dS m-1) 3.98 (dS m-1) 7.80 (dS m-1) 11.05 (dS m-1) Avarage 

Control 1.42 1.00 0.78 0.60 0.95c 

B. cereus 1.46 1.07 0.89 0.71 1.03bc 

S. odorifera 1.46 1.02 0.91 0.71 1.03bc 

L. amnigena 1.43 1.04 0.96 0.84 1.07ab 

A. arilaitensis 1.48 1.07 0.99 0.86 1.10a 

P. putida 1.46 1.07 0.98 0.79 1.08ab 

Average 1.45a 1.5b 0.92c 0.75d  

p<0.05 bacteria *, salinity *, bacteriaxsalinity n.s. values with the same letter are not different according 
to DUNCAN 
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Discussion 

In this study, 21 ACC deaminase containing PGPR isolated from the wheat root 
rhizosphere and plant growth-promoting activities of isolates tested under salt stress 
condition by petri trials. Based on petri trials, jar trials and according to the results of 
the jar trials pot trials conducted. The effect of five ACC deaminase containing PGPR 
(B. cereus, S. odorifer, L. amnigena, A. arilaitensis, P. putida) was evaluated for wheat 
growth and yield under salt stress 0.95, 3.98, 7.80, 11.05 dS m-1 salinity levels in pot 
trials. The results showed that salt stress had a strong negative effect on the 
development of wheat plants, while ACC deaminase containing bacterial applications 
increased wheat development. Previously conducted studies showed that several 
bacteria species, including Serratia and Pseudomonas (Zahir et al., 2009), Arthrobacter 
(Barnawal et al., 2014), Streptomyces (Palaniyandi et al., 2014), Enterobacter (Singh et 
al., 2016), Staphylococcus and Kocuria (Yildirim et al., 2011), Cronobacter (Afridi et 
al., 2019), increased plant growth under salt-stress conditions. 

ACC deaminase containing bacterial applications increased the root and shoot length 
of wheat under saline conditions in petri (5 dS m-1) and jar (10 dS m-1) trials. 
Inoculation of rhizobacteria strains promoted root and shoot growth by lowering levels 
of ethylene caused by salt stress. It is known as the ethylene stress hormone and its 
synthesis is accelerated in response to different environmental stresses like salinity 
(Mayak et al., 2004). It has been shown that ACC-deaminase containing PGPR can help 
regulate endogenous ethylene levels in plants through ACC-deaminase activities and 
consequently promote plant growth and development (Maqshoof et al., 2011; Glick, 
2014; Shimaila et al., 2014; Khan et al., 2016; Barra et al., 2016; Sarkar et al., 2018; 
Afridi et al., 2019). Higher concentrations of ethylene reduced plant growth. In this 
study, B. cereus, S. odorifer, L. amnigena, A. arilaitensis, P. putida exhibited ACC 
deaminase production, which cleaved ACC into α-ketobutyrate and ammonia and 
reduces the harsh effects of ethylene on plant growth under salinity stress. 

Ionic balance is disturbed in plants under saline conditions. Salinity leads to reducing 
plant growth and development, as well as impairment of ionic balance, especially Na+ 
and K+ (Singh et al., 2016). One of the effects of salinity is that the high Na+ content has 
an antagonistic effect on K+ uptake. Therefore, restricting Na+ intake by increasing K+ 
intake are the main strategies commonly used by plants to maintain the desired K+ / Na+ 
ratio in the cytosol (Khan et al., 2009). In this study, Na+ increased and K+ decreased in 
plants due to increasing salt concentrations. However, in the application of bacteria that 
contain acc deaminase, the amount of Na+ in the plant has decreased and the amount of 
K+ has increased. Application of A. arilaitensis, and P. putida especially may help to 
ion homeostasis of wheat in pot trials. Also, the inoculation of bacteria increased Ca+2 
content that improves plant growth. According to Zahir et al. (2009), low Na+ uptake by 
grafted roots likely resulted from the reduction of Na+ passive (apoplastic) flow into 
tissues caused by a higher proportion of the root covered with soil. Likewise, this effect 
has been reported in studies conducted with wheat (Singh et al., 2016, 2017; Afridi et 
al., 2019) and maize (El-Komy, 1998). Yue et al. (2007), Shimaila et al. (2014) and 
Turhan et al. (2020) shown in their studies that the plants inoculated with ACC 
deaminase containing bacteria have a low Na+ and high K+ content. 

The decrease in photosynthetic efficiency takes an important place in salinity 
decreasing plant growth and productivity (Colmenero-Flores et al., 2007). The lack of 
physiological water caused by salinity stress reduces stomatal conductivity and slows 
down CO2 assimilation (James et al., 2002). PGPR has an important role in increasing 
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the water intake in salt conditions and reducing the suppression of photosynthesis under 
salinity stress (Hashem et al., 2019). In this study, the amount of chlorophyll a and 
chlorophyll b decreased in salt stress conditions. On the contrary, ACC deaminase 
containing bacterial applications increased the amount of chlorophyll a and b compared 
to the uninoculated control. The findings obtained in this study are compatible with 
previous studies reporting an increase in photosynthetic activity in plants inoculated 
with ACC deaminase-producing PGPR (Singh et al., 2016, 2017; Chen et al., 2017; 
Afridi et al., 2019). 

Conclusion 

As a result, the results show that salt stress applied to wheat has strong negative 
effects on the growth of wheat. However, inoculation with B. cereus, S. odorifer, 
L. amnigena, A. arilaitensis, P. putida has a positive effect on the development of wheat 
plants under salt stress conditions. The results of the study show that ACC deaminase 
containing bacterial inoculation supports stress tolerance to wheat plants in terms of 
plant growth and biochemistry. For this reason, use of ACC deaminase containing 
bacteria great hope for the plant growth promote in saline soils. Therefore, using ACC 
deaminase containing bacteria to increase plant growth in saline soils is an 
environmentally friendly and economical option. However, this study was carried out 
under controlled conditions in the greenhouse. Therefore, in future studies, it will be 
useful to determine the yield and quality parameters of wheat in, the field conditions 
especially inoculation with A. arilaitensis, P. putida. In addition, suitable carrier 
formulations for bacteria need to be studied. 
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Abstract. Laser application in agriculture has attracted much interest due to the improvement of plant 
characteristics after laser pre-sowing seed treatment. In this study, Zea mays L. seeds were pre-irradiated 
by a single exposure to blue laser at different intensities (2 and 4 mW/cm2) and different irradiation times 
of 45, 65, 85, and 105s. The field emergence characteristics (i.e., emergence %, mean emergence time, 
emergence index, vigor index, growth parameters, and seed quality) of laser-induced Zea mays L. seeds 
were determined and compared with those of unirradiated seeds. A randomized complete block design 
(RCBD) was employed with three replications. The growth characteristics of the seeds exposed to laser for 
85s showed significant improvements in terms of the seedling length and leaf number. Additionally, there 
were observable alterations in the seed emergence percentage (91.66%), emergence index (7.25), and vigor 
index (520.80) in the seeds irradiated for 85s at a laser intensity of 4 mW/cm2. In seeds irradiated for 85 s, 
both the oil and starch contents were increased by 6.33% and 73.11%, respectively. On the other hand, 
there was an increase in the protein content of maize seeds (18%) with increased laser intensity. In 
conclusion, the results of the present study demonstrated that 4 mW/cm2 of blue laser and the irradiation 
period of 85s enhanced the emergence process of maize plants. 
Keywords: low power, blue laser, exposure time, seed stimulation, physical priming 

Introduction 

Laser radiation has been found application in all spheres of engineering due to its basic 
characteristics, such as coherence, monochromaticity, polarization, and power density. 
However, these attributes of laser radiation have also made it applicable in biological and 
agricultural sectors. Upon exposure to laser radiation, certain changes occur in the 
physiological state of plants and seeds and such changes can either induce or inhibit the 
development of such plant or seed based on the type of laser radiation used, as well as its 
intensity and wavelength (Hasan et al., 2020). There are several light-absorbing 
molecules in nature which mediates the response of organisms to change in the natural 
light environment. The changes in the light parameter influence various physiological 
processes (i.e. intra and inter-cellular differentiation, seed germination and seedling 
growth, photosynthesis, flowering, etc.) depending on the species and developmental 
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stage or studied organ (He et al., 2017). It has been reported earlier that light is an absolute 
factor that regulates seed germination in numerous plant species (Jala, 2011). 

Several previous studies reported the effects of light on the germination and growth of 
seeds of plants (Hernandez et al., 2010; Aladjadjiyan, 2012; Qiu et al., 2017; Alsalhi et 
al., 2018). Some plant seeds require light to grow while the germination of some plant 
seeds can be inhibited in the presence of light (Hernandez and Michtchenko, 2011; Atif 
et al., 2020). According to Jala (2011), different levels of exposure time to light can have 
various influences on the germination parameters of different seeds. Furthermore, when 
low-power laser light is used on seeds, seedlings, and plants, it produces bio-stimulation 
(Hernandez et al., 2009, 2010, 2015; Perveen et al., 2010; Hernández and Michtchenko, 
2011; Aladjadjiyan, 2012; Jia and Duan, 2013; Hasan et al., 2020). 

Without a doubt, the 21st century needs to develop technologies to increase the global 
production of food since one of the main challenges of our time is to feed a growing world 
population (Foley, 2011; Muhammad-Muaz and Marlia, 2014; Hanafiah et al., 2019) 
which has been projected to grow by two to three billion of people by the year 2050. This 
implies that the world population will increase to 9000 million (FAO, 2011), with a 
simultaneous doubled increase in food cost, the problem of hunger will worsen. At the 
same time, the need to reduce damage to the environment is considered (Foley, 2011; 
Aziz et al., 2020a). All these, under the current context and the future climate changes, 
lead to threatened areas with high temperature (Harun and Hanafiah, 2018; Aziz et al., 
2020b) and year forecasts are extremely unfavourable (Field et al., 2012; Fadillah and 
Marlia, 2016). Therefore, several methods have been introduced to increase crop yield 
including by laser irradiation. 

Bioeffects due to low laser power in seed pre-planting and in seedlings or plants during 
their development have been confirmed by numerous studies using seeds of various crops 
(Osman et al., 2009; Aladjadjiyan, 2012; Hoseini et al., 2013; Kouchebagh et al., 2014a; 
Śliwka, 2014; Srećković et al., 2014). From the introduction of lasers in the '60s (Nasim 
and Jamil, 2014), its application began in biological systems (Bessis et al., 1962), 
dabbling to the agricultural sector as a bio-stimulatory element (BE) of plants and seeds 
with the ruby laser (Wilczek et al., 2005). He-Ne (Helium-Neon), Ar (Argon), 
Neodymium- YAG (Nd-YAG), carbon dioxide (CO2) and diodes (in different 
wavelengths - λ) have been applied to conjecture the use of laser technology for pre-
seeding treatment or during some of the phenological stages of the crops (Chen et al., 
2005; Hernandez, 2009; Hernandez et al., 2010, 2015; Hernández and Michtchenko, 
2011; Aladjadjiyan, 2012; Śliwka, 2014). Laser technology has evolved and has been 
applied in bio-stimulation processes of seeds and plants. He-Ne laser is the most applied 
laser as BE of seeds and/or plants since its foray into agriculture until today (Aladjadjiyan, 
2012; Hernández et al., 2015; Hasan et al., 2020). 

In this way, it is interesting to study the optimum laser irradiation parameters to 
produce favourable bioeffects and when applied in the agricultural sector, could, among 
other effects, increase the performance of products, stems and seeds, reduce the vegetative 
period, improve the quality of harvest, produce vigorous plants, improve the 
photosynthetic evolution of plants, break the seed dormancy, stimulate germination, 
recover the soil, and protect the environment against toxigenic mold and bacteria 
(Podleśna et al., 2015). 

During the bio-stimulation of plants at various developmental phases of the plant, three 
kinds of photoreceptors (phytochromes, phototropins, and cryptochromes) have been 
found to absorb light at different wavelengths of 600-750, 320-500 and 500-630 nm, 
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respectively (Bouly et al., 2007; Levskaya et al., 2009). This implies that the seeds, based 
on their respective characteristics (physical, chemical, optical, thermal, photothermal, 
genotypic, phenotypic, etc.) will first take in the light energy and transform it into 
chemical energy for use in their subsequent growth phases (Jamil et al., 2013). As such, 
the kinetic equilibrium of seed germination processes can be altered by exposure to laser 
light, thereby increasing the internal energy of the seeds (Ferdosizadeh et al., 2013) and 
varying the response according to the seed type and cultivar. 

Based on the previous studies, the physiological quality of certain crops has been 
improved using He-Ne (632.8 nm) and laser diodes (650, 660 nm) bio-stimulation. 
Among such crops are Zea mays L., Triticum (Joshi et al., 2012; Jamil et al., 2013), 
Carthamus tinctorius L., Helianthus annuus L., Brassica napus L. (Ashrafijou et al., 
2010; Perveen et al., 2010), Medicago sativa, Vicia faba, Lathyrus sativus L. (Qi et al., 
2002; Truchliñski et al., 2002; Wilczek, 2005), Raphanus sativus L., Solanum 
lycopersicum L. (Álvarez et al., 2011; Jia and Duan, 2013), Acacia farnesiana L., Ricinus 
communis L. (Soliman and Harith, 2009), Balanites aegyptiaca, Celosia argéntea, Beta 
vulgaris L. (Metwally et al., 2013; Podleśna et al., 2015). Germination is the initial stage 
of development in the growth of crops. During this stage, the important seed quality 
parameters that can affect the plant status are the germination rate, seed vigor, and 
germination uniformity (Mohssen-Nasab et al., 2010). Thus, this study aims to determine 
the effect of different intensity of blue laser irradiation on maize seeds, in terms of their 
field emergence parameters, growth, and seed quality. 

Materials and Methods 

Study Area 

This research was conducted in the experimental field located at the Faculty of 
Agriculture, University of Baghdad and Laser Laboratory, Institute of Laser for 
Postgraduate Studies, University of Baghdad (33° 16′ 26″ N, 44° 22′ 39″ E). The 
experimental site has a hot dry climate in summer season in 2018, the average temperature 
was in the range of 17.1°C to 31.6°C, with an annual average rainfall of 284.2 mm and 
average humidity of 45%. Soil samples were randomly collected from the field and 
transferred to the lab to measure the physical-chemical parameters. The soil was slightly 
alkaline pH (7.2), salt-free (electrical conductivity 3.8 meq/100 g soil), nitrate and 
ammonia nitrogen concentrations of 0.0017% and 0.009%, respectively, very high P 
assimilation rate (43.2 mg/kg), and high K (1.6 mg/L). The soil texture was silt 
(28.9 g/kg), clay (38.5 g/kg) and sand (32.6 g/kg). 

Laser Irradiation Experiment 

A blue laser source of 100 mW power (410 nm) was used in this study. A 100 cm 
distance was maintained between the laser and the seed samples. The seeds were 
positioned in a steady manner on the side facing the embryo and hanged in the air 
(supported on one side by a heat dissipater). To ensure that the laser diode operates in a 
normal mode for a prolonged period, it was placed in a special bed in the modules’ ribbed 
part to provide good cooling. Optics were used in the lasers to ensure the provision of the 
optimum laser power. Additionally, the irradiation power intensity of the laser was set at 
2 and 4 mW/cm2, the intensity was measured using a power meter. The blue laser was 
used to irradiate the maize seeds for different exposure times of 45, 65, 85 and 105 s. The 
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optimum period for each treatment was monitored using a time controller device. The 
parts of the device and the positioning of the treated seeds are depicted in Table 1. 
 

Table 1. Experimental conditions used for seed pre-treatment of maize 

Excremental condition Details 

Laser type Diode laser 

Wavelength 410 nm 

Power intensity 2, and 4 mW/cm2 

Laser exposition time 45, 65, 85, and 105 s 

Wave emission Continuous (CW) 

Beam size 2 mm 

Distance from sample 100 cm 

Cultivar treated Baghdad 3 

 
 
Experimental Design 

In summer 2018, a 4x2 factorial experimental design was conducted for blue laser 
exposure times (T1= 45, T2= 65, T3= 85 and T4= 105 s) at 410 nm, two intensities (P1= 4 
and P2= 2 mW/cm2), and a control (without exposure to laser) in a design of complete 
blocks with three replications. The land was fallow, harrowed and furrowed with 
machinery. Planting was carried out manually in dry soil at a plant density of 
6667 plants/ha, and inter-plant distance of 25 cm. In this study, 600 seeds were pretreated 
before sowing in the field. The size of the experimental plot was 2 meters wide by 
1.5 meters long. Total irradiated seeds were 1600. This study used maize seed variety 
(Baghdad 3 cultivar) provided by the Office of Agriculture Research, Baghdad. The seed 
variety was grown during the planting season (spring-summer) in July 2018 in the 
experimental field. The seeds lot was first standardized with respect to size and colour, 
followed by seeds dipped into a sodium hypochlorite solution (1% v/v) for sterilization 
and then rinsed in tap water for several time periods and left to dry by room temperature 
prior to irradiation. From each treatment group, six seeds were selected and measured for 
thicknesses using a Vernier instrument. The observed average thickness of the seeds was 
3.9 mm. 

The fertility of the fields was improved with 520 kg/ha of compost (46:18 of N: P2O5) 
and prior to sowing, the soil was fertilized with 436 kg/ha of urea (1/2 before sowing and 
the rest at the flowering stage). During the growing period, weeding was done manually 
while insects were controlled chemically using diazinon at the rate of 6 kg/ha which was 
applied at 20 and 35 days after sowing. The crops were harvested manually after 110 days 
from the date of sowing. The drying of the ears was natural in a ventilated place and in 
the shade. It was manually de-grained when the moisture content of the grain was around 
15% and the grain was stored at a temperature of 25°C. 

Parameters Measurement 

A daily count of seedling emergence was conducted while the other seedling 
parameters (emergence %, emergence index, vigor index) were recorded after the viable 
seeds have emerged (no new seed emergence observed). The mean emergence time 
(MET) was calculated using Eq. 1 as follows: 
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 MET = ΣDn / Σn (Eq.1) 
 
where D = number of days that elapsed from the first day of sowing, and n = the number 
of emerged seeds on day D. 

Emergence index (EI) was calculated according to The Association of Official Seed 
Analysis (1978) formula in Eq. 2: 
 

 
EI = No. of emerged seeds / Day of first count + … 

+ No. of emerged seeds/Day of final count 
(Eq.2) 

 
Emergence speed was calculated by Eq. 3: 

 
 Es = ⅀ Ni / Di (Eq.3) 
 
where, Ni = number of seeds emerged per day. Di =Number of days (daily germination). 

Seedling vigor index was calculated as below (Eq. 4): 
 
 Vigor Index (VI) = emergence (%) x Seedling length (cm) (Eq.4) 
 

Flowering dates: Dates when 100% of the plants in a plot attained anthesis and 
incipient silk extrusion were recorded and expressed as days after planting, as well as 
stem diameter, and seedling leaves number at 21th days after planting were measured. 

Seedling heights at 21th day after planting: This is the measure of a distance from the 
surface of the soil to the flag leaf-bearing nodes. Fresh weight was determined and dry 
weight was calculated by drying seedling (at 21th day after planting) in an oven at 75°C 
until the weight remained constant. The top ear was determined from 5 randomly selected 
plants in a plot and the mean of the measurements was determined and presented as the 
plant height. The proximate composition of the grain, including protein, starch, and oil 
were analysed after harvesting based on the method prescribed by AACC (2000). 

Statistical Analysis 

The acquired data in this study were analyzed using Genstat® Statistical software 
version 19. The software was used to analyze the analysis of variance (ANOVA) at a 
significance level of p <0.01; the Fisher’s test was used to define the observed levels of 
significant differences between the means of the datasets. All the measurements were 
performed in triplicates. 

Results 

Table 2 shows the seed emergence percentage and other parameters. Evidently, each 
laser exposure time and intensity significantly influenced the field emergence percentage. 
The percentage of emergence was found to be increased over the control, reaching a 
maximum seed emergence percentage of 91.6% by seeds irradiated with 4 mW/cm2 laser 
intensity for 85 s. A decreased percentage was observed at 65 s as the lowest seed 
emergence percentage of 58.6 and 62.5% was recorded from the seeds irradiated at 65 s 
and the un-irradiated control seeds, respectively. The increased percentage of emergence 
was significantly different (p < 0.01) when compared to the control seeds. 
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Table 2. Field emergence and growth components after seed pre-treatment with blue laser 

Treatments 
emergence 

% 

emergence 

index 

emergence 

speed 
(hour) 

mean 

emergence 
time (hour) 

vigor 

index 

plant height 

(cm/plant-) 

leaves 

number/ 
plant 

fresh 

weight 
(g) 

dry 

weight 
(g) 

T1P1 87.50b 6.41ab 43.33c 51.00de 282.80e 20.20c 8.20ab 1.89a 0.70a 

T1P2 83.33c 6.33abc 48.80d 53.12e 345.60c 21.60bc 7.80bc 1.84a 0.64a 

T2P1 58.66f 4.16d 63.18e 64.19f 148.80i 18.60c 8.40ab 1.84a 0.56a 

T2P2 83.33c 6.00bc 48.95d 46.67bc 240.00g 20.00c 7.00cd 2.28a 0.41a 

T3P1 91.66a 7.25a 25.71a 33.00a 520.80a 25.13a 8.20ab 3.66a 0.70a 

T3P2 87.50b 6.58ab 37.60b 44.57b 377.60b 23.60ab 8.80a 4.00a 0.71a 

T4P1 83.33c 6.16abc 43.20c 49.71cd 266.00f 19.00c 7.20cd 2.70a 0.50a 

T4P2 66.66d 5.16cd 42.50c 54.25e 288.40d 20.60bc 7.80bc 2.32a 0.49a 

Control 62.50e 4.58d 38.60b 45.33b 188.00h 18.80c 6.80d 2.34a 0.46a 

T * * * * * * Ns Ns Ns 

P Ns Ns Ns Ns * Ns Ns Ns Ns 

T*P * Ns * * * * * Ns Ns 

LSD 2.47 1.23 2.14 3.14 2.64 3.48 0.91 2.59 0.84 

The exposure time: T1=45 s, T2=65 s, T3=85 s, and T4=105 s. Power density: P1=4 mW/cm2, and 
P2=2 mW/cm2. Means of treatments were compared using the least significant difference (LSD) at 
p ≤ 0.01. Mean values with the same letters in the same column are statistically equal (Fisher’s, a = 0.01) 

 
 

A similar trend was also observed in the mean emergence time as shown in Table 3. 
The seeds irradiated with 4 mW/cm2 laser intensity for 65 s needed 64.19 h as the average 
emergence time, whereas those irradiated for 85 s required only 33 h, showing a 
significant difference in the respective emergence times. The emergence speed was 
observed to be 25.7 h for seeds exposed to 4 mW/cm2 laser intensity for 85 s, showing a 
considerable increase compared to seeds irradiated for 85s at a laser intensity of 
2 mW/cm2 (37.6 h) and un-irradiated treatment group (38.6 h). This reduction in 
emergence speed for the seeds exposed to laser treatment (T3P2 and T3P1) was significant 
at (p < 0.01) when compared to the control seeds. There was also a linear improvement 
in the seedling vigor index by 520 in seeds treated with a laser power intensity of 
4 mW/cm2 for 85 s compared to the other treatments. The highest emergence index of 
7.25 was recorded for 85 s of 4 mW/cm2 (P < 0.01), which was statistically significant in 
comparison to the control (4.58). 

The maximum plant height, fresh and dry weights of seedling were observed in seeds 
treated with laser for 85 s. The plant height and the number of leaves were increased by 
a single exposure to laser for 85 s (p < 0.01) compared to the control set. Laser irradiation 
for 85 s at 4 mW/cm2 significantly increased the plant height (25.13 cm) for the seedlings 
from the control seeds (18.8 cm). The laser treatments also significantly affected the 
number of leaves per maize plant as shown in Table 2. Increases in the number of leaves 
per plant for both power densities were observed. The best results (8.8 leaves/plant) were 
exhibited by seeds irradiated with 2 mW/cm2 laser intensity for 85 s, followed by those 
irradiated with 4 mW/cm2 laser intensity for 85 s (8.4 leaves/plant). The minimum number 
of leaves per plant (6.8) was obtained in the un-irradiated control. There was no 
statistically significant difference between the observed effects of treatments of the fresh 
and dry weights of the maize seeds (Table 2). 
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Table 3. Flowering and seed quality components after seed pre-treatment with blue laser 

Treatments 
Protein content 

(%) 

Oil content 

(%) 

Starch content 

(%) 

Stem diameter 

(cm) 

Days to Anthesis 

(day) 

Days to Silking 

(day) 

T1P1 16.30ab 3.08c 68.78cd 2.30bc 60.40b 61.50a 

T1P2 14.60bc 6.22a 71.25b 1.90c 59.33b 63.90a 

T2P1 16.67ab 3.95bc 66.30cd 2.20bc 58.92ab 63.30a 

T2P2 16.70ab 6.18a 69.40c 1.90c 59.13ab 62.70a 

T3P1 18.00a 6.33a 76.83a 3.50a 56.20a 62.25a 

T3P2 18.20a 6.22a 73.11a 2.80abc 58.72ab 64.00a 

T4P1 13.70c 3.81bc 71.76b 2.30bc 61.40b 64.10a 

T4P2 14.80bc 4.27bc 63.82e 2.60abc 60.83b 65.40a 

Control 16.80ab 4.37b 70.12bc 2.90ab 61.40b 63.00a 

T * * * Ns * Ns 

P Ns * Ns Ns Ns Ns 

T*P Ns * * * * Ns 

LSD 2.47 1.23 1.76 0.91 2.97 3.60 

The exposure time: T1=45 s, T2=65 s, T3=85 s, and T4=105 s. Power density: P1=4 mW/cm2, and 
P2=2 mW/cm2. Means of treatments were compared using the least significant difference (LSD) at 
p ≤ 0.01. Mean values with the same letters in the same column are statistically equal (Fisher’s, a = 0.01) 

 
 

Table 3 also presents the effect of laser exposure on the oil content of the seeds. The 
laser-treated seeds and the control seeds presented a comparable level of oil content. As 
shown in Table 3, there were significant differences in the oil content of the seed. 
Generally, the oil contents of the seeds were increased by exposure to laser for different 
exposure times, where seeds exposed for 85 s to 4 mW/cm2 laser intensity showed higher 
oil content (6.33%), followed by those exposed to 2 mW/cm2 laser intensity (6.22%). The 
control seeds showed the lowest oil content (4.37%). Highest levels of total protein 
content and starch content were recorded in seeds exposed to laser for 85 s compared to 
the control (p < 0.01). The exposure of maize seeds to laser at different exposure times 
had a significant influence on the protein content of the seeds (Table 3). An increase in 
the exposure time to laser was generally found to increase the protein content of the seeds, 
with the highest protein content of 18.2% being observed in seeds exposed to 2 mW/cm2 
laser power for 85 s, followed by 18% for seeds exposed to 4 mw/cm2 laser power for 
85 s. The control seeds had a protein content of 16.8%. The protein content increased 
gradually, and the maximum activities were noted in seedlings derived from 85 s laser 
irradiated seeds, whereas the starch content showed maximum activity at 85 s which was 
found to be significant (p < 0.01) compared to the control group. The different energy 
densities of laser irradiation also increased the stem diameter during the harvest stage. 
Pre-sowing exposure to 4 mW/cm2 laser power for 85 s was observed to significantly 
increase the stem diameter of the plants (3.5 cm) compared to the stems of the control 
seeds (2.9 cm). 

Regarding the days to silking, Table 3 shows a marked difference in the days to silking 
of the maize plants exposed to laser for different exposure times. However, there was no 
statistically significant difference between the observed effects. The shortest period 
(61.5 day) was observed in plant seeds exposed to 4 mW/cm2 blue laser for 45 s compared 
to 65.4 day of the control group. There were also significant differences in the Days to 
Anthesis as presented in Table 3. In general, using different exposure times led to an 
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increase in the Days to Anthesis. For the blue laser, 85 s of exposure at 4 mW/cm2 has a 
shorter period to Anthesis (56.2 day), followed by seeds irradiated with a power density 
of 2 mW/cm2 (58.72 day). The control group had the longest period to Anthesis 
(61.4 day). 

Discussion 

Seed germination is a crucial stage in plant development and can be considered as a 
determinant for plant productivity. Physiological and biochemical changes followed by 
morphological changes during germination are strongly related to seedling survival rate 
and vegetative growth which consequently affect yield and quality. Seed stimulates the 
embryo to produce phytohormones mainly gibberellic acid (GA) which can diffuse to 
aleurone layer and initiate a signaling cascade resulting in the synthesis of a-amylases and 
other hydrolytic enzymes. 

Phytochromes are involved in the sensing of the light environment by seeds, and the 
control of germination by red and far-red light was one of earliest phytochrome-mediated 
responses described Phytochromes can affect the growth capacity of the embryo and/or 
the constraint imposed by seed tissues around it. Much evidence exists for the role of 
phytochromes in promoting the synthesis of gibberellins (GAs), which are important 
stimulants for germination (García-Martinez and Gil, 2001; Hilhorst et al., 2018; Ribalta 
et al., 2019). Phytochromes also play a role in regulating the sensitivity to GAs (Mishra 
and Khurana, 2017). Recently, phytochromes have also been shown to be involved in the 
degradation of abscisic acid, the major plant hormone that maintains dormancy (Miransari 
and Smith, 2014). 

Hernandez et al. (2010, 2011) presented a detailed review of the use of laser treatment 
for plant stimulation. The review suggested that laser light can be used in agriculture for 
seeds bio-stimulation based on the additive interaction between the laser beam (polarized 
and monochromatic) and the photoreceptors that absorb it. This interaction activates 
several biological processes in the exposed seeds. However, the level of effect of laser 
treatment is a function of the laser wavelength, the output power, and the period of 
exposure. 

According to several reports, various laser output powers have been investigated 
(Govil et al., 1991; Jia and Duan, 2013) to 5 mW (Hernandez et al., 2010). Different 
periods of exposure have also been studied, ranging from 30 s (Hernández and 
Michtchenko, 2011) to 120 min (Khalifa and El Ghandoor, 2011). In the present study, 
the highest emergence rate was presented by seeds exposed to 4 mW/cm2 laser intensity 
for 85 s which is comparable to earlier reports by Ćwintal et al. (2010). According to 
several authors, laser treatment can also cause some levels of damage to plant cells and 
tissues (Jia and Duan, 2013). As per Salyaev et al. (2007) and Hernandez et al. (2010), 
there are two specific responses which can be induced upon exposure of cells to laser 
light: (i) a rapid stress effect which increases the level of lipid peroxidation products 
generation, and (ii) series of secondary reactions due to the adaptive metabolic changes 
which can elicit some morphogenetic processes. The present results agreed with previous 
findings by Taie et al. (2014) who reported the maximum germination percentage of some 
Merremia sp. upon exposure to laser light. In a study on Stevia seeds, Goettemoeller and 
Ching (1999) reported that the two weeks-delay and the low seed germination percentage 
observed in the control set could be attributed to the importance of light to the germination 
of Stevia seeds (light-requiring seeds) as the exposed seeds showed better germination 
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percentage compared to the control. All light-requiring seeds have also been earlier 
reported to show dormancy (Taiz and Zeiger, 2011), while the importance of light to seed 
germination and plant growth has been reported (Hernandez et al., 2009). 

However, upon completion of germination, Jala (2011) recorded the highest 
germination percentage in seeds treated with laser light. The present results on 
germination show deviation from Jala (2011) but in line with Colbach et al. (2002) on 
Alopecurus myosuroides and Ambika (2007) on Chromolaena odorata seeds. Horizontal 
and vertical expansion of shoot, particularly leaves, is a genetically-controlled 
developmental process (Tsukaya, 1998) and irradiation with blue light seems to cause 
imbalance in the expression of the concerned genes, leading to inhibition of leaf 
expansion. Furthermore, the improved rate of seed germination could be attributed to the 
matter and energy transfer processes involved in the germination and growth of seeds 
(Abu-Elsaoud et al., 2013). For instance, different intensities of laser treatment have been 
reported to induce the germination of wheat and maize seeds, as well as some vegetables 
(Asghar et al., 2016). The spectral influence of laser treatment on seed germination has 
also been investigated by Chen et al. (2005) in which laser light was reported to induce 
changes in the normal plant functions, and elicited rapid cell division, resulting in a rapid 
rate of initial growth and development. Therefore, the observed positive effects of laser 
light treatment on the seed germination parameters in the present study could be attributed 
to an improved rate of laser-induced cell division. Some reports have also reported that 
laser treatment is a physical process involves the absorption and storage of radiant energy 
by the cells and tissues of plants. This is also applicable to seeds as they first absorb the 
radiation energy before its subsequent transformation into chemical energy for 
subsequent use (El-Naggar et al., 2012; Hedimbi and Singh, 2012; AlSalhi et al., 2018). 

According to Hernandez et al. (2010), the pre-sowing exposure of various seeds (like 
rice, maize, tomato, radish, peas, cucumber, lettuce, onion, etc.) to laser has a significant 
influence on their germination parameters. The seeds of vegetables have been reported as 
the most sensitive seeds to laser stimulation compared to cereals (Gładyszewska, 2006; 
Hernandez et al., 2015). Laser radiation of different exposure times (45, 65, 85, and 105 s) 
as used in the present study showed different effects on maize plants. Statistical analysis 
of this work reveals that plant height, number of leaves and stem diameter increased by 
laser treatments and this may reflect the effect of laser on cell division of shoot taps of 
the exposed shoots. This effect continued in the cell division of all parts of the plant at 
both vegetative and flowering stages. Our results reveal that the exposure to blue laser 
rays for 85 s and 4 mW/cm2 laser intensity had the most pronounced effect in increasing 
the growth criteria for maize plant and decreased emergence time. A similar effect was 
also noticed by Podleśna et al. (2015). These results agree with Chen et al. (2005) who 
showed changes in the protein functional activities. There were also increases in the 
physiological and biochemical characteristics of the seedlings after exposure to laser 
(Chen et al., 2005; Qiu et al., 2013). The exposure time to laser radiation is very important 
to produce stimulation effects and these agree with the report of Rimal et al. (2014). 

From the in-vitro growth data, it was observed that different exposure times to blue 
laser increased the germination and shoot multiplication rates of maize plants. This was 
supported by the reports of Hwida et al. (2012) on Balanites aegyptiaca and Cotoneaster 
horizontalis and Dănăilă et al. (2011) on Petunia hybrid and Dianthus caryophyllus plants. 
According to earlier reports on Balanites aegyptiaca, the maximum number of shootlets 
per explant increases with laser treatments (Lobna et al., 2014; Rania et al., 2015). The 
maize seeds exposed to blue laser for 85 s had the longest plants compared to the control. 
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These results showed the same trend with the reports of Ali et al. (2014), Lobna et al. 
(2014), and Kouchebagh et al. (2014b). The laser-induced cell elongation has been 
reported to increase the level of gibberellic acid which results in increased cell vacuoles 
(Mahmoud and Ibrahem, 2000). Regarding the number of leaves, the seeds exposed to 
blue laser for 85 s has plants with the highest number of leaves per plant compared to the 
control. This observation agreed with the reports of earlier studies (MacLeod and Millar, 
1962; Kamiya and Martinez, 1999; Aguilar et al., 2015). 

Osman et al. (2009) and Aguilar et al. (2015) suggested that laser radiation could 
induce faster rates of enzymatic activities within the cells of the exposed seeds. This could 
also be due to the endogenous GA content and its role in cell growth. It is believed that 
GA can induce cell growth by inducing enzymes that reduce the integrity of the cell wall 
(MacLeod and Millar, 1962). Seeds exposed to blue laser for 85 s produced plants with 
the longest stem diameter and dry and fresh weights compared to the control. Plant growth 
is generally controlled by several factors, such as enzymes and hormones like gibberellic 
acid (GA3) and cytokinin. Kamiya and Martinez (1999) observed that exposure to laser 
plays a significant role in GA3 formation and endogenous level of GA1. The resulting 
increase in GA3 response manifests in better cell growth, reduced cell wall integrity, 
proteolytic enzymes production, increased auxin content, and increased sugar 
concentration; can also increase the osmotic pressure of the cell sap. The physical 
manifestations of the increased cell elongation due to laser radiation are increased plant 
height and number of branches, as well as increased number of flowers (Ali et al., 2014; 
Rania et al., 2015). Exposure to laser can also increase the nitrogen content and result in 
increased protein content. This is necessary for the development of plant organs (such as 
the branches and umbels) (Osman et al., 2009). The study by Mahmoud and Ibrahem 
(2000) showed that laser irradiation can increase cell number, nucleic acids, and 
phospholipids membranes. It can also increase the potassium and phosphorus contents, 
thereby leading to the elongation of laser-irradiated cells. 

However, further details are needed on the effects of different laser irradiation as they 
remain inexplicable (Samuilov and Garifullina, 2007). Coherent laser light beams excite 
electrons and promote the biophoton and entropy emission, thereby triggering an increase 
in the internal energy of the exposed material. The transient action of laser irradiation has 
also been implicated in the stimulation of various functional activities and higher plants’ 
resistance to biotic disease (Rassam, 2010; Podleśny et al., 2012; Srećković et al., 2014; 
Tang et al., 2019). The role of laser technology in the agricultural sector is being evaluated 
from its bio-stimulatory role. Despite the reported positive influences of laser irradiation 
(visible to near IR), its light-regulated mechanism and role in plants are yet to be 
understood (Aguilar et al., 2015). Laser irradiation is emerging as a novel agricultural 
practice owing to its positive role in seed germination, seeds biochemical composition, 
enzyme activities, plant growth, seed quality, stress resistance, fruit size, and yield 
characteristics. Corn seeds stained with methylene blue were treated by Hernández et al. 
(2011) using a laser diode, a wavelength of 655 nm with 27.4 mW of power and 5 min of 
exposure. In these seeds, the number of seeds infected by Fusarium spp. was reduced, 
suggesting the possibility of using laser irradiation as a means of disease control in maize 
seeds, thereby improving the quality of seeds and the final product derived from plants 
emerging from such seeds. 
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Conclusion 

In the present study, the pre-sowing exposure of maize seeds to blue laser light at 
4 mW/cm2 laser intensity and 85 s exposure time significantly improved the seedling 
emergence rate and improved the seed emergence uniformity. Significant modification 
was also observed in the stages of plant growth. Such use of the laser is technically 
feasible and could be one of the solutions to increase seed emergence, seedling growth 
and establishment of more efficient maize seeds. However, future study is needed to 
understand the mechanism underlying phytohormones by the optimum blue laser 
pretreatment. 
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