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SCREENING OF SOYBEAN GENOTYPES FOR WATERLOGGING STRESS 
TOLERANCE AND UNDERSTANDING THE PHYSIOLOGICAL 

MECHANISMS 
 
 

ABSTRACT 
 
 

One of the most exaggerated factors which are liable for diminishing crop yield is 
abiotic stress that comes up as a potent intimidation to worldwide food security in 
proceeding decades. Soil waterlogging in cultivated areas is a common abiotic stress 
which has severe influences on soybean composition and production worldwide. 
Focusing on that issue, an experiment was carried out at Sher-e-Bangla Agricultural 
University, during the month from August to November 2019 to screen out the 
waterlogging tolerance and yield performances of selected soybean genotypes. The 
experiment was laid out in a completely randomized design with three replications. 
The experiment consisted of 2 water level conditions (control and waterlogging) and 
12 genotypes (Sohag, BARI Soybean-5, BINAsoybean-1, BINAsoybean-2, 
BINAsoybean-3, BINAsoybean-5, BINAsoybean-6, SGB-1, SGB-3, SGB-4, SGB-5, 
GC-840). On 15th days after sowing (DAS), plants were revealed to waterlogging for 
12 days period. The waterlogging stress reduced plant height, relative water content 
(RWC), above-ground fresh weight plant-1, above-ground dry weight plant-1, SPAD 
value, leaf area plant-1, number of leaves plant-1, number of branches plant-1, number 
of pods plant-1, number of seeds pod-1, 100-seed weight, seed yield plant−1, stover 
yield, biological yield, whereas increased mortality rate and electrolyte leakage. The 
waterlogged plants showed delayed flowering and maturity than their respective 
control plants. It can be concluded that waterlogging remarkably declined the growth 
and yield of all the soybean genotypes in comparison with the control plants. Among 
the 12 genotypes Sohag, BARI Soybean-5, GC-840, BINAsoybean-1, BINAsoybean-
2 performed better than the other genotypes under waterlogging. These genotypes 
showed a greater number of adventitious roots in their stem under waterlogging stress, 
which probably helps the plants to thrive under waterlogging condition.  
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Chapter I 

 

INTRODUCTION 
 

 

One of the most exaggerated factors which is liable for diminishing crop yield is 

abiotic stress (Acquaah, 2007) that comes up as a potent intimidation to worldwide 

food security in proceeding decades (Hasanuzzaman et al., 2019). Plants are randomly 

revealed to unfavorable environmental circumstances, which are named as abiotic 

stresses, for instance, waterlogging, drought, salinity, heavy metal stress, high 

temperature, nutrient stress, radiation, and environmental pollution (Hasanuzzaman et 

al., 2018; 2017a,b; 2013a,b; 2012) and as a result posing a serious ultimatum to crop 

production. 

 

Soil waterlogging in cultivated areas is a common abiotic stress which has severe 

influences on the composition and production of soybean (Ara et al., 2015; Wu et al., 

2017) and most crops species (Alizadeh-Vaskasi et al., 2018; Duhan et al., 2018) 

worldwide. Waterlogging or flooding is the condition of the soil where water table 

outreaches the root zone of soil or when soil becomes saturated up to 100% and 

become unsuitable for crop production. Flooding is of two kinds: i) waterlogging 

(only the root systems are under anaerobic condition) and ii) submergence; 

submergence maybe two kinds: a) partial submergence (all roots are immersed in 

water and just a portion of shoots are covered by water) and b) complete submergence 

(whole plants are under the water level). Gas exchanges between root systems and 

porous spaces in waterlogged soils are restricted due to diffusion resistance to oxygen. 

In water, which is about 10,000 times greater than in air (Bailey-Serres et al., 2012). 

Excess rainfall, tides, floods, storms, and lack of adequate drainage facilities are the 

causes of waterlogging stress in plants (Kim et al., 2015). Waterlogging stress 

reduced the availability of O2 in plants (Capon et al., 2009). Primarily, waterlogging 

stress causes hypoxic (O2 deficient) stress, which affects aerobic respiration. With a 

course of time, the stress switched to an anoxic (O2 absent) stress condition, which 

causes inhibition of respiration (Wegner, 2010), limitation of energy, deposition of 

noxious compounds (for instance, lactate) and loss of carbon (through the loss of 

about:blank
about:blank#auth-1
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ethanol from the roots) (Tamang et al., 2014). Oxygen is needed for the division of 

cells, development of cell, respiration, absorption and transportation of nutrients in 

plants. Due to flooding stress, plants experienced chlorosis, necrosis, defoliation, 

reduction of growth, reduction in N fixation, yield loss, death of plant at both 

vegetative and reproductive stages (Hasanuzzaman et al., 2016). Flooding stress-

induced ethanol accumulation imposing adverse impacts on various processes 

(Hasanuzzaman et al., 2017a). Voesenek and Bailey-Serres (2015) stated that 

waterlogging stress posed O2 deficiency in the soil, which triggered the accumulation 

of ethylene, phytotoxic mineral nutrients (Mn2+, Fe2+) and also production of reactive 

oxygen (ROS) species and reactive nitrogen (RNS) species in plants. Flooding stress-

induced production of ROS, which was responsible for oxidative stress as well as 

cellular damages like lipid peroxidation, damaged nucleic acid, down-regulation of 

enzyme and activation of programmed cell death (Anjum et al., 2015). 

 

Many countries in Asia experience flooding stress during the rainy season. In 

Bangladesh, the waterlogging condition is common in kharif season due to flash 

flooding and/or rainwater. Soybean crops are usually not tolerant to waterlogging 

stress (Tougou et al., 2012). In different parts of the world, soybean growth and 

production have decreased significantly (Van Nguyen et al., 2017). In different 

flooding cycles, soybean plants reacted significantly different to flooding stress (Wu 

et al., 2017). In soybean, waterlogging stress switched aerobic respiration towards 

anaerobic. Anaerobic respiration triggers alcoholic (C2H5OH) fermentation by 

generating waterlogged-inducible proteins that help in generation of NAD+ and 

conveyed sharp increment activity of alcohol dehydrogenase (ADH) in soybean plants 

(Komatsu et al., 2011a). According to Oosterhuis et al. (1990), waterlogging can 

diminish the yield of soybeans by 17 to 43 percent at the vegetative growth stage and 

by 50 to 56 percent at the reproductive stage. 

 

In Bangladesh, soybean is a promising crop. It is a versatile, nutritionally and 

economically vital legume for its seed composition (Shea et al., 2020). Since it 

contains a considerable source of plant proteins and oils, it has valuable uses as food, 

feed and oilseed crop. Soybean seed contains about 18-22% oil and 38-56% vegetable 

protein with favorable amino acid (USDA, 2018). Worldwide total grain production 

was approximately 338.08 million tons with the coverage of 121.87 million hectares 
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of land and an average yield of about 2.77 metric tons hectare-1 (USDA, 2019). The 

three enormous soybean-growing countries in the world are the United States, Brazil, 

and Argentina. Globally soybean seed production came to 348.7 million tons with 

area harvested 124.9 million hectares of land (FAOSTAT, 2018). According to BBS 

2017-2018, the total land area harvested 59,490 hectares and 98699 tonnes of soybean 

seeds produced in Bangladesh. Waterlogging may be harmful to soybean root 

development, formation and function of the nodule (Cho et al., 2006a). However, The 

plants response to flooding stress varies among the crop varieties and the duration of 

stress. 

 

There might be some approaches to mitigate waterlogging stress condition. For 

optimal production under stress condition, it is essential to identify soybean cultivars 

that are tolerant to flooding. In developing soybean varieties that can withstand pre-

germination conditions of low oxygen during waterlogging, the available genotypic 

variation could be exploited. The criteria for the choice and development of 

waterlogging resistant soybean are appropriate screening methods, morpho-

physiological characteristics correlated with tolerance and the identification of 

promising genotypes. The nodules of soybean can respond to a broad range of oxygen 

concentrations in the rhizosphere (Weisz and Sinclair, 1987). In some soybean 

cultivars, there are several physical features that might be due to flood resistance. The 

plants exposed to waterlogging tries to diffuse oxygen in aerial parts of plants for 

adapting to the stress condition. For the adaptation under stress condition, plants 

modified morphological structures that include leaves hyponasty, shoot elongation, 

the formation of aerenchyma in root cells, formation of lenticels in the stem, 

commencing adventitious roots in the waterlogged stem. These reports revealed that 

waterlogging stress triggered ethylene production, which drives the plant to epinasty, 

chlorosis and senescence of leaf (Voesenek and Bailey-Serres, 2015). Under soil 

flooding conditions, soybean plants inoculated with aerobic bacteria (Bradyrhizobium 

elkanii and japonicum bradyrhizobium) may play an important role in increasing N2 

fixation in plants and boosting plant growth (Beutler et al., 2014). Kadempir et al. 

(2014) also noticed the positive outcome of inoculating B. japonicum in soybean 

plants which enhances the plant's nutritional status as well as improved N2 uptake and 

flooding amendment. Another motile, aerobic, free-living bacterium, which can 

flourish in waterlogged situations is Azospirillum, which can stimulate plant growth 
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and development at various stages (Sahoo et al., 2014). Some species of arbuscular 

mycorrhizal (AM) fungi have the capacity to acclimatize through which they can 

survive in waterlogging stress conditions (Landwehr et al., 2002). Soybean crops have 

a symbiotic relationship with AM fungi and rhizobia (B. japonicum), so the shared 

procurement of nutrients regulates seed production and crop growth under conditions 

of waterlogging (Hattori et al., 2013).  

 

It was hypothesized that if we follow the above-mentioned approaches, plant 

biologists might be able to mitigate the waterlogged-induced stress to some extent. 

Thus, improving genetic resources of soybean and developing waterlogged tolerant 

genotypes is of great importance. In Bangladesh, studies on this aspect have not yet 

been done extensively. Therefore, this experiment has been designed to screen out 

waterlogging tolerance and yield performances of selected soybean genotypes. 

Considering the above mentioned phenomenon the following objectives has been 

taken: 

 

i. To investigate the waterlogging-induced growth and physiological 

damages in soybean genotypes 

ii. To understand the differences in metabolism under waterlogging stress in 

different soybean genotypes 

iii. To screen the tolerant genotypes of soybean under waterlogging  
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Chapter II 

 

REVIEW OF LITERATURE 
 

 

2.1 Soybean: Botany and cultivation status 

 

Soybean (Glycine max L.) is a vital legume crop under the Fabaceae family. 

Depending on the variety, the plant gets taller up to 1.5 m. Stems are covered with 

dark-colored hairs and bear trifoliate leaves with long petiole. In the axils, flowers are 

born individually or in small bunches and depending upon variety, the color of 

flowers are white to purple. The fruit is around 10 cm long and, when fully developed 

and dried, turns yellow to black (Gupta 2012). The fruits containing 1 to 4 seeds are 

called pods. Soybeans have various colors of the seed coat, including dark, brown, 

blue, yellow, green and mottled. This will not sprout if the seed coat is ruptured. The 

blemish, which is apparent on the seed coat, is called the hilum and there is a 

micropyle (little opening in the seed coat) on one side of the hilum through which 

water can be absorbed for the growing of plants (Khojely et al., 2018). 

 

Worldwide total grain production was approximately 338.08 million tons, with the 

coverage of 121.87 million hectares of land and an average yield of about 2.77 metric 

tons hectare-1 (USDA, 2019). The three enormous soybean-growing countries in the 

world are the United States, Brazil, and Argentina. Globally soybean grain production 

came to 348.7 million tons with area harvested 124.9 million hectares of land 

(FAOSTAT, 2018).  

 

According to BBS (2018), the total land area harvested 59,490 hectares and 98,699 

tonnes of soybean seeds produced in Bangladesh. Soybean cultivated area in 

Bangladesh was 59,445 hectares and seed production was 98,699 tonnes (FAOSTAT, 

2018).  
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2.2 Importance of soybean 

 

Soybean is a versatile, nutritionally and economically vital legume for its fruitful seed 

composition (Shea et al., 2020). Since their domestication, soybeans have been an 

important food in Eastern Asia. There are many uses of soybeans, for instance, oil and 

food for human intake and feed for animal consumption. 

 

As it contains a considerable source of plant proteins and oils, it has valuable uses as 

food, feed and oilseed crop. Soybean seed contains about 18-22% oil and 38-56% 

vegetable protein with favorable amino acid (USDA, 2018). Soybean seed comprises 

of protein, oil, soluble and insoluble carbohydrates, ash, moisture in addition to 

different functional products, for instance, isoflavones, anthocyanins, saponin and 

dietary fiber (Bellaloui et al., 2013; Waqas et al., 2014). Both water and oil-soluble 

vitamins are found in the soybean. During oil extraction, water-soluble vitamins are 

not lost. Approximately of 3.25 mg vitamin B1 (thiamin), 3.11 mg vitamin B2 

(riboflavin), 16.9 mg vitamin B5 (pantothenic acid), and 29.7 mg vitamin B6 (niacin) 

are found in a kilogram of soy flour (Kumar et al., 2008a,b). 

 

It is possible to grow soybeans for hay and silage as a pasture crop (Heuze et al., 

2015). For the use of good quality hay, some late-maturing varieties are cultivated and 

harvested at the flowering to maturity stage. As soybean plants are quite coarse and 

fibrous, which can cause digestive inconvenience if consumed alone as a forage crop. 

Moreover, an early harvest is recommended in this case and soybean can be grown as 

monocrop or intercropped with sorghum or maize as a silage crop (Blount et al., 

2013). As soybean silage is bitter in taste, it is hardly ensiled alone (Gobetti et al., 

2011). Sorghum and soybean (60:40) ensiled with molasses make a high quality 

silage (Lima et al., 2011). Tobia et al. (2008) stated that the combination of inoculants 

(i.e, Lactobacillus brevis) and molasses had a synergistic impact on the quality of 

soybean silage 

 

The soybean plants can fix nitrogen in their roots. It can be used as a restorative crop, 

green manuring crop and cover crop and easily can be included in cropping pattern as 

main crop or inter-crop. The crop can be grown in conjunction with cotton, maize and 
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sorghum as a rotational crop. Soybeans are cultivated as green manure in the wet 

tropics of Australia to protect fallow paddocks from erosion (DAFF, 2010). 

 

Giller and Dashiell (2007) observed that the fast-growing soybean plants help in 

reducing the parasitic weed Striga hermonthica in Africa. Soybeans can be cultivated 

in a wide variety of climates and soils in several cropping seasons. Soybean roots 

develop a symbiotic association with specific rhizobium (Bradyrhizobium 

japonicum), which fixes atmospheric N and contributes to soil fertility. Therefore, the 

association has economic and environmental significance as it decreases the use of N 

chemical fertilizer (Miransari et al., 2013; Miransari, 2011). 

 

2.3 Plant abiotic stress: General aspects 

 

The detrimental effect of non-living factors in a given situation on the living organism 

is collectively referred to as abiotic stress. Plants are randomly revealed to 

unfavorable environmental circumstances, which are named as abiotic stresses, for 

instance, waterlogging, drought, salinity, heavy metal stress, high temperature, 

nutrient stress, radiation, and environmental pollution (Hasanuzzaman et al., 2018; 

2017a,b; 2013a,b; 2012) and as a result posing a serious ultimatum to crop 

production. It remains the pronounced obstruction to crop production worldwide. 

Acquaah (2007) reported that considerably more than 50% of yield reduced due to 

abiotic stresses. A variety of morphological, physiological, biochemical and 

molecular changes are triggered by abiotic stress that adversely perturbs crop growth 

and production. It may lead to an unendurable metabolic pressure on cells that 

decreases growth and leads to plant death in extreme cases since the stress becomes 

excessive and continues for an expanded period (Hasanuzzaman et al., 2012).  

 

Plant stress varies depending upon stressor type and existing period. Plants may be 

subjected to any extent of stress caused by any factor. Different factors may take 

different times to become stressful. Like, in a few minutes, air temperature can 

become stressful where soil waterlogging may take days to weeks and soil mineral 

deficiencies may take months to turn into stressful (Taiz and Zeiger, 2006).  
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Due to global warming, crops are continuously exposed to an increased number of 

abiotic and biotic stress conditions that ultimately affect the growth, development and 

yield of crops. Suzuki et al. (2014) demonstrated that concomitant incidents of 

drought and heat showed more exterminating effects on crop production than these 

stresses happening separately at different crop growth stages.  

 

Moreover, it is of great importance to know the morphological, physiological, and 

biochemical processes that undergo stress injury and to know their adaptation and 

acclimatization mechanisms against unfavorable environmental ccondition. 

 

2.4 Waterlogging stress  

 

Waterlogging or flooding is the condition of soil where water table outreaches the 

root zone of soil or when soil becomes fully saturated and become unsuitable for crop 

production. Flooding is of two kinds: i) waterlogging (only the root systems are under 

anaerobic condition) and ii) submergence; submergence maybe two kinds: a) partial 

submergence (all roots are immersed in water and just a portion of shoots are covered 

by water) and b) complete submergence (whole plants are under the water level). 

Excessive precipitation, floods, tides, storms, and inadequate drainage facilities are 

the causes of waterlogging stress in plants (Kim et al., 2015). Waterlogging stress 

reduced the availability of O2 in plants (Capon et al., 2009).  

 

Primarily, waterlogging stress causes hypoxia (O2 deficient), which affects aerobic 

respiration. With a course of time, the stress switched to an anoxic (O2 absent) stress 

condition, which causes inhibition of respiration (Wegner, 2010). Oxygen is needed 

for the division of the cell, growth of cell, respiration, uptake and transportation of 

nutrients in plants. Due to flooding stress plants experienced chlorosis, necrosis, 

defoliation, reduction of growth, reduction in N fixation, yield loss, death at both 

vegetative and reproductive stage of plants (Hasanuzzaman et al., 2016). Flooding 

stress induced ethanol accumulation imposing adverse impacts on different processes 

(Hasanuzzaman et al., 2017a).  

 

Ashraf (2012) observed a reduction of growth and development of plants as there lack 

oxygen and deficient of micronutrients under waterlogging stress. Flooding stress 
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posed detrimental effects on seed germination, growth, yield, root anatomy etc in 

plants (Dufey et al., 2009). Voesenek and Bailey-Serres (2015) stated that 

waterlogging stress posed O2 deficiency in the soil, which triggered the accumulation 

of ethylene, phytotoxic mineral nutrients (Mn2+, Fe2+) and also generation of ROS and 

RNS in plants.  

 

Flooding stress-induced production of ROS, which was responsible for oxidative 

stress as well as cellular damages like lipid peroxidation, damaged nucleic acid, 

inactivation of enzyme and activation of programmed cell death (Anjum et al., 2015). 

 

Plants exposed to waterlogging tries to diffuse oxygen in aerial parts of plants for 

adapting to the stress condition. For adaptation under stress condition plants modified 

morphological structures that includes leaves hyponasty, shoot elongation, the 

formation of aerenchyma in root cells, formation of lenticels in the stem, commencing 

adventitious roots in the waterlogged stem. These workers also reported that 

waterlogging stress triggered ethylene production, which drives the plant to epinasty, 

chlorosis and senescence of leaf (Voesenek and Bailey-Serres, 2015).  

 

2.5 Effect of waterlogging on crop attributes  

 

2.5.1 Effect on growth 

 

González et al. (2009) demonstrated that waterlogging stress reduced leaf area and 

specific leaf area (SLA) by 36.2% and 26.2% than the control quinoa (Chenopodium 

quinoa Wild.) plants. 

 

While working with 15 genotypes of maize under waterlogging stress, Lone and 

Warsi (2009) found that nearly all the tested genotypes showed depletion in the plant 

height and ear height. In another experiment, Ren et al. (2014) observed that the 

overall growth and development of maize significantly affected due to waterlogging. 

 

Plant height, leaf length and leaf number was observed in a decreasing manner in two 

cultivars and two wild related species of tomato palnt. But there were increased 

adventitious root formation under waterlogging. Among the four genotypes, 
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CLN2498E and CA4 showed high waterlogging tolerance, followed by LA1421. The 

genotype LA1579 showed sensitivity against waterlogging (Ezin et al., 2010). 

 

Paltaa et al. (2010) reported that leaf area (56–70%), the number of branches (50%) 

and root growth were decreased in both chickpea cultivars at flooding stress in 

comparison with the control plants. The kabuli cultivar (Almaz) showed less depletion 

in growth parameters than the desi cultivar (Rupali). Shoot dry weight were reduced 

by 56% and 70% in Almaz and Rupali cultivars, respectively, under waterlogging 

condition. 

 

In green gram, plant height, leaf area, the number of leaves and dry matter were 

considerably reduced by flooding stress. They observed that 4 days of waterlogging 

was more severe than waterlogging for 2 days compared to control. Waterlogging 

reduced the plant height by 33%, the number of leaves by 31%, leaf area by 31%, 

number of branches by 34%, and total dry matter by 30% (Prasanna and Rao, 2014).  

 

In some research, the exaggerated effect of waterlogging has been recorded on some 

water-loving plants. While working on two rice genotypes (Puzhuthiikar and 

IR72593), Anandan et al. (2015) reported that the genotype Puzhuthiikar exhibited 

noteworthy increment of leaf blade length, sheath length and area but the reduction in 

leaf blade area than the genotype IR72593 under prolonged flooding stress. 

 

Shin et al. (2017) worked with six Korean maize lines (KS85, KS124, KS140, KS141, 

KS163, KS164) on which they imposed waterlogging for about 30 days at V3 stage. 

After 30 days of waterlogging treatment, they observed that plant height, the number 

of fully-expanded leaves were reduced significantly and among the six lines, KS140 

performed better. 

 

Duhan et al. (2018) carried out an experiment with four genotypes (ICPH-2431, 

PARAS, UPAS-120, H09-33) of pigeonpea and found that total plant biomass was 

declined by 22.3–28.1% under 8 days of waterlogging. Among the tested genotypes, 

ICPH 2431 exhibited minimum and UPAS 120 exhibited a maximum decline of plant 

biomass at flooding stress. 
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Waterlogging stress showed deleterious effects on plant growth parameters of seven 

different barley genotypes. Among the genotypes TX9425, Yerong and TF58 found 

tolerant against waterlogging in some extent and Franklin, Naso Nijo and TF57 were 

found to be waterlogging-sensitive. Waterlogging-tolerant genotypes exhibited less 

decline in plant height, SPAD value, tillers, shoot and root biomasses than the 

waterlogging-sensitive genotypes (Luan et al., 2018). 

 

Li et al. (2018) performed a study with 18 different maize cultivars and observed 

plant height, dry weight, root length, root hairs, root surface area and root volume 

were decreased under flooding stress.  

 

Chávez-Arias et al. (2019) aimed to evaluate the impacts of waterlogging stress 

(flooding for 4, 6 and 8 days with and without Foph) in cape gooseberry plants 

infected with Fusarium oxysporum f. sp. Physali (Foph). With waterlogging for 6 and 

8 days inoculated plants showed a higher disease progress curve (55.25 and 64.25) in 

comparison with the inoculated plants but without waterlogging (45.25). They noticed 

that waterlogging significantly affected stem diameter, leaf area, DW. Cape 

gooseberry plants exhibit a less acclimation to flooding stress for more than 6 days in 

soil with Foph.  

 

Liu et al. (2020) aimed to distinguish the variation between lowland (YueFu (YF)) 

and upland (IRAT109 (IR)) rice genotypes in terms of flooding tolerance. 

Waterlogging for 7 days were applied to 28 days old rice seedlings. They found that 

root length (11.8% and 16.0%), root dry weight (9.9% and 10.6%) and shoot dry 

weight (13.3% and 25.3%) were reduced under flooding stress in YF and in IR 

genotypes, respectively. 

 

2.5.2 Effect on plant physiology and metabolism 

 

Waterlogging stress has a significant influence on plant physiology and metabolism. 

Lone and Warsi (2009) reported that waterlogging remarkably reduced transpiration 

rate, stomatal conductance, SPAD value in maize genotypes. The net photosynthetic 

rate of the leaf of the wheat plant showed a decreased manner when the plants were 

exposed to hypoxia (Zheng et al., 2009). 
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Ashraf (2012) reported that primarily under waterlogging condition plants showed a 

lessened gas exchange, stomatal conductance, CO2 absorption and hydraulic 

conductivity of roots. Flooding impedes photosynthetic rate in plants. Akhtar and 

Nazir, (2013) also stated that in C3 plants, waterlogging stress impelled stomatal 

closure.   

 

Kumar et al. (2013) performed research with four genotypes of mungbeans, including 

two tolerant genotypes (T-44 and MH-96-1) and two susceptible to waterlogging 

(MH-1K-24 and Pusa Baisakhi). Plants were exposed to 3, 6 and 9 days of 

waterlogging at the vegetative stage. Relative water content (RWC), membrane 

stability index (MSI), photosynthetic rate, chlorophyll and carotenoid content were 

decreased at different durations of waterlogging stress. Nevertheless, the effects were 

more noticeable in sensitive genotypes than the tolerant genotypes. 

 

While working on six wheat genotypes Amri et al. (2014) reported that after 28 days 

of waterlogging chl content decreased minima of 41.3% and 44.5% for cv. Salammbô 

and cv. Utique against maxima of 58.5%, 58.9% and 60.7% for cv. Vaga, FxA and cv. 

Ariana, respectively. Leaf water potential, net photosynthesis, chl concentration 

showed a decreased manner due to recurrent flooding in Cichorium intybus plant 

(Vandoorne et al., 2014). 

 

Two sugarcane varieties, one is an early maturing (V1) and another is a mid-late 

maturing (V2) on which 96 h waterlogging stress is imposed. The results showed 

increased RWC (85% to 90% in the V1 variety and 87% to 90% in the V2 variety), 

proline content (V1 than V2). They also resulted in reduction of chl a, chl b and 

carotenoids contents under waterlogging treatment (Bajpai and Chandra, 2015). 

 

Anandan et al. (2015) conducted an experiment with 2 rice genotypes (Puzhuthiikar 

and IR72593) under prolonged waterlogging stress. The genotypes in a long time 

waterlogging demonstrated elevated photosynthetic rate, stomatal conductance to 

CO2, reduced transpiration rate and intercellular CO2 concentration than the control 

plants. Even so, Ci in Puzhuthiikar under prolonged hypoxia (316.5 µmol CO2 mol 

air−1) was not notably differed from control (316.6 µmol CO2 mol air−1). 
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Shin et al. (2017) worked with 6 Korean maize lines (KS85, KS124, KS140, KS141, 

KS163, KS1644) on which they imposed waterlogging for about 30 days at V3 stage. 

After 30 days of waterlogging treatment, they observed that SPAD values were 

reduced significantly and among the six lines, KS140 performed better. 

 

Duhan et al. (2018) performed an experiment with four genotypes (ICPH-2431, 

PARAS, UPAS-120, H09-33) of pigeonpea plants and found that proline and 

membrane injury (MI) extended under all waterlogging treatment. A maximum 

elevation of proline content was recorded in genotype ICPH 2431 and the minimum 

was in UPAS 120. An elevation of 101–128% proline and 110–121% MI in 

waterlogging (W) (8 days) 1 DAR (day after removal) of treatments in 20 days old 

plants were observed. Though at 8 DAR, a partial recovery was observed in MI and 

proline content, which was 65–110% and 37–60% increase under W in 20 days aged 

plants. At 12 days W 8 DAR, no plant was survived. 40 days old plants showed less 

elevation of proline content (81–109%) for waterlogging 8 days 1 DAR. Membrane 

injury was more detrimental for 40 days old plants under the same treatment. 

Genotype UPAS 120 (165%) showed maximum and ICPH 2431 (125%) minimum 

increase. Waterlogging (8 days) treatment resulted in a decrease of 23–38% and 31–

39% Chl content and RWC respectively at 1 DAR of treatments which furthermore 

declined to 16–30% and 28–38% at 8 DAR in 20 days old plants. In 20 days old 

plants, 12 days waterlogging treatment resulting in 42-49% and 40-47% reduction at 1 

DAR, while no survival was observed at 8 DAR. More chl content and RWC 

decreased in 40 day old plants, resulting in a 51-56% and 44-51% decrease of 1 DAR 

from waterlogging (8 days) treatment, respectively. No survival in 40-days old 

pigeonpea plants was observed at any duration of waterlogging treatment 

 

Alizadeh-Vaskasi et al. (2018) noticed that, waterlogging treatments declined chl a 

and b and carotenoids and enhanced proline contents in three wheat genotypes (N-93-

19, N-93-9 and N-92-9) in tillering and stem elongation stages. In the tillering stage, 

carotenoids contents declined in N-93-19 genotype (16, 38 and 67%), N-93-9 

genotype (15, 27 and 54 %), and N-92-9 genotypes (11, 16 and 29%) for 7, 14 and 21 

days of WL, respectively in comparison with the corresponding controls. In the stem 

elongation stage, a reduction of carotenoid content was observed at 7 d of 

waterlogging, but there was no noteworthy differences between the three wheat 

about:blank#auth-1


14 
 

genotype. carotenoids contents declined in N-93-19 (49 %), N-93-9 (36%) and N-92-

9 (32%), respectively in comparison with the corresponding controls under 14 d 

flooding treatment. 

 

During waterlogging stress conditions of nine wild solanaceous plants, there observed 

a rapid stomatal closure and reduced photosynthesis and stomatal conductance. 

Among them, Solanum torvum species appeared photosynthetically better under 

waterlogging and had greater stomatal conductance as well (Kumar et al., 2018). 

 

While working with 6 maize genotype Akter et al. (2018) found the total chl content 

was decreased by 12%, 9% and 8% in CML54 × CML487; 8%, 5% and 3% in P18; 

30%, 12.5% and 43% in CML 54; 18%, 20% and 14% in CML 486 × CML 487; 

19%, 14% and 27.2% in CML 486 followed by 12%, 10% and 13% in CML 487, 

respectively on the 2, 4 and 6 days of waterlogging stress condition.  

 

Waterlogging treatment significantly reduced MSI, chl content, and fluorescence in 

four blackgram genotypes (Uttara, T-44, IC530491, IC519330) for about 10 days of 

waterlogging at vegetative stage. In comparison with Uttara, MSI and chl content was 

greater in IC530491, IC519330 and T44 (Ruchi et al., 2019). 

 

Anee et al. (2019) conducted an experiment with sesame plants which were exposed 

to waterlogging for about 2, 4, 6 and 8 days at the vegetative stage of plants. They 

showed a reduction of RWC (75%), proline content (20%), chl a, chl (a + b) and 

carotenoid content under waterlogging compared to their respective controls for up to 

8 days. 

 

2.5.3 Effect on plant anatomy  

 

Ashraf (2012) stated that plants commence adventitious root, hypertrophied lenticels 

and aerenchymatous cells for adapting with the adverse waterlogging situation. 

Shiono et al. (2011) also reported that both in wetland and dryland species, 

aerenchymatous tissue formation was augmented. 
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Garcinia brasiliensis (Mart.) seedlings were supplemented with waterlogging for 90 

days. Waterlogging exhibited thicker exodermis, higher xylem number, thicker 

phloem and fewer xylem fibers than the control. The width of exodermis was elevated 

by 24% compared to control (de Souzaa et al., 2013). 

 

Zhang et al. (2015) observed adventitious root porosity was significantly greater in 

waterlogging-tolerant barley genotypes than sensitive genotypes and development of 

aerenchyma was much faster in tolerant genotypes than the sensitive one. In another 

experiment Broughton et al. (2015) also found that under flooding treatment, the 

porosity of adventitious roots were notably higher than the control of two barley 

varieties, which were selected in screening experiments. Flooding induced NO 

formation, which helps in the initiation of aerenchyma in wheat roots (Wany et al., 

2017). 

 

Luan et al. (2018) observed morphological and anatomical adaptations in 7 barley 

genotypes under waterlogging stress. The tolerant genotypes (TX9425, Yerong, 

TF58) displayed a much higher number of adventitious roots under waterlogging 

stress conditions than the sensitive genotypes (Franklin, Naso Nijo, TF57). There 

were observed more intercellular spaces and better integral membrane structures of 

chloroplast in the leaves of the waterlogging-tolerant genotypes as there extended 

ethylene content declined ABA content and less O2.− accumulation. 

 

Liu et al. (2020) worked on two rice genotypes (YueFu (YF) and IRAT109 (IR)) 

where they found that aerenchyma formed under 7 days of flooding in both 

genotypes. They observed that the generation was 1.5 fold higher in YF than in IR 

genotype. 

 

At flooding conditions, roots of plants exhibit different apparatus. Due to 

waterlogging stress conditions, radial O2 was reduced from the roots and there found 

tangential diffusion barriers (Sauter, 2013).  
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2.5.4 Effect on nutrient availability  

 

Smethurst et al. (2005) observed that nutrient constituents (K, P, Cu, Ca, Mg, Zn, and 

B) of leaves and roots notably decreased in Medicago sativa due to flooding stress. 

The uptake of both the macronutrients and micronutrients of plants got disturbed due 

to waterlogging stress (Akhtar and Nazir, 2013). 

 

Ashraf (2012) reported that waterlogging might disintegrate the availability of various 

crucial macro- and micronutrients in the soil which deleteriously affect many 

physiological and biological mechanisms in plants. As there lack essential plant 

nutrients like N, K, Ca, Mg, etc.  

 

2.5.5 Effect on yield  

 

Waterlogging stress significantly reduced yield at both vegetative and reproductive 

stages except for some water craving plants.  

 

Lone and Warsi (2009) conducted experiments with 15 genotypes of Zea mays. 

Among them, 5 were parents and 10 were their single crosses in both winter and 

summer season. They observed that excess soil moisture exhibited a drastic reduction 

in grain yield of all the genotypes. Yield reduction was higher in the winter trial than 

in the summer trial. In winter trials, reduction of yield ranged between 19% in 

YHPP45 (tolerant) to 53% in Pop 3121 × YHPP45. Whilst the reduction of yield 

observed highest in Tarun83 (susceptible genotype) that is 66 % and lowest in 

YHPP45 (tolerant) that is 2% in summer trial. 

 

Forty days old tomato plants (two cultivars and two wild related species) were 

exposed to continuous waterlogging for 2, 4, 6 and 8 days duration by Ezin et al. 

(2010). Waterlogging for 8 days showed a drastic reduction in yield of all the 

genotypes. Yield reduction was observed 22.82%, 69.235%, 89.55%, and 100% in 

CLN2498E, CA4, LA1421, LA1579 genotypes, respectively upon exposure to 8 days 

of waterlogging. Among the four genotypes, LA1579 was waterlogging sensitive, 

CLN2498E, and CA4 showed high tolerance and LA1421 showed tolerance in some 
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extent. Waterlogging for 12 days reduced seed yield of kabuli cultivar (Almaz) and 

desi cultivar (Rupali) of chickpea by 54 and 44%, respectively (Paltaa et al., 2010). 

 

Yaduvanshi et al. (2010) worked with eight wheat genotypes exposing 15 days of 

waterlogging. They detected grain yield reduction of the genotypes due to 

waterlogging stress. Yield reduced in the genotypes by 12% (KRL 3-4), 9.8% (NW 

1076), 9.0% (KRL 146), 190% (Brookton), 162% (PBW 343), 3.2% (KRL 200), 1.7% 

(KRL), 100% (HD 2009), respectively. In another experiment, Rasaei et al. (2012) 

detected a yield reduction of wheat for 10, 20 and 30 days of waterlogging. They 

reported that the highest yield reduction (45%) was observed for 30 days of 

waterlogging. 

 

Few mungbean genotypes, among them two flooding tolerant (T 44 & MH–96–1) and 

two flooding sensitive (Pusa Baisakhi & MH–1K–24) were exposed to different 

duration of waterlogging (3, 6, 9 days). The treatment was imposed at 30 days old 

mungbean seedling. The average yield reduction of the genotypes were observed 

20%, 34%, and 52% at 3, 6, and 9 days of waterlogging, respectively. The yield losses 

during 3 days of waterlogging were almost recovered by tolerant genotypes. Sensitive 

genotypes showed upto 20% yield reduction for 3 days of waterlogging. Sensitive 

genotypes showed 70% (Pusa Baisakhi) and 85% (MH–1K–24) yield reduction when 

exposed to 9 days of c (Kumar et al., 2013). 

 

Amri et al. (2014) carried out experiments with six bread wheat and imposed 28 days 

of waterlogging. They reported 56% yield reduction on an average, maximum 

reduction by 74% (in cv. Ariana and cv. Vaga) and lowest reduction by 39% (in, 

Salammboˆ and Utique). Prasanna and Rao (2014) detected that 2 and 4 days of 

waterlogging declined yield by 25% and 71% in Vigna radiata.  

 

Ren et al. (2014) worked with 2 summer Maize genotypes (cv. Denghai 605 (DH605) 

and  Zhengdan 958 (ZD958)) in field condition exposing 3 and 6 days of 

waterlogging at three-leaves stage (V3), six-leaves stage (V6), tenth day after 

tasseling stage (10VT). Waterloggigng reduced yield by 23%, 32%, 20%, 24%, 8%, 

and 18% in Denghai 605 (DH605) genotype and 21%, 35%, 15%, 33%, 7%, and 12% 
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in Zhengdan 958 (ZD958) genotype at V3-3, V3-6, V6-3, V6-6, 10VT-3, and 10VT-

6 stages when compared with their control plants. 

 

Yield reduction in Sesamum indicum was reported by Sarkar et al. (2016) upon 

exposure to 12, 24 36 h of waterlogging. The author used two cultivars of sesame 

(BARI til 2 and BARI til 3). Upon exposure to 12, 24 36 h of waterlogging yield 

declined by 24, 38 and 39.41% in BARI til 2 and 29, 46 and 53% in BARI til 3, 

respectively in comparison with their control plants. Maximum reduction was 

observed at 36 h of waterlogging duration. 

 

Saha et al. (2016) conducted an experiment with four sesame genotypes (BD-6980, 

BD-6985, BD-6992 and BD-7012) imposing 3 days of waterlogging. They noticed 

yield reduction was minimum in BD 7012 (24%) and maximum in BD 6980 (44%) 

genotypes. Shin et al. (2017) observed Decreased yield in Zea mays when imposed 30 

days of waterlogging. 

 

Grain yield reduction was demonstrated in three wheat lines (N-93-9, N-92-9 and N-

93-19) under 7, 14 and 21 days of waterlogging (WL). The highest reduction of grain 

yield was observed for 21 days of WL. Grain yield declined by 60.15, 56.01 and 

37.08 % in N-93-9, N-92-9 and N-93-19 genotypes, respectively upon exposure to 

WL for 21 days in comparison with their respective control plants (Alizadeh-Vaskasi 

et al., 2018). 

 

Duhan et al. (2018) stated that the genotypes of pigeonpea showed a decline of yield 

as they were exposed to 8 days of waterlogging stress. In UPAS 120, the reduction is 

61.5% and in ICPH 2431 (27.4%) due to waterlogging stress.  

 

2.5.6 Waterlogging-induced oxidative stress and antioxidant defense system in 

plants 

 

Flooding/waterlogging stress causes oxidative damages, as there generate ROS. 

Overproduction of ROS causes harm to the plants. Plant exhibit some antioxidant 

defense system to counteract the negative effects of ROS. The plant has two kinds of 

the antioxidant defense systems, one is enzymatic and another is nonenzymatic 
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antioxidants. Catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase 

(APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase 

(DHAR), glutathione S-transferase (GST), glutathione reductase (GR), peroxidase 

(POX) are enzymatic and glutathione (GSH), ascorbate (AsA), tocopherols, 

carotenoids are nonenzymatic antioxidants (Hasanuzzaman et al., 2012; Khan et al., 

2016a,b; 2015; 2014). All these antioxidants act coordinately in scavenging ROS, 

which gives protection to tissues from oxidative stress. 

 

Zhang et al. (2007) stated that waterlogging for about 18 days increased lipid 

peroxidation in the membrane of two barley genotypes: Xiumai 3 (tolerant) and 

Gerdner (sensitive). Upon exposure to waterlogging, SOD activity increased and was 

greater in the sensitive genotype than the tolerant one. Both POD and CAT activity 

was increased in the tolerant genotype than the sensitive one. GR activity increased in 

both the genotypes. 

 

Two genotypes of wheat: Yangmai 9 (waterlogging tolerant) and Yumai 34 

(waterlogging sensitive), were exposed to waterlogging stress for about 15 days. After 

15 days of waterlogging treatment MDA content increased by 15 and 22%, SOD 

activity decreased by 27 and 30%, CAT activity by 51 and 20% in Yangmai 9 and 

Yumai 34, respectively than the control plants. In sensitive genotype (Yumai 34), 

POD activity was reduced by 14% than the control. At the same time, tolerant 

genotype showed higher POD activity (10%) under waterlogging than the control 

(Tan et al., 2008). 

 

While working on two genotypes (ICPL 84023 and ICP 7035) of Cajanus cajan, 

Sairam et al. (2009) observed that H2O2 and OH• contents increased under 6 days of 

flooding stress. SOD, APX, GR, CAT activity increased upon exposure to 

waterlogging. When applied flooding stress for about 10 days, H2O2 content increased 

290% than the control Allium fistulosum plants. The activity of SOD, POD, CAT, GR 

also enhanced when exposed to flooding stress (Yiu et al., 2009). 

 

Research work was conducted by Zheng et al. (2009) with two wheat genotypes 

(Huaimai 17 and Yangmai 12) under hypoxia stress. They noticed an enhancement of 

lipid peroxidation and a reduction of ATP synthesis in the chloroplasts under 5 days 
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of waterlogging. Damanik et al. (2010) conducted an experiment with Oriza sativa 

(cv. FR13A) and observed that 8 days of waterlogging enhanced the activity of APX 

and SOD. 

 

Bin et al. (2010) worked with 2 maize genotypes: HZ32 (flooding-tolerant) and K12 

(flooding-sensitive), exposing 2, 4, 6, 8 and 10 days of waterlogging. Lipid 

peroxidation was increased considerably in K12 while in HZ32 showed no difference 

upto 6 days of waterlogging. The activity of SOD, POD, APX, GR and CAT was 

higher in the tolerant genotype than the sensitive one. 

 

In maize (two genotypes viz. HZ 32 and K 12), lipid peroxidation elevated notably 

when exposed for 10 days of waterlogging (Tang et al., 2010). Enhanced MDA 

content was observed in wheat (cv. Yangmai 9) for 7 days of waterlogging (Li et al., 

2011). 

 

Sairam et al. ( 2011) performed an experiment with Vigna luteola, a highly tolerant 

wild species, and two mung bean (V. radiata) varieties: T 44 (tolerant) and Pusa 

Baisakhi (susceptible). Vigna luteola and T 44 showed an increased SOD and APX 

gene expression, while Pusa Baisakhi showed a little expression when exposed to 

waterlogging for 8 days than their control plants. 

 

Xu et al. (2012) reported 29% increase of MDA content when 2 days of waterlogging 

was applied in sesame (cv. WSG-EZhi2). The activity of SOD increased in the WSG-

EZhi2 genotype while the activity of POD and CAT declined in WTG-2541 and 

WTG-2413 genotypes upon exposure to 48 h of waterlogging stress. 

 

El-Enany et al. (2013) also found enhancement of MDA and H2O2 content by 32% 

and 43%, respectively, for about 30 days of waterlogging in cowpea plants. de Souzaa 

et al. (2013) demonstrated a conspicuous increment of H2O2 content for prolonged 

waterlogging (60 days) in Geophagus brasiliensis. Waterlogging for 80 days 

enhanced SOD and APX activity in G. brasiliensis. 

 

In sesame (cv. Ezhi-2) plants, waterlogging for 6 days increased MDA content by 1.8 

fold than the control plants. waterlogging for 8 days increased SOD and APX activity 
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(Wei et al., 2013). In another experiment with two genotypes of sesame (BD 6980 

and BD 1012), Saha et al. (2016) found that MDA content increased by 5.79% and 

48.2% in BD 6980 and BD 1012, respectively, for 2 days of waterlogging stress 

condition. 

 

Two sugarcane varieties, one is an early maturing (V1) and another is a mid-late 

maturing (V2) on which 48 and 96 h of waterlogging stress are imposed after 60 days 

of planting. Upon exposure to waterlogging, early maturing (V1) showed a higher 

SOD gene expression, while mid-late maturing (V2) showed a lower SOD gene 

expression than the control plants (Bajpai and Chandra, 2015). Duhan et al. (2018) 

demonstrated that 12 days of flooding increased MDA content by 59–91% in pigeon 

pea plants.   

 

Alizadeh-Vaskasi et al. (2018) performed a study with three wheat genotypes (N-93-

19, N-93-9 and N-92-9), which were exposed to waterlogging stress (7, 14 and 21 

days) in both tillering and stem elongation stages. They found that MDA content 

increased in all the tested genotypes for 21 days of flooding and the highest increase 

was observed in N-93-19 genotypes. The activity of SOD enzyme increased by 73.67, 

79.55 and 66.99 % in N-93-9, N-92-9 and N-93-19 genotypes, respectively. the 

activity of POD enzyme decreased in all the three wheat genotypes while N-93-19 

genotype showed the highest decrease upon exposure to 14 days of waterlogging 

treatment. However, N-93-19 and N-93-9 genotypes showed a significant decrease in 

CAT activity but N-92-9 genotype showed a considerable increase in CAT activity 

under waterlogging compared to control. 

 

Luan et al. (2018) carried out an experiment with seven different barley genotypes 

under waterlogging stress. Waterlogging for 21 days increased superoxide radical 

(O2·−) in leaves 9, 8, 29, 28, 27 and 20% in genotypes TX9425, Yerong, YYXT, 

Franklin, Naso Nijo and TF57, respectively, while no notable variation was found in 

TF58. 

 

In cape gooseberry plants, MDA content increased for 8 days of waterlogging stressed 

plants inoculated with Fusarium oxysporum f. sp. Physali (Foph) (Chávez-Arias et al., 

2019). 
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Anee et al. (2019) found that MDA (39%), H2O2 content increased and AsA (38%), 

GR (23%) content decreased in sesame (cv. BARI Til-4) plants when exposed to 8 

days of flooding. The author reported rising of APX (61%), MDHAR (55%), DHAR 

(59%), GPX (47%), CAT (33%), GSSG activity upon exposure to 8 days of 

waterlogging in sesame plants. In blackgram, MDA content and SOD activity also 

increased under 10 days of waterlogging treatment (Ruchi et al., 2019).    

 

While working on 18 maize genotypes, Li et al. (2018) reported a reduction of MDA 

contents in all the genotypes except the GT2, HMT8, YT13 and TBN6 genotypes of 

maize. Notably, waterlogging declined MDA contents by 24.49%, 33.68% and 

24.67% in XMXZ, XMXN and YXN2 genotypes, respectively, under 2 days of 

waterlogging stress which was due to higher antioxidant enzymes activities that help 

plants to tolerate under hypoxia condition. Activity of SOD enhanced by (19.16% to 

56.89%), POD (19.16% to 106.96%) and CAT (26.08% to 57.29%) under flooding 

for 2 days. 

 

In an experiment, Kumar et al. (2018) found MDA content to be increased under 7 

days of waterlogging stress in Solanum torvum while working with 9 wild 

solanaceous species. Also, SOD, CAT, POD activity increased under flooding stress.  

 

Liu et al. (2020) worked on two rice genotypes (YueFu (YF) and IRAT109 (IR)), 

where they found that IAA, ethylene and H2O2 content were increased under 7 days of 

flooding. 

 

2.6 Abiotic stress responses in soybean 

 

Different adverse environmental stresses cause detrimental effects on soybean plants. 

Even so, the stresses greatly vary on genotypes, nature and duration of the stress. 

 

Salinity stress adversely affects in morphological, physiological and biochemical 

processes of soybean plants. Shu et al. (2017) reported that salt stress hampered 

soybean seed germination, seedling establishment. They also stated that MDA, CAT, 

SOD, POX were increased under salinity stress. Soybean plants showed 30-76% 

reduction of plant height and fresh weight when 50-200 mM NaCl was applied 
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(Amirjani, 2010). Katerji et al. (2003) observed that seed yield of soybean was 

reduced by 20% and 56% when applied salt stress of 4.0 dS m-1 and 6.7 dS m-1, 

respectively. 

 

Like salinity stress, drought stress also showed an adverse influence on soybean 

production (El Sabagh et al., 2018). Research work was conducted by Anjum et al. 

(2011) under drought condition where they observed a reduction in pod number  

plant-1 (18.22%), number of seed plant-1 (15%), number of seed pod-1, 100 seed 

weight (13%), biological yield plant-1 (16%) and seed yield plant-1 (22%), respectively 

than the control soybean plants. Under drought stress, net photosynthesis was 

significantly decreased in soybean plants (Anjum et al., 2013). An experiment was 

conducted with three genotypes (M7, L17 and Hamilton) of soybean in drought stress. 

The drought was created by applying PEG 4000. He observed that with the 

enhancement of drought levels (0, −3, −6 and −9 bar) reduced percent germination. 

Among the all tested genotypes, M7 performed better than the rest two genotypes 

(Salimi, 2015). BARI Soybean-5, BARI Soybean-6, Shohag and BD2331 were found 

as tolerant to drought stress, which was screened out from fifty soybean genotypes 

under drought condition (Chowdhury et al., 2016). 

 

Metal or metalloid toxicity also negatively affects on plant growth, development and 

productivity. Farooq et al. (2013) stated plant height (40% and 74%), root length 

(32% and 67%) and leaf area (34% and 62%) of cotton plant reduced significantly 

during exposure to different level of cadmium (Cd) concentration (1 and 5 µM) 

respectively compared to control. Cd stress (5 µM) increased the amount of MDA, 

H2O2 and EL by 72%, 67% and 77%, respectively in plants which indicate the 

increased production of oxidative stress in cotton plants than the control. MDA 

content also increased in rapeseed seedlings by 37 and 60% at 0.5 and 1 mM CdCl2 

stress, respectively. DHA, APX, GST, GSH, GSSG and GR activity also increased in 

stress condition where activity of CAT, MDHAR and DHAR reduced significantly at 

both stress but GPX activity only increased at mild stress (0.5 mM) (Hasanuzzaman et 

al., 2017c).  

 

Temperature stress could include two kinds, one is high temperature (HT) stress and 

another is low temperature stress (chilling stress). High temperature stress can pose 
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impacts to plants with a short period of time. For soybean emergence, a suitable 

temperature ranges from 15-22° C (Liu et al., 2008). Anto and Jayaram (2010) 

conducted an experiment with soybean seeds to investigate high temperature stress. 

They imposed high temperature 50, 60 and 70° C for 10 h and observed that seeds 

could withstand up to 70° C. But there reduced germination percentage, moisture 

content, the vigor of soybean seedlings in comparison with the control. The thickness 

of palisade and spongy parenchyma soybean leaves were increased by increasing 

temperature (Djanaguiraman et al., 2011). Snider et al. (2009) mentioned that high 

temperature distressed pollen viability and stigma receptivity that reduced fruit set 

and ultimately decreased yield. A suitable temperature ranges from 25-29° C had 

found to be optimum for pod setting in soybean, which got affected above 37° C 

(Lindsay and Thomson, 2012). 

 

Exposure to ultraviolet (UV) radiation may have a negative impact on plants. 

Baroniya et al., (2011) performed a study to ascertain the effect of solar UV-B 

radiation in 8 genotypes of soybean. A reduction of plant height, leaf area, number of 

nodes, number of pods and weight of seed were observed under UV-B radiation stress 

than the control plants. 

 

Soybean crops are usually not tolerant to waterlogging stress (Tougou et al., 2012). 

Some literature on the consequences of waterlogging on soybean plants have been 

presented below. 

 

 2.7 Effect of waterlogging on soybean plants  

 

2.7.1 Effect on growth  

 

Linkemer et al. (1998) reported that plant height, leaf area and dry weight were 

decreased when flooding stress induced at the vegetative stage of soybean plants. 

Youn et al. (2008) carried out an experiment with supernodulating mutants (SS2-2 

and Sakukei 4) and their wild type (Sinpaldalkong 2 and Enrei) of soybean. The 

plants were exposed to 15 days of flooding stress at the beginning flowering (R1) 

stage. After the removal of water, they observed that root dry mass was reduced by 

62-67% in supernodulating mutants and 41-45% in wild types, respectively. 30 days 
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after removal of water presented 64-75% and 51-64% in supernodulating mutants and 

wild types, respectively. 

 

VanToai et al. (2010) conducted both screen house (SP05 and SU05) and field tests 

(FD06) with 21 soybean genotypes to analyze waterlogging tolerance. Plants height 

were affected in both tests. In SP05 experiment, plant height ranged from 22 to 69 cm 

with an average of 47 cm in control plants of 21 genotypes when waterlogging 

decreased the average to 30 cm. In SU05 experiment, the average in control was 55 

cm, whereas it dropped to 40 cm under flooding condition, the reduction was 

estimated 27% as compared to control. In FD06 experiment, plants grew 13% taller 

under flooding stress, in control, the average height was 45 cm whereas 50 cm in 

waterlogging treatment. In all the three experiments, genotype Nam Vang and VND2 

grew tall under waterlogging stress. 

 

In a field experiment, four soybean genotypes (AGS 313, G 00351, BD Soybean-4, G 

00197) were exposed to 3 waterlogging stages, i) Control ( no waterlogging) ii) 

waterlogging at R1 stage (blooming) iii) waterlogging at R4 stage (full pod) for 7 

days. Shoot dry matter was accumulated by 69, 67, 65 and 54% in genotypes AGS 

313, G 00351, BD Soybean-4 and G 00197, respectively, at R4 stage waterlogging 

(Ara et al., 2015). 

 

While working on two soybean lines, PI408105A (waterlogging tolerant line (WTL)) 

and S99-2281 (waterlogging susceptible line (WSL)) in waterlogging stress Kim et al. 

(2015) found that the shoot length (SL), shoot width (SW) of WTL did not appear a 

notable variation between the control and waterlogging treatments, but SL and SW of 

WSL were slightly decreased 10 days after treatment (DAT) compared to control 

plants. Root length (RL) did not vary in control and treatment. Whereas shoot fresh 

weight and root fresh weight varied. In WTL, no significant difference was found in 

SFW between control and treatment for 5 DAT but there observed a reduction at 10 

DAT.  

 

Andrade et al. (2018) analyzed the role of pretreatment of soybean seeds with 

hydrogen peroxide (70 mM H2O2 solution) for stimulating the tolerance of soybean 

seedlings under flooding stress. They observed that biomass accumulation in roots 
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and shoots, stem diameter were increased in plants as the seeds were pretreated with 

H2O2.  

 

Kim et al. (2018) reported that the root surface area (RSA) of control soybean plants 

was significantly increased at 5 DAT (days after treatment), 10 DAT and 15 DAT, 

compared to waterlogged (WL) and WL with ethylene (ETP) applications. Compared 

to WL -only treated soybean plants, RSA was increased in WL with ETP treated 

soybean plants. They also noticed that ETP application induced adventitious root 

initiation in soybean plants under waterlogging stress. 

 

2.7.2 Effect on physiology and metabolism  

 

Yordanova and Popova (2007) reported that photosynthesis and chl content dropped 

remarkably for prolonged waterlogging stress. 

 

Due to waterlogging stress, several proteins regulating glucose degradation, sucrose 

accumulation, signal transduction, cell wall relaxing and alcohol fermentation were 

changed in soybean plants using proteomics (Komatsu et al., 2015; 2012). However, 

Nanjo et al. (2013) stated that waterlogging stress decreased the proteins involved in 

conserving cell structures and increased the proteins involved in production of energy. 

 

While working on two soybean lines, PI408105A (waterlogging tolerant line (WTL)) 

and S99-2281 (waterlogging susceptible line (WSL)) in waterlogging stress (5 cm 

from the soil surface) Kim et al. (2015) found that proline contents were not 

significantly different at 5 days after treatment (DAT) but showed a significant 

reduction at 10 DAT in both WTL and WSL. Proline content showed less reduction in 

WSL than the WTL during flooding stress at 10 DAT. Photosynthetic activity was 

reduced in soybean plants under hypoxia stress conditions (Mutava et al., 2015).  

 

While working on 40 soybean genotypes, Wu et al. (2017) observed that 3 days of 

waterlogging notably reduced leaf chl content resulting color variation in leaves.  

 

Andrade et al. (2018) analyzed the role of pretreatment of soybean seeds with 

hydrogen peroxide (70 mM H2O2 solution) for stimulating the tolerance of soybean 
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seedlings under flooding stress. 12 days aged soybean seedlings were exposed to 

waterlogging (0, 16 and 32 days). Since 16 days of waterlogging, gas exchange and 

chl content were higher in the pretreated plants than the control. At 32 days, they 

tended to decrease. The authors also found that pretreated plants showed the least 

electrolyte leakage in the cells of the root. 

 

While working on soybean Kim et al. (2018) aimed to apply ethylene (ETP) on 

waterlogging stressed plants and found that application of ETP lessened flooding 

stress and significantly enhanced photosynthetic activity as well as bioactive GA4 

content in comparison with untreated plants. 100 µM ETP- treated plants showed 

enhancement of total amino acid contents. 

 

2.7.3 Effect on plant anatomy  

 

Under the waterlogging stress condition, the formation of secondary aerenchyma was 

found in soybean seedlings. After 3 weeks of waterlogging, secondary aerenchyma (a 

white and spongy tissue) was formed in the hypocotyls, tap root, adventitious roots 

and root nodules. At 14 days of waterlogging, 30% porosity increased in waterlogged 

hypocotyl developing secondary aerenchyma where 10% porosity was observed in the 

hypocotyl of irrigated plants that did not develop aerenchyma (Shimamura et al., 

2003). 

 

While working on two soybean lines, PI408105A (waterlogging tolerant line (WTL)) 

and S99-2281 (waterlogging susceptible line (WSL)) in waterlogging stress Kim et al. 

(2015) observed that number and size of aerenchymatous cells were greater in the 

flooding than the control plants of WTL. The WSL did not show any considerable 

difference between treatment and control plants. Therefore, the formation of 

secondary aerenchyma played an important role in adapting hypoxia stress.  

 

2.7.4 Effect on nutrient availability  

 

Davanso et al. (2002) reported that waterlogging stress inhibited the uptake of carbon 

(C), nitrogen (N) and other macronutrients. On the other hand, it enhanced the uptake 

of iron (Fe), which causes iron toxicity.  

about:blank#auth-1


28 
 

In a field trial Cho and Yamakawa (2006b) stated shoots faced more starvation than 

roots under the waterlogging condition as there prevailed nutrient deficiency. 

 

Content of N, P, K in soybean leaves were obtained lower when imposed 

waterlogging stress for 8 days (Rhine et al., 2010). Two cultivars of soybean (Hefeng 

50 and Kenfeng 16) were exposed to hypoxia stress and it was observed that number 

of nodule reduced by 84% and 64% in Hefeng 50 and Kenfeng 16, respectively. 

Reduction of the number of nodules were observed at flowering, pod bearing and 

grain filling stages thus causing distressed in N fixation in roots (Miao et al., 2012).  

 

While conducting proteomic analysis on waterlogged soybean cotyledons Komatsu et 

al. (2013) obtained a decreased number of calcium oxalate crystals in cotyledons of 

soybeans. Soybean plants developed a symbiotic relationship with arbuscular 

mycorrhizal (AM) fungi and rhizobia (B. japonicum). Through this symbiosis, plants 

could acquire nutrient which helped the plants under water-stressed condition (Hattori 

et al., 2013). Kadempir et al. (2014) also stated that inoculation of B. japonicum 

improved nutritional status mitigating waterlogging stress in soybean plants.  

 

Under waterlogging stress, plants show a reduction of nutrient uptake. Content of N 

and K were significantly increased under waterlogging stress when soybean plants 

were supplemented with ETP in comparison with waterlogged only. Total macro 

element content was decreased in waterlogged-only and ETP-treated soybean plants 

in comparison with the control at 10 DAT (days after treatment) and 15 DAT (Kim et 

al., 2018). 

 

2.7.5 Effect on yield  

 

Three soybean cultivars were exposed to waterlogging and waterlogging for 9 days 

decreased seed yield by 38, 44 and 66% in Saebyeolkong, Sobaeg- namulkong and 

Pungsan-namulkong, respectively. Increasing waterlogging duration also decreased 

the number of pods m-2 in all three cultivars (Cho and Yamakawa, 2006a). 

 

Rhine et al. (2010) held an experiment under waterlogging and demonstrated that 20 

to 39% yield reduced in several soybean cultivars at R5 stage for 8 days of 
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waterlogging. They also reported that waterlogging at R5 stage caused more reduction 

in yield than waterlogging at R2 stage 

 

VanToai et al. (2010) conducted both screen house (SP05 and SU05) and field tests 

(FD06) with 21 soybean genotypes to analyze waterlogging tolerance. Seed yield 

were reduced in both tests for two weeks of waterlogging. In SP05 experiment, grain 

yield ranged from 8 to 18 g plant-1 in control plants of 21 genotypes when 

waterlogging decreased the seed yield on an average of 53%. In SU05 experiment, 

seed yield ranged from 10 to 19 g plant-1 in control plants of 21 genotypes when 

waterlogging reduced the seed yield on an average of 62%. In FD06 experiment, seed 

yield ranged from 265 g plot-1 to 898 g plot-1 in control plants of 21 genotypes when 

waterlogging reduced the seed yield on an average of 74%. In all three experiments, 

VND2, NamVang and ATF15-1 genotypes respond tolerant against flooding stress. 

Two weeks of waterlogging in SP05, SU05 and FD06 experiments decreased grain 

yield by 80, 75 and 92%, respectively.   

 

Soybean plants showed reduced yield for about 17-40% and 40-57% at vegetative 

stage and reproductive stage, respectively under waterlogging stressed condition than 

the non-stressed condition (Nguyen et al., 2012). 

 

VanToai et al. (2012) analyzed the change in seed composition of 5 soybean plant 

introductions (PIs) (PI086449-0, PI398395, PI416753, PI423838, and PI567251) 

which were tolerant to waterlogging stress and a cultivar (Williams) which were 

sensitive to waterlogging stress. Under waterlogging stress linoleic and linolenic 

acids, daidzein, genistein and glycitein contents were decreased in all genotypes. A 

composite indicator- seed quality index (SQI) was increased by 4% in the PIs, but 

SQI were decreased by 5% in the check cultivar.  

 

Mustafa and Komatsu (2014) reported that the yield of soybean crops reduced up to 

25% in Asia, North America and other regions of the world under waterlogging 

damages.  

Kuswantoro (2015) conducted an experiment with 16 soybean genotypes, including 

two check varieties (Lawit and Sinabung), exposing waterlogging to plants at 21 days 

after planting till harvesting. In his study, he observed days to flowering and days to 
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maturing of the tested genotypes were longer in the flooding condition than the 

control condition. Genotype MLGG 0096 showed the highest yield, which was 

equivalent to check varieties. 

 

While working on 40 soybean genotypes under waterlogging stress, Wu et al. (2017) 

reported that flood-sensitive genotypes had more reduction of seed yield than the 

flood-tolerant genotypes. 

 

2.7.6 Oxidative stress and antioxidant defense  

 

In soybean, waterlogging stress switched aerobic respiration towards anaerobic. 

Anaerobic respiration triggers alcoholic (C2H5OH) fermentation by producing flood 

inducible proteins that help in generation of NAD+ and conveyed sharp enhancement 

of ADH activity in soybean plants (Komatsu et al., 2011a). In another experiment, 

Komatsu et al. (2011b) used proteomics and metabolomics in combination to analyze 

the effects of waterlogging on cells mitochondria. As waterlogging initially damages 

the mitochondrial electron transport chain (ETC), which triggers ROS generation.  

 

While working on two soybean lines, PI408105A (waterlogging tolerant line (WTL)) 

and S99-2281 (waterlogging susceptible line (WSL)) in waterlogging stress  Kim et 

al. (2015) noticed that formation of ethylene was considerably elevated in  WTL (9 

fold and 4 fold increase) in comparison with WSL (2 fold and 3 fold) at 5 days of 

treatment (DAT) and 10 DAT, respectively. A reduction of 61% and 68% methionine 

content, 38 and 49% abscisic acid (ABA) in WTL at 5 DAT and 10 DAT, 

respectively but methionine content and ABA were reduced by 31%, 41% and 16, 

26% in WSL. At 5 DAT, gibberellic acid (GA) was notably high in WTL, but at 10 

DAT it was not that high. Jasmonic acid (JA) content was that different than the 

control at 5 DAT in both WTL and WSL. Salicylic acid (SA) was higher in WTL at 5 

DAT and 10 DAT in waterlogged stressed plants than the control. However, in WSL, 

SA were not significantly different between waterlogged and control plants. Later, 

Kim et al. (2018) observed that GST, DHAR2 protein was downregulated in the WL 

only treated soybean plants, but that was it was revived by an application of ethylene 

(ETP). In shoots, GR activity was reduced in the WL only and WL with ETP treated 
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plants compared with the control. In shoots, GSH activity was increased in WL with 

ETP treated plants compared to control and WL only treated soybean plants.  

 

Andrade et al. (2018) analyzed the role of pretreatment of soybean seeds with 

hydrogen peroxide (70 mM H2O2 solution) for stimulating the tolerance of soybean 

seedlings under flooding stress. 12 days aged soybean seedlings were exposed to 

waterlogging (0, 16 and 32 days). Since 16 days of waterlogging improved the 

antioxidant system in plants pretreated with H2O2. They stated that SOD, CAT and 

APX activity were seen increased and ROS decreased in leaf and root of pretreated 

plants than the control at 16 days of hypoxia. They also observed a lower level of 

H2O2, O2.− and lipid peroxidation in leaf and root under the same condition.  

 

2.8 Genotypic variation of waterlogging tolerance in soybean 

 

VanToai et al. (2010) conducted both screen house (SP05 and SU05) and field tests 

(FD06) with 21 soybean genotypes to analyze waterlogging tolerance. Plants height 

were affected in both tests. In all the three experiments, VND2, NamVang and 

ATF15-1 genotypes respond tolerant against flooding stress. 

 

Rhine et al. (2010) carried out a 3-year cultivar screening trial to assess the tolerance 

of soybean genotypes to flooded conditions. Each year there performed screening of 

about 360 soybean cultivars. In this study, the authors found 5 cultivars that showed a 

range of tolerances under flooding stress. The cultivars are Manokin, P94B73, 

Mersch- Denver, Desloy 4710 and DK4868.  

 

While working on 40 soybean genotypes under different levels of waterlogging stress 

(3, 6, 9, 12 days) Wu et al. (2017) observed that R1 stage was more sensitive than V5 

stage in plants. They used plant survival rate (PSR) and foliar damage score (FDS) as 

indicators to waterlogging tolerance. These workers also stated some optimum 

flooding duration, which may be used for screening out of tolerant genotypes. 

Flooding for about 9 and 6 days in V5 and R1 stages, respectively, were found to be 

distinguishable for the screening of soybean genotypes. 
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Rajendran et al. (2019) carried out an experiment to assess the germination of 128 

soybean genotypes under different waterlogging levels (3, 5, 7, 9 and 11 days). 2 days 

delay were observed in coleoptiles emergence of genotypes for 3 days flooding. The 

increase rose to 11 days when waterlogged for 9.7 days where only two genotypes 

showed 70% or more germination. These workers found two genotypes: WT3 and 

WT8 that had more than 70% germination and less than 5 days delayed coleoptiles 

emergence when compared with control. At 9 days of waterlogging treatment, 78 

genotypes showed 50% germination and 5.7 days delayed coleoptiles emergence, 

whereas 73 genotypes showed no germination. At 11 days of waterlogging treatment, 

almost inhibited germination of all the 128 genotypes except 10 that showed 50-59% 

germination and delayed in final emergence. 

 

Garcia et al. (2020) worked on three soybean genotypes (PELBR10-6000, PELBR11-

6028 and PELBR11-6042) and two cultivars (TEC IRGA 6070 and BMX Potência) 

under flooding stress. They observed that all the genotypes vanquished waterlogging 

stress following discrete mechanisms. Flooded PELBR10-6000 exceeded control 

plant levels CO2 assimilation rate by triggering fermentative enzymes and alanine 

aminotransferase. Cultivars BMX Potência showed similar mechanisms and restored 

metabolic activities to control levels till the end of the recovery period. PELBR11-

6028 and PELBR11-6042 triggered antioxidant defenses and TEC IRGA 6070 didn’t 

delay in flowering.  

 

These literature urge for improving genetic resources of soybean and developing 

waterlogged tolerant genotypes.   
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Chapter III 

 

MATERIALS AND METHODS 

 

 
This chapter includes a detailed description of the experimental time, location, 

environment, seed or planting materials, care, design and layout of the experiment, 

cultivation process, application of fertilizers, intercultural operations, data collection 

and statistical analysis of the experiment. 

 

3.1 Location 

 

The experiment was carried out at Sher-e-Bangla Agricultural University, Dhaka (90º 

77´ E longitude and 23° 77´ N latitude), Bangladesh from the period of July 2019 to 

November 2019.  

 

3.2 Climatic condition of the experimental site 

 

The area of the experimental site was under the subtropical climate. The experiment 

was conducted in kharif-II season. During the experiment, a temperature around 30° C 

prevailed in the month of July to September 2019. The temperature started falling 

during the month of October to November 2019. Detailed information of monthly air 

temperature, relative humidity, rainfall, daylight have been presented in Appendix I. 

 

3.3. Plant materials 

 

The plant material used in this study was soybean (Glycine max L. Merill) and there 

were twelve genotypes of soybean. They were Sohag (PB-1), BARI Soybean-5, 

BINAsoybean-1, BINAsoybean-2, BINAsoybean-3, BINAsoybean-5, BINAsoybean-

6, SGB-1, SGB-3, SGB-4, SGB-5, GC-840. 
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3.4 Treatments 

 

There were 12 genotypes and 2 water level conditions as 

 

1. Control (C) 

2. Waterlogging (W) 

 

Each treatment were compared to its corresponding control. Waterlogging treatments 

were started at 15 days after sowing (DAS). The waterlogging treatment applied for 

12 days and then the plants were allowed to recover. The waterlogging condition was 

created by applying standing water 2 inches above the soil surface. 

 

3.5 Design and layout of the experiment 

 

The experiment was laid out in a completely randomized design with three 

replications. There were two sets of pot in the experiment. One set was for measuring 

the growth and biochemical parameters (Destructive data) and another one was for 

measuring yield parameters. Comparative pictures of control and waterlogged plants 

were taken at 25 and 75 DAS.  

 

3.6 Seed collection 

 

The seeds of varieties Sohag (PB-1), BARI Soybean-5 were collected from 

Bangladesh Agricultural Research Institute (BARI), Joydebpur, Gazipur; 

BINAsoybean-1, BINAsoybean-2, BINAsoybean-3, BINAsoybean-5, BINAsoybean-

6 from Bangladesh Institute of Nuclear Agriculture (BINA) and the lines SGB-1, 

SGB-3, SGB-4, SGB-5, GC-840 were collected from Bangladesh Agricultural 

Development Corporation (BADC). 

 

3.7 Soil preparation 

 

The collected soil was sun-dried and then crushed to break the clods. After that 

cowdung and fertilizers were mixed well with the soil, then all the pots were filled 
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with the prepared soil and placed at the experimental shed house. Plastic pots (16-L) 

were used for the experiment.  

 

3.8 Fertilizer application 

 

Cowdung, urea, triple superphosphate, muriate of potash, gypsum and boric acid were 

used in the experiment. The total amount of fertilizers were mixed with the soil at 

final pot preparation. After allowing recovery to the waterlogged plants some amounts 

of urea and TSP were incorporated with the soil. At the reproductive stage, there were 

observed some nutrient deficiencies in the plants. So, liquid fertilizer was applied by 

foliar spraying (1 ml liquid fertilizer (Hyponix Japan) in 1 liter of water). Liquid 

fertilizer was applied by foliar spraying as the plants were already irrigated with water 

before spraying. Fertilizers were applied on the required rate. 

Fertilizer doses are as follows: 

 

Fertilizers Dose (kg ha−1) 

Cowdung 5000 

Urea 30 

Triple superphosphate 70 

Muriate of potash 40 

Gypsum 45 

 

3.9 Intercultural operations 

 

3.9.1 Gap filling and thinning 

 

The continuous observation of crop was made after sowing seeds. It was observed that 

some seeds of soybean lines failed to germinate. So, gap-filling performed for them. 

Thinning was done to maintain 3 seedlings for yield set. 
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3.9.2 Weeding and mulching 

 

Sometimes there were some weeds observed in pots which were uprooted manually. 

Mulching was done very often to keep soil moisten. 

 

3.9.3 Irrigation 

 

Irrigation was given to maintain field capacity moisture level to the control plants  

 

3.9.4 Plant protection measure 

 

There were the attack of several insects to the plants throughout the experiment. 

Caterpillar, leaf roller, stem fly etc insects were seen to harm the crop. For controlling 

the insects, insecticides of several groups were used with an interval throughout the 

experiment. Diazinon® 60 EC, Actara® 25 WG, Ripcord® 10 EC insecticides were 

applied to manage specific insects either singly or in a coctail form with an interval of 

15 days. Insecticides were applied when crop was infested by insects. 

 

3.10 General observation of the experimental pots 

 

Observations were made regularly and the control plants looked normal green. The 

stressed plants showed less greenish leaves, wilting and then died during the 

waterlogging period.  

 

3.11 Data collection 

 

Growth and physiological parameters were collected at 20 DAS and 25 DAS as there 

were observed visible symptoms. Leaf area and SPAD values were taken at different 

interval until the fruiting stage. The yield parameters were recorded at harvest. Data 

were collected on the following parameters: 
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3.11.1 Crop growth parameters 

 

• Mortality rate 

• Plant height 

• Number of leaves plant-1 

• Number of branches plant-1 

• Leaf area  

• Above-ground fresh weight plant-1 

• Above- ground dry matter weight plant-1 

 

3.11.2 Physiological parameters 

 

• SPAD value of leaf 

• Relative water content  

• Electrolyte leakage 

 

3.11.3 Root phenotype 

 

Pictures of adventitious roots of waterlogged plants were taken with the help of a 

digital camera. 

 

3.11.4 Phenotypic comparative pictures 

 

3.11.5 Yield contributing parameters 

 

• Number of pods plant-1 

• Number of seeds pod-1 

• 100-seed weight 

• Seed yield plant−1 

• Stover yield 

• Biological yield 
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3.12 Sampling procedure for growth study during the crop growth period 

 

3.12.1 Mortality rate 

 

Before starting the treatment total number of plants per pot were counted which may 

be denoted as Ni and again after the completion of treatment duration total number of 

plants per pot were counted which may be denoted as Np. The mortality rate was 

calculated using the following formula (Anee, 2016): 

 

Mortality rate (%) = {(Ni – Np) × 100} / Ni 

 

3.12.2 Plant height  

 

Soybean plant height was recorded at different dates. From the ground level to the 

highest tip of the leaf was measured by a measuring scale and counted as the plant 

height. The average height of three plants was considered as the height of the plant for 

each pot. 

 

3.12.3 Number of leaves plant-1 

 

The number of leaves plant-1 were counted at 20, 25, 50 DAS. The average number of 

trifoliate leaves of three plants were considered as the total leaves plant-1. 

 

3.12.4 Number of branches plant-1 

 

The number of branches plant-1 were counted once after the completion of the 

vegetative growth of plants. Branches of three plants were counted and their mean 

values were taken. 

 

3.12.5 Leaf area  
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For measuring leaf area, firstly, leaf images were taken by a digital camera and then 

the area was calculated using Image-J software.  

3.12.6 Fresh weight plant-1 

 

Plant fresh weight was recorded during the stress treatment period. Data was taken at 

20 and 25 DAS. Three sample plants were uprooted from each pot randomly and 

thoroughly washed in running tap water. Then the plants were weighed in an electric 

balance and averaged them to have fresh weight plant-1. 

 

3.12.7 Dry weight plant-1 

 

After recording the fresh weight, the samples were dried in an electric oven 

maintaining 80 °C for 48 h. Then they were weighed in an electric balance and finally 

averaged to derive the dry weight plant-1. 

 

3.13 Sampling procedure for the physiological parameters  

 

3.13.1 SPAD value 

 

Five leaves were randomly selected from each pot. Each leaflet were measured with 

atLEAF (FT Green LLC, USA) as atLEAF value. The total chl content was then 

averaged and calculated by translating the atLEAF value into SPAD units and then 

the total chl content was measured. SPAD value of leaves were taken at different 

dates. 

 

3.13.2 Relative water content 

 

In the experiment, RWC was recorded during the stress treatment period. According 

to Barrs and Weatherly (1962), leaf laminas of fully developed leaves were separated 

from randomly selected plants to measure the Leaf RWC. Whole leaf discs were 

weighted like FW and then floated in Petri dishes on distilled water and kept in dark 

place. After 24 h, the leaf discs were weighed again after removing excess surface 

water and considered as turgid weight (TW). Dry weights (DW) of leaves were 
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measured after drying at 80°C for 48 h finally, Using the following formula, RWC 

was calculated:  

 

RWC (%) = [(FW - DW) / (TW - DW)] ×100 

 

3.13.3 Electrolyte leakage 

 

Electrolyte leakage (%) was recorded at 20 DAS. Electrolyte leakage was measured 

according to the method of Zhang et al. (2006). To measure EL, 0.5 g leaf samples 

were put in a Falcon tube with 15 ml distilled water. The Falcon tubes were then 

incubated in a water bath at 40 °C for about 1 h. After cooling, electrical conductivity 

(EC1) was recorded with an electrical conductivity meter. Samples were again 

incubated in an Autoclave machine for about 1 h and electrical conductivity (EC2) 

were measured after cooling the samples. Electrolyte leakage was calculated using the 

following formula:  

 

EL % = (EC1 / EC2) × 100 

 

3.14 Observation of phenotypes of adventitious root 

 

Roots of waterlogged plants were taken and pictures were taken with a digital camera. 

 

3.15 Observation of plant phenotypes 

 

Control and waterlogged plants were arranged and pictures were taken by a digital 

camera to compare the phenotypes of plants. Comparative pictures were taken two 

times, one at the vegetative phase (25 DAS) and another at the reproductive phase (75 

DAS). Waterlogged plants showed delayed maturity than the control.  

 

3.16 Procedure of measuring yield and yield contributing parameters 

 

3.16.1 Number of pods plant-1 
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The total number of pods plant-1 were counted from the three plants and then 

averaged. 

 

 

3.16.2 Number of seeds pod-1 

 

Ten pods from each pot were selected and seeds were counted from each individual 

pods and then averaged. 

 

3.16.4 100-seed weight 

 

Harvested seeds were sundried and then clean 100 seeds were counted and weighed 

with an electric balance. 

 

3.16.5 Seed yield plant−1 

 

The seeds were separated from stover and weighed.  

 

3.16.6 Stover yield  

 

The above-ground plant without the pods were weighed and data was taken. 

 

3.16.7 Biological yield 

 

The above-ground plant with the pods were weighed and data was taken. 

 

3.17 Statistical analysis  

 

Data accumulated from different parameters were subjected to analysis using CoStat 

v.6.400 (CoStat, 2008) and one-way analysis of variance (ANOVA). For finding out 

mean differences among the replications, Fisher’s least significant difference (LSD) 

test at the 5% level of significance was applied. Pearson correlation analysis was done 

using SPSS v.27 (SPSS, 2020). 
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Chapter IV 

 

RESULTS AND DISCUSSIONS 
 

 

4.1 Crop growth parameters 

 

4.1.1 Mortality rate 

 

Mortality rates vary upon in several genotypes. Among all of the genotypes, the 

lowest mortality rate was observed in BARI Soybean-5 (9%). The mortality rate was 

the highest in the genotypes of SGB-3 (43%) followed by SGB-4 (36%), 

BINAsoybean-2 (35%), BINAsoybean-5 (32%), BINAsoybean-6 (28%), 

BINAsoybean-1 (28%), BINAsoybean-3 (28%), SGB-5 (21%), SGB-1 (17%), GC-

840 (15%) and Sohag (11%) (Figure 1). The genotypes BINAsoybean-2, SGB-4 and 

BINAsoybean-1, BINAsoybean-3 showed no significant difference. All the control 

plants survived in this experiment. 

 

Waterlogging for 2 weeks decreased plant survival to 52%, 69% and 60% in the 

SP05, SU05 and FD06 experiments, respectively (VanToai et al., 2010). Survival rate 

varied in different soybean genotypes in duration-dependent manner (Wu et al., 

2017). While working on 40 soybean genotypes under different levels of waterlogging 

stress (3, 6, 9, 12 and 15days) Wu et al. (2017) observed the survival rate of plants. 

They reported 96.1% plant survival rate (PSR) in all the genotypes at 3 days of 

waterlogging at V5 stage of plants. At 6 days of waterlogging, 31 genotypes exhibited 

tolerant response with 70% PSR, at 9 days, 12 genotypes exhibited tolerant response 

with 46.7% PSR, at 12 days, only 3 genotypes exhibited tolerant response with 34.9% 

PSR and at 15 days, all genotypes exhibited sensitive responses and PSR was 21% at 

V5 stage. 

 

about:blank
about:blank
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Figure 1. Effect of waterlogging stress on the mortality rate of different soybean 

genotypes at 12 days after treatment. For each treatment, the mean (±SD) 

was determined from three replicates. Different alphabets on the bars 

indicate significant difference at P ≤ 0.05 after mean comparison by 

Fisher's LSD test 

  

4.1.2 Plant height 

 

A sharp reduction of plant height was observed at 20, 25, 30 and 50 DAS upon 

exposure to waterlogging stress in comparison to the control condition. The lowest 

reduction in plant height was observed in waterlogged BINAsoybean-2 that was 2, 2, 

1 and 4% at 20, 25, 30 and 50 DAS, respectively, when compared to control condition 

(Table 1). The highest reduction in plant height was observed in waterlogged SGB-1, 

which was 34, 34, 25 and 26% at 20, 25, 30 and 50 DAS, respectively, in comparison 

with the control condition. Upon exposure to waterlogging, the reduction in plant 

height ranged between 3-30% at 20 DAS, 2-33% at 25 DAS, 4-24% at 30 DAS and 9-

25% at 50 DAS, respectively in other genotypes when compared with their respective 

control plants. At 20 DAS, there were observed significant differences in plant height 

to the genotypes Sohag, BINAsoybean-3, BINAsoybean-6, SGB-1, SGB-3, SGB-4, 

SGB-5 and GC-840 under waterlogging in contrast to control plants. The genotypes 

BARI Soybean-5, BINAsoybean-1, BINAsoybean-2, BINAsoybean-5 showed no 

significant difference in plant height under waterlogging when compared to their 
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respective control. At 25 DAS, the genotypes Sohag, BARI Soybean-5, 

BINAsoybean-3, BINAsoybean-6, SGB-1, SGB-3, SGB-4, SGB-5 and GC-840 

showed significant difference and BINAsoybean-1, BINAsoybean-2, BINAsoybean-5 

showed no significant difference in plant height under waterlogging when compared 

to their respective control. At 30 DAS, BINAsoybean-1, SGB-1, SGB-3, SGB-4, 

SGB-5 showed significant difference and Sohag, BARI Soybean-5, BINAsoybean-2, 

BINAsoybean-3, BINAsoybean-5, BINAsoybean-6, GC-840 showed no significant 

difference in plant height under waterlogging when compared to their respective 

control. At 50 DAS, Sohag, BARI Soybean-5, BINAsoybean-1, BINAsoybean-3, 

BINAsoybean-5, BINAsoybean-6, SGB-1, SGB-3, SGB-4, SGB-5, GC-840 showed 

significant difference and BINAsoybean-2 showed no significant difference in plant 

height under waterlogging when compared to their respective control. 

 

In this experiment, plant height was declined due to waterlogging at any ages of 

plants (Table 1). The waterlogging-induced decrease in plant height was noticed in 

soybean (Kim et al., 2018). Similar outcomes were noted in some other crops like 

mungbean (Ahmed et al., 2002), sesame (Anee et al., 2019; Wei et al., 2013; Saha et 

al., 2016). The effect of waterlogging on shoot length was more prominent at the 

vegetative stage than at the reproductive stage (Ahmed et al., 2002). Excess water 

lead to a hypoxic situation, which caused damage to the roots as there prevailed 

insufficient water, minerals, nutrients and hormones. This inadequacy of nutrient and 

water uptake lead to shoot damage and finally, a reduction in plant height was 

observed (Jackson and Ricard, 2003). Hypoxic conditions 

substantially reduced biological nitrogen fixation and accelerated the CO2 

concentration in water as a consequence, the elongation of soybean inhibited (Boru et 

al., 2003). Carbohydrate supply is drastically reduced to the growing cells, which 

hamper the growth of meristematic tissues under waterlogging stress conditions. 

Many research works on the waterlogging respondent mechanisms in soybeans 

showed that most of the proteins manipulated glucose degradation under 

waterlogging. Whereas proteins related to energy production increased, proteins 

involved in the maintenance of the structure of the cells (Nanjo et al., 2013). These 

might result in a decrease in plant height in this study. Besides, the plant can not 

uptake the proper amount of nutrient N, P and K and which result in nutrient 

deficiency symptoms and finally, reduction of shoot length (Rhine et al., 2010).  
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Table 1. Effect of waterlogging stress on plant height of different soybean genotypes 

 

 
Treatments Plant height (cm) 

20 DAS 25 DAS 30 DAS 50 DAS 
Control Waterlogged Control Waterlogged Control Waterlogged Control Waterlogged 

Sohag 21.76 ±1.05ab 19.58 ± 1.12c-f 28.37 ±1.21a-d 25.21 ±1.10efg 35.72 ±0.55b-h 33.83 ±2.17e-i 47.67 ±1.40ij 41.33 ±0.88k 

BARI Soybean-5 21.20 ±1.21bcd 19.50 ± 1.86def 27.30 ±1.51cde 24.70 ±1.67fgh 33.28 ±1.25c-i 31.68 ±0.98d-i 59.98 ±2.03e 54.29 ±2.10fg 

BINAsoybean-1 21.30 ±0.18bc 19.50 ± 0.35c-f 26.24 ±1.05def 25.19 ±1.23efg 39.68 ±0.98abc 30.08 ±3.15d-i 69.69 ±2.70ab 60.60 ±5.17e 

BINAsoybean-2 17.10 ±0.84hi 16.70 ± 0.61hi 23.50 ±0.93ghi 23.00 ±0.50ghi 33.38 ±0.83c-i 33.17 ±2.38c-i 60.84 ±4.26de 58.40 ±1.71ef 

BINAsoybean-3 17.60 ±0.39gh 15.50 ± 1.47ij 23.90 ±0.82ghi 19.60 ±1.17l 27.47 ±1.03hij 26.37 ±0.87g-j 69.56 ±2.35ab 51.82 ±1.58ghi 

BINAsoybean-5 17.02 ±0.91hi 16.57 ± 1.27hi 21.23 ± 1.27jkl 20.73 ±1.57kl 26.33 ±0.33ij 24.28 ±1.38j 61.29 ±1.54de 48.80 ±1.34hi 

BINAsoybean-6 22.10 ±0.41ab 19.28±1.18efg 27.88 ±1.63bcd 25.27 ±1.31efg 43.50 ±3.17a 38.83 ±1.77a-f 71.47 ±2.32a 54.50 ±3.30fg 

SGB-1 21.07 ±1.25bcd 13.98 ± 0.60j 28.79 ±1.99abc 19.10 ±1.27kl 36.00 ±2.33a-e 27.10 ±1.40hij 72.93 ±1.60a 54.20 ±2.33fg 

SGB-3 22.42 ±1.94ab 18.22 ± 0.54fgh 30.19 ±0.59a 25.27 ±1.28efg 38.50 ±1.50a-d 31.53 ±2.20f-i 58.00 ±1.73ef 48.93 ±2.90hi 

SGB-4 23.50 ±1.08a 16.56 ± 1.00hi 29.86 ±0.90ab 20.09 ±1.17kl 39.17 ±1.83a-e 30.68 ±0.58g-j 52.44 ±2.51gh 44.60 ±2.96jk 

SGB-5 23.31 ±1.14a 19.22 ±1.35efg 28.18 ±1.61a-d 24.37 ±1.58fgh 41.58 ±0.05ab 31.60 ±0.03g-j 52.27 ±2.01gh 42.67 ±1.29k 

GC-840 21.00 ±0.82b-e 17.36 ±1.21h 28.42 ±1.79abc 22.88 ±0.90hij 37.95 ±1.72abc 35.83 ±2.13b-g 73.64 ±1.36a 64.98 ±4.48cd 

LSD(0.05) 1.78 2.14 6.43 4.19 

CV (%) 5.2 5.1 4.2 4.1 

For each treatment, the mean (±SD) was determined from three replicates. Different alphabets indicate significant difference at P ≤ 0.05 after 
mean comparison by Fisher's LSD test 
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4.1.3 Number of leaves plant-1 

 

When exposed to waterlogging, the number of leaves plant-1 showed a decreasing 

manner than the control plants. The lowest reduction in leaves number were observed 

in waterlogged GC-840 (2%), BINAsoybean-1 (0.3%) and SGB-1 (3%) at 20, 25 and 

50 DAS, respectively when compared to the control condition (Table 2). The highest 

reduction in leaves number were observed in waterlogged BINAsoybean-1 (26%), 

BINAsoybean-6 (41%) and BINAsoybean-6 (57%) at 20, 25 and 50 DAS, 

respectively in comparison with the control condition. Upon exposure to 

waterlogging, the reduction in leaves number ranged between 2-18% at 20 DAS, 2-

38% at 25 DAS and 4-42% at 30 DAS, respectively, in other genotypes when 

compared with their respective control plants. At 20 DAS, there were observed 

noticeable differences in the number of leaves plant-1 to the genotypes BINAsoybean-

1, BINAsoybean-2, BINAsoybean-6, SGB-1 and SGB-3 under waterlogging in 

contrast to control plants. The genotypes Sohag, BARI Soybean-5, BINAsoybean-3, 

BINAsoybean-5, SGB-4, SGB-5 and GC-840 showed insignificant differences in the 

number of leaves plant-1 under waterlogging when compared to their respective 

control. At 25 DAS, there were observed significant differences in the number of 

leaves plant-1 to the genotypes Sohag, BARI Soybean-5, BINAsoybean-2, 

BINAsoybean-3, BINAsoybean-6, SGB-1, SGB-3 and SGB-4 under waterlogging in 

contrast to control plants. The genotypes BINAsoybean-1, BINAsoybean-5, SGB-5 

and GC-840 showed no significant difference in plant height under waterlogging 

when compared to their respective control. At 50 DAS, there were observed a 

significant difference in all the genotypes. 

 

The number of leaves plant-1 was decreased due to waterlogging at any age of plants 

(Table 2). Flooding lead to a decline in crop growth, net assimilation rate, leaf 

expansion and the ultimate outcome was a reduction of leaf number and leaf area in 

soybean crops (Ezin et al., 2010). Prasanna and Rao (2014) stated that the number of 

leaves plant-1 decreased owing to waterlogging stress in green gram plants. The 

number of leaves plant-1 during and after flooding treatment was also decreased 

drastically at the vegetative stage of mungbean (Ahmed et al., 2002). 
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Table 2. Effect of waterlogging stress on number of leaves plant-1 of different soybean genotypes 

 

 

Treatments 

Number of leaves plant-1  
 

20 DAS 25 DAS 50 DAS 
Control Waterlogged Control Waterlogged Control Waterlogged 

Sohag 4.50±0.14efg 4.40±0.17efg 5.27±0.10c 4.34±0.16d 23.15±0.34jk 19.66±0.82l 
BARI Soybean-5 4.70±0.13efg 4.30±022fg 5.53±0.37c 4.36±0.19d 28.57±0.27e 18.38±1.19mn 
BINAsoybean-1 5.80±0.21d 4.30±0.26g 5.27±0.10c 5.26±0.12c 33.75±0.40a 26.15±0.62h 
BINAsoybean-2 5.90±0.39cd 4.90±0.28e 6.40±0.12b 5.30v0.09c 28.50±0.27ef 27.50±0.32g 
BINAsoybean-3 5.80±0.40cd 5.40±0.29d 5.29±0.08c 4.21±0.09d 27.63±0.31fg 16.71±0.44o 
BINAsoybean-5 4.82±0.34ef 4.68±0.22efg 5.34±0.08c 5.26±0.12c 30.58±0.37cd 19.99±0.29l 
BINAsoybean-6 6.58±0.46ab 5.41±0.49d 7.36±0.17a 4.34±0.16d 29.74±0.32d 12.70±0.12p 

SGB-1 6.91±0.38a 5.79±0.29cd 5.29±0.09c 4.37±0.21d 19.28±0.41lm 18.71±0.63m 
SGB-3 5.74±0.25d 4.80±0.31ef 5.40±0.16c 4.36±0.19d 30.85±0.38bc 17.77±0.44n 
SGB-4 6.30±0.28bc 5.90±0.40cd 5.43±0.22c 3.36±0.30e 25.30±0.86i 22.30±0.36k 
SGB-5 6.00±0.28cd 5.88±0.33cd 5.50±0.11c 5.38±0.13c 31.50±0.87b 23.90±0.42j 
GC-840 5.90±0.29cd 5.80±0.28cd 5.53±0.38c 5.41±0.18c 27.40±0.81g 18.67±0.39mn 
LSD(0.05) 0.508 0.299 0.895 

CV (%) 5.41 3.29 2.18 
For each treatment, the mean (±SD) was determined from three replicates. Different alphabets indicate significant difference at P ≤ 0.05 after 
mean comparison by Fisher's LSD test  
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4.1.4 Number of branches plant-1 

 

When exposed to waterlogging, the number of branches plant-1 showed a decreasing 

manner than the control plants. The lowest reduction in branches number was 

observed in waterlogged BINAsoybean-1 (19%) at 50 DAS when compared to the 

control condition (Figure 2). The highest reduction in branches number were observed 

in waterlogged BINAsoybean-6 (50%) and SGB-3 (50%) at 50 DAS in comparison 

with the control condition (Figure 2). Upon exposure to waterlogging, the reduction in 

branches numbers ranged between 20-45% at 50 DAS (Figure 2) in other genotypes 

when compared with their respective control plants.  

 

Branch number plant−1 decreased upon exposure to waterlogging stress (Figure 2). 

The number of branches plant-1 also reduced in a genotype-dependent manner in 

soybean plants. Kuswantoro (2015) reported that some genotypes of soybean showed 

significant differences, whilst many of the genotypes showed insignificant differences 

among them. Cho and Yamakawa (2006a) showed the number of leaves, branches 

number, nodulation significantly reduced due to waterlogging in soybean. Miura et al. 

(2012) also reported waterlogging for 21 days in soybean, resulting in significant 

reduction in number of branches of soybean plants. Branch number substantially 

decreased 7 days after waterlogging at both the vegetative and reproductive stages of 

soybean (Linkemer et al., 1998). At the vegetative stage, prolonged waterlogging 

greatly reduced branches number in mungbean (Ahmed et al., 2002; Koyama et al., 

2019) and branches number declined by 50% in chickpea (Paltaa et al., 2010). The N 

fixation also declined as a result of the reduction of total biomass. Waterlogging can 

restrict the ability of plant to assimilate carbon and nitrogen by inhibiting carbon and 

nitrogen metabolism. Reduction of CO2 assimilation, photosynthesis rate significantly 

decrease upon exposure to waterlogging; eventually, plant showed stunted growth. 

The stunted plant leads to a lower number of branches. Decreased in branches number 

in respondents to several stresses in soybean were also reported by several studies 

(Akram et al., 2017; El-Sabagh et al., 2015; Hamayun et al., 2015). Many studies on 

the waterlogging responsive mechanisms in soybeans have shown that under 

waterlogging, many proteins control glucose degradation. As proteins related to 

energy production increment, proteins have been involved in preserving the structure 

https://scholar.google.com/citations?user=_yqpZwwAAAAJ&hl=en&oi=sra
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of cells. Due to lack of energy, plant height declined and eventually reduction of 

branches number (Nanjo et al., 2013). 

 
 

Figure 2. Effect of waterlogging stress on number of branches plant-1 of different 

soybean genotypes. For each treatment, the mean (±SD) was determined 

from three replicates. Different alphabets on the bars indicate significant 

difference at P ≤ 0.05 after mean comparison by Fisher's LSD test 

 

4.1.5 Leaf area 

 

A sharp reduction of leaf area was observed at 32, 39 and 46 DAS (Table 3) upon 

exposure to waterlogging stress in comparison with the control condition. The lowest 

reduction of leaf area was observed in waterlogged BARI Soybean-5 (2%) and the 

highest was in SGB-5 (16%) at 32 DAS. At 39 and 46 DAS, the lowest reduction was 

observed in waterlogged genotype Sohag (6% and 5%) and the highest was observed 

in waterlogged genotype SGB-3 (47 and 17%), respectively when compared to the 

control condition. Upon exposure to waterlogging, the reduction of leaf area ranged 

between 3-15% at 32 DAS, 8-30% at 39 DAS and 7-16% at 46 DAS, respectively in 

other genotypes when compared with their respective control plants. Leaf area of 

different soybean genotypes decreased due to waterlogging stress (Table 3), which is 

evidenced by many authors (Pedó et al., 2015; Youn et al., 2008). Similar outcomes 

were observed in some other crops like mungbean (Kumar et al., 2013), barley 

(Zhang et al., 2007), sesame (Anee et al., 2019; Saha et al., 2016) and green gram 

(Prasanna and Rao, 2014). 
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 Table 3. Effect of waterlogging stress on leaf area of different soybean genotypes 

 

 

Treatments Leaf area 
 

32 DAS 39 DAS 46 DAS 
Control Waterlogged Control Waterlogged Control Waterlogged 

Sohag 36.73±0.91ab 35.51±0.88bc 41.02±3.75ab 38.73±3.54a-d 45.49±3.18a-d 43.07±2.71b-f 
BARI Soybean-5 33.27±0.82d 32.60±0.81def 40.71±3.72ab 36.73±3.36b-f 49.04±3.42a 43.06±3.01b-f 
BINAsoybean-1 35.50±0.88bc 32.27±0.80d-g 38.50±3.52a-e 33.70±3.08d-h 43.06±3.01b-f 38.85±2.71e-i 
BINAsoybean-2 29.70±0.74jk 28.47±0.70k 40.08±3.67abc 34.64±3.17d-h 47.70±3.33ab 40.07±2.80e-h 
BINAsoybean-3 35.43±1.01bc 30.48±0.75hij 38.09±3.48a-e 34.97±3.20c-g 45.49±3.18a-d 43.06±3.01b-f 
BINAsoybean-5 31.49±0.78f-i 28.47±0.70k 36.11±3.30b-f 33.18±3.03e-h 38.41±2.68f-i 33.32±2.33j 
BINAsoybean-6 31.71±0.78e-h 31.18±0.77ghi 35.27±2.23c-g 29.32±2.68hi 42.39±2.96c-g 37.74±2.64g-j 

SGB-1 30.38±0.75ij 25.79±0.64l 36.31±3.32b-f 25.32±2.32ij 46.16±3.22abc 41.08±2.87d-h 
SGB-3 28.80±0.71k 24.67±0.61l 38.83±3.55a-d 20.40±1.87j 39.08±2.73e-h 32.50±2.38j 
SGB-4 28.58±0.71k 24.60±0.70l 36.11±3.30b-f 29.97±2.74ghi 41.18±2.88d-h 36.64±2.56hij 
SGB-5 35.84±0.89bc 30.26±0.75ij 42.80±3.91a 30.57±2.80ghi 46.60±3.25abc 43.28±3.02b-e 
GC-840 37.63±0.93a 32.82±0.81de 43.21±3.95a 32.55±2.98fgh 48.37±3.38a 43.50±3.04b-e 
LSD(0.05) 1.30 5.36 4.83 
CV (%) 2.49 9.15 6.98 

For each treatment, the mean (±SD) was determined from three replicates. Different alphabets indicate significant difference at P ≤ 0.05 after 
mean comparison by Fisher's LSD test 
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4.1.6 Above-ground fresh weight plant-1 

 

Upon exposure to waterlogging above-ground fresh weight plant-1 reduced when 

compared to their control plants. The lowest reduction in plant FW were observed in 

waterlogged BARI Soybean-5 (5.7%) and GC-840 (13.1%) at 20 and 25 DAS, 

respectively in comparison with control (Figure 3). The highest decline in plant FW 

were observed in waterlogged SGB-4 (42.6%) and SGB-4 (71.3%) at 20 and 25 DAS, 

respectively in comparison with the control condition (Figure 3). Upon exposure to 

waterlogging, the reduction in plant FW ranged between 8-40% at 20 DAS and 13-

61% at 25 DAS, respectively, in other genotypes when compared with their respective 

control plants. 

 

Aboveground FW plant-1 significantly decreased upon exposure to waterlogging 

stress (Figure 3). Waterlogging-induced reduction in aboveground FW was found in 

soybean in different studies (Kim et al., 2019; Beutler et al., 2014; Miao et al., 2012). 

Research works showed that waterlogging affects Chl and reduces the content of Chl 

and resulting reduction of photosynthetic activity and the decrease in the rate of 

photosynthesis that inhibited plant growth and accumulation of biomass (Ren et al., 

2014). Under waterlogging, the phytology and catabolism of plants are disrupted. 

Restricted stomatal conductance, the transition of gases, metabolism of CO2. 

Reduction of CO2 entering the leaf, which reduced transpiration leading to wilting of 

the leaves and decreased Chl content as a result lower dry matter accumulation 

(Ashraf, 2012). Under waterlogging plants limited uptake of N, P and K. 

Waterlogging can increase cell osmotic pressure and causes in various metabolic 

enzymes, including carbohydrate synthesis. The waterlogging condition can restrict 

the ability of plant to assimilate carbon and nitrogen by inhibiting carbon and N 

metabolism, which result greatly decline of FW (Rhine et al., 2010). Decreased in 

aboveground FW in response to different stresses also reported by many studies 

(Ahmed et al., 2002; Mutava et al., 2015). 
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Figure 3. Effect of waterlogging stress on above-ground fresh weight (FW) plant-1 of 

different soybean genotypes. For each treatment, the mean (±SD) was 

determined from three replicates. Different alphabets on the bars indicate 

significant difference at P ≤ 0.05 after mean comparison by Fisher's LSD 

test 

 

4.1.7 Above ground dry matter weight plant-1 

 

The remarkable decline was recorded in above-ground dry matter weight plant-1 when 

exposed to waterlogging condition. The lowest reduction in plant DW was observed 

in waterlogged Sohag, which was 11 and 8% at 20 and 25 DAS, respectively, when 

compared to the control condition (Figure 4). The highest reduction in plant DW were 

observed in waterlogged SGB-3 (65%) and SGB-1 (57%) at 20 and 25 DAS, 
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respectively in comparison with the control condition (Figure 4). Upon exposure to 

waterlogging, the reduction in plant DW ranged between 8-62% at 20 DAS (Figure 

4A) and 8-43% at 25 DAS (Figure 4B), respectively in other genotypes when 

compared with their respective control plants.  

 

Under waterlogging, aboveground dry matter accumulation also decline at any ages of 

the plants (Figure 4). Similar to fresh weight waterlogging-induced reduction in 

aboveground DW was noticed in soybean in many studies (Miao et al., 2012; Beutler 

et al., 2014; Kim et al., 2019). The mechanism by which plants accumulate dry matter 

is photosynthesis (Ren et al., 2016). Previous researches have shown that 

waterlogging stresses have hindered plant growth and production and, subsequently, 

reduced dry matter accumulation. The reduction of dry matter accumulation in the 

current findings may be due to a decrease in water absorption and inhibition of 

photosynthetic processing and synthesis of carbohydrates. The decrease in 

photosynthesis was due to the decrease in available CO2 through stomatal closure, 

combined effects of leaf water, osmotic capacity, transpirational rate of stomatal 

conductance, RWC of leaf and biochemical constituents such as photosynthetic 

pigments, protein and carbohydrates (Khan et al., 2017; Zhang et al., 2017). Several 

scientists recorded that flooding stress reduced shoot DW of maize (Tian et al., 2019), 

greengram (Prasanna and Rao, 2014) and mung bean (Ahmed et al., 2002; Kumar et 

al., 2013). 
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Figure 4. Effect of waterlogging stress on above-ground dry weight (DW) plant-1 of 

different soybean genotypes. For each treatment, the mean (±SD) was 

determined from three replicates. Different alphabets on the bars indicate 

significant difference at P ≤ 0.05 after mean comparison by Fisher's LSD 

test 

 

4.2 Physiological parameters 

 

4.2.1 SPAD value 

 

SPAD reading which is the indicator of chl content of leaf showed lower value in the 

leaves of waterlogged plants when compared with the control plants. The lowest 

reduction was observed in waterlogged SGB-3 (2%), BINAsoybean-2 (8%), BARI 
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Soybean-5 (12%) and BINAsoybean-2 (8%) at 20, 25, 30 and 40 DAS, respectively in 

waterlogged plants compared to control plants (Table 4). The highest reduction was 

observed in waterlogged SGB-4 (21%), SGB-1 (22%), SGB-3 (23%) and 

BINAsoybean-1 (21%) at 20, 25, 30 and 40 DAS respectively in waterlogged plants 

compared to control plants (Table 4). Upon exposure to waterlogging, the reduction in 

SPAD value ranged between 2-18% at 20 DAS, 10-17% at 25 DAS, 13-22% at 30 

DAS and 15-20% at 40 DAS, respectively in other genotypes when compared with 

their respective control plants.  

 

Soybean responses to waterlogging is sensitive and endeavoring. The soybean leaves 

color appeared from green to yellow after 24 hr waterlogging stress, which is doubted 

to be the decrease of chl content in soybean leaf. The author observed leaf color 

variation after 3-days waterlogging as there observed a significant reduction in chl 

content (Wu et al., 2017). The most fundamental life activity of plants and one of the 

most sensitive physiological processes for waterlogging is photosynthesis. In this 

experiment, SPAD value was decreased due to waterlogging stress (Table 4). 

However, at an earlier stage (15 DAS) did not show any differences in SPAD value. 

Waterlogging in soybeans exhibits a decline in activity in photosynthesis (Mutava et 

al., 2015). Tian et al. (2019) showed that SPAD value reduced 10-38% in KY16 

variety and 5-30% in DMY1 variety of maize due to waterlogging. Earlier studies 

stated that hypoxic stress affects Chl and reduces chl content, the resulting decrease in 

photosynthetic activity and the decrease in the rate of photosynthesis that inhibited 

plant growth and accumulation of biomass. It was noted that waterlogging 

significantly reduced N uptake in soybean leaves and branches. Prolonged 

waterlogging causes a decreased in CO2 assimilation and leading to a remarkable drop 

in photosynthesis and chl (Yordanova and Popova, 2007). 

 

 

 

 

 

 

 

 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wu%2C+Chengjun
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Table 4. Effect of waterlogging stress on SPAD value of different soybean genotypes 

 

 
Treatments SPAD value 

20 DAS 25 DAS 30 DAS 40 DAS 
Control Waterlogged Control Waterlogged Control Waterlogged Control Waterlogged 

Sohag 44.81±0.64d-h 39.57±2.45jkl 43.17±0.75efg 37.59±0.34jk 45.63±0.84a-e 39.67±3.84def 49.13±2.23def 41.89±2.22ijk 
BARI 

Soybean-5 47.35±0.40a-e 41.25±2.02ijk 44.47±1.62def 37.09±2.11jk 43.68±3.34b-f 38.51±2.01ef 46.79±2.29fg 39.12±3.72jkl 

Binasoybean-1 45.32±0.49d-h 39.11±0.64jkl 45.46±1.34cde 35.49±1.82k 45.47±0.38a-e 39.25±3.41def 49.30±0.61c-f 39.14±3.04jkl 
Binasoybean-2 49.82±2.21ab 43.76±2.22f-i 48.46±0.87ab 44.69±1.10de 50.14±1.67ab 43.23±3.44b-f 51.13±0.98cd 47.31±1.48efg 
Binasoybean-3 46.99±3.08b-f 38.87±3.81kl 45.32±0.28cde 38.75±0.11ij 46.47±0.48a-d 39.90±2.63def 47.14±2.14efg 38.51±2.67kl 
Binasoybean-5 45.18±1.68d-h 40.92±3.35i-l 41.85±2.40fgh 35.71±2.87k 44.74±0.93a-e 36.65±2.91f 45.93±2.49fgh 36.75±3.13l 
Binasoybean-6 45.85±3.39c-f 37.69±1.99l 45.71±1.03b-e 39.17±3.92hij 49.61±2.14ab 39.87±3.92def 51.93±0.89bcd 41.55±2.25ijk 

SGB-1 50.44±1.93a 42.43±1.66g-j 48.83±1.89a 38.05±2.68ijk 50.00±0.79ab 42.79±2.35b-f 52.96±1.38abc 44.50±2.39ghi 
SGB-3 45.41±0.19c-g 44.62±0.65e-h 46.53±1.11a-d 38.94±1.99ij 48.99±2.87abc 37.91±3.27g 50.51±1.12cde 41.13±1.67ijk 
SGB-4 50.25±0.56ab 39.49±3.28jkl 47.70±0.20abc 43.01±0.68efg 51.73±2.03a 42.63±4.41b-f 56.52±2.41a 47.21±2.49efg 
SGB-5 48.69±0.71abc 42.41±2.21g-j 47.75±1.50abc 43.17±1.25efg 50.32±1.26ab 41.72±2.11c-f 51.95±1.58bcd 42.39±2.08hij 
GC-840 47.99±0.80a-d 41.97±1.23h-k 48.89±1.21a 40.80±1.53ghi 51.75±2.16a 40.61±2.34def 55.13±0.87ab 44.36±3.93ghi 
LSD(0.05) 3.35 2.79 7.84 3.70 

CV (%) 4.03 3.49 5.43 4.71 

For each treatment, the mean (±SD) was determined from three replicates. Different alphabets indicate significant difference at P ≤ 0.05 after 
mean comparison by Fisher's LSD test 
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4.2.2 Relative water content 
 

When exposed to waterlogging, plants exhibited reduction in leaf RWC at 20 and 25 

DAS. The lowest reduction in leaf RWC was observed in waterlogged BARI 

Soybean-5 (17%) and BINAsoybean-1 (4%) at 20 and 25 DAS, respectively, when 

compared to control condition (Figure 5). The highest reduction in leaf RWC were 

observed in waterlogged BINAsoybean-5 (42%) and SGB-4 (37%) at 20 and 25 DAS, 

respectively, in comparison with the control condition (Figure 5). Upon exposure to 

waterlogging, the reduction in leaf RWC ranged between 18-41% at 20 DAS (Figure 

5A) and 7-29% at 25 DAS (Figure 5B), respectively, in other genotypes when 

compared with their respective control plants. 

 

Relative leaf water content was found to be a crucial factor in assessing plants' 

tolerance to osmotic stress caused by waterlogging. In our study, waterlogging lead to 

a significantly reduced RWC content in the several genotypes of soybean plants 

(Figure 5). Reduction in leaf relative water content indicates an insufficient supply of 

water for cell expansion (Katerji et al., 1997). Despite the excess quantity of water 

available under waterlogged conditions, RWC leaves were reduced by soybean plants. 

This may be due to the prevalence of hypoxia or anoxia that inhibited the permeability 

of the root (Asharf, 2012) and as a result, leaf wilting symptoms were found on plants. 

The corresponding decrease in RWC due to waterlogging was also observed in 

sesame (Anee et al., 2019) and mungbean (Kumar et al., 2013). 
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Figure 5. Effect of waterlogging stress on leaf relative water content (RWC) of 

different soybean genotypes. For each treatment, the mean (±SD) was 

determined from three replicates. Different alphabets on the bars indicate 

significant difference at P ≤ 0.05 after mean comparison by Fisher's LSD 

test 

 

4.2.3 Electrolyte leakage 

 

Due to the imposition of waterlogging, electrolyte leakage increased significantly in 

waterlogged plants than the control plants. The highest increase was observed in 

waterlogged BINAsoybean-1 (260%) and the lowest increase was observed in 

waterlogged BINAsoybean-5 (29%) at 20 DAS in contrast to control. Upon exposure 

to waterlogging, the increase in EL ranged between 34-111% at 20 DAS (Figure 6), 
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respectively, in other genotypes when compared with their respective control plants. 

Waterlogged BINAsoybean-1, BINAsoybean-6; waterlogged BINAsoybean-3, SGB-

1, SGB-4; waterlogged BARI Soybean-5, BINAsoybean-5 and control BINAsoybean-

2, SGB-4 showed no significant difference among them (Figure 6).  

 

Electrolyte leakage was increased upon exposure to waterlogging in several genotypes 

of soybean plants (Figure 6). Electrolyte leakage was enhanced with increasing stress 

levels as compared to the control. Due to Waterlogging stress, cell membrane became 

disorganized which increased the generation of ROS and metabolic toxicity (Jaleel et 

al., 2007). The membrane injury increased with the increasing duration of 

waterlogging stress in pideonpea (Duhan et al., 2018; Kumutha et al., 2009). 

 

 
 

 

Figure 6. Effect of waterlogging stress on electrolyte leakage of different soybean 

genotypes. For each treatment, the mean (±SD) was determined from three 

replicates. Different alphabets on the bars indicate significant difference at 

P ≤ 0.05 after mean comparison by Fisher's LSD test 

 

4.3 Root phenotypes 

 

Waterlogging caused injury to roots owing to cellular anoxia; furthermore root 

meristems exhibited susceptibility (Valliyodan et al., 2014, 2017). Uptake of water 

and nutrients failed due to damaged roots. Bacanamwo and Purcell (1999) stated that 
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soybean plants showed morphological acclimatization under waterlogging stress to 

avoid water loss by declining area of leaf and inducing adventitious root formation. 

They also stated that leaf expansion was not occupied with the accumulation of 

carbohydrates in the leaf of waterlogged plants. Usually, the carbohydrate used for 

leaf expansion may be translocated to the roots to generate adventitious roots. One of 

the main adaptation responses under waterlogging stress is adventitious root 

formation (Ahmed et al., 2002; Yin et al., 2009;). Under flooding, soybean 

adventitious roots showed elevated cortex cell breakup, generating aerenchyma used 

as pores for the transfer of O2 to roots, becoming a plant sustenance technique under 

unfavorable conditions (Beutler et al., 2014). Adventitious roots of soybean under 

waterlogging stress exploited rupture of cortex cells, creating aerenchyma used as 

pores for O2 transferring to roots, being a plant adaptive mechanism under these stress 

conditions (Beutler et al., 2014). Adventitious roots are formed near the surface of 

water where the stem generates aerenchyma to obtain oxygen (Suralta and Yamauchi, 

2008). Adventitious roots have not been found in soybean control plants (Kim et al., 

2018). 

 

Our experiment also supported the hypothesis. Morphological acclimation to 

waterlogging in soybean emerges to adventitious root formation. There formed no 

adventitious roots under control condition. The lowest adventitious roots number were 

recorded in SGB-4 genotype and the highest was observed in GC-840 genotype at 20 

DAS (Figure 7). The least number of adventitious roots were observed in SGB-4, 

SGB-3, SGB-1 and the rest of the genotypes showed a quite better number of 

adventitious roots. Among them, GC-840 showed a higher number of adventitious 

roots (Figure 8). 
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Figure 7. Adventitious root formation of different soybean genotypes under 

waterlogging condition at 20 DAS. Here, the arrows indicating the 

adventitious roots  
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Figure 8. Adventitious root formation of different soybean genotypes under 

waterlogging condition at 25 DAS. Here, the arrows indicating the 

adventitious roots 

 

4.4 Phenotypic comparative observation 

 

In this study, a visible appearance observed under control and waterlogged plants. 

Plants displayed a decrease in height compared to their control plants. Death of plants 

also observed due to waterlogging stress (Figure 9). 

 



63 
 

 
  

 

Figure 9. Phenotypic variations of soybean under waterlogged and control condition 

at 25 DAS. Here, C is denoted for Control and WL for waterlogged plants 

 

Waterlogging for 12 days at the vegetative stage caused delayed flowering and 

maturity in all the genotypes when compared with their control plants (Figure 10), 

which is supported by the study of Kuswantoro (2015). This author carried out an 

experiment with 16 soybean lines, including 2 check varieties (Lawit and Sinabung), 

exposing waterlogging to plants after 21 days of planting till harvesting. In his study, 

he observed days to flowering and days to maturing of the genotypes were longer in 

the flooding condition than the control condition. The variety Sinabung and Lawit 

generally bore flower by 35 and 40 days and became mature by 88 and 84 days, 

respectively (Balitkabi, 2012). Kuswantoro (2015) observed that days to flowering 

and days to maturity delayed by 46, 49 days and 98, 100 days, respectively in 

Sinabung and Lawit variety. The lengthier days to flowering supposedly due to the 

plant always try to thrive against waterlogging stress by renovating their vegetative 

growth, for instance, adventitious root formation. The formation of adventitious root 

needed high energy used by the plants. Furthermore, plants declined energy for 

flowering initiation. The delay in days to flowering initiation is a consequence of 

delay in days to maturing of plants. Moreover, plants faced nutrient deficiency to 

about:blank
about:blank
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uptake by the roots as well as adventitious roots from soil and water. Which hindered 

the plants growth as well delayed days to maturity of soybean plants.  

 

Khairulina and Tikhonchuk (2012) found some dissimilar result in soybean under 

waterlogging stress. Waterlogged plants took shorter interstage period than the control 

plants.  

 

Our study also showed extending of interstage period in the waterlogged plants than 

the control plants. 

 

 
 

 

Figure 10. Phenotypic variations of soybean under waterlogged and control condition 

at 75 DAS. Here, C is denoted for Control and WL for waterlogged plants 
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4.5 Yield contributing parameters 

 

4.5.1 Number of pods plant-1  

 

In response to exposure upon waterlogging stress, the number of pods plant-1 was 

sharply reduced compared to control. The lowest decline in number of pods plant-1 

was observed in waterlogged Sohag (5%) when compared to the control condition 

(Figure 11). The highest decline in number of pods plant-1 was observed in 

waterlogged SGB-1 (37%) in comparison with the control condition (Figure 11). 

Upon exposure to waterlogging, the reduction in number of pods plant-1 ranged 

between 10-35% (Figure 11) in other genotypes in comparison with the control plants.   

 

Primarily under waterlogging conditions, seed yield decreased due to the reduction of 

number of pods plant-1 and pod setting. 

 

Kuswantoro (2015) observed that sensitive genotypes of soybean bore the least 

number of pods plant-1 than the tolerant one under waterlogging stress. The lowest no. 

of filled pods presumably owing to the least uptake of nutrients by roots because they 

have poor nutrients in the water region instead of rich nutrients in the soil. Branch 

numbers correlated to pod numbers increasing (Koyama et al., 2019). A similar 

decrease in plant yield has been reported in soybean (Beutler et al., 2014; Miao et al., 

2012; Mustafa and Komastsu, 2014; Rhine et al., 2010). Waterlogging also reduces 

the pod number other crops were observed in green gram (Kumar et al., 2013), green 

gram (Rao, 2014). 

 

 

 

https://scholar.google.com/citations?user=_yqpZwwAAAAJ&hl=en&oi=sra


66 
 

 
 

 

Figure 11. Effect of waterlogging stress on number of pods plant-1 of different 

soybean genotypes. For each treatment, the mean (±SD) was determined 

from three replicates. Different alphabets on the bars indicate significant 

difference at P ≤ 0.05 after mean comparison by Fisher's LSD test 

 

4.5.2 Number of seeds pod-1 

 

When subjected to waterlogging stress, in response plants showed a reduction of the 

number of seeds pod-1 in contrast to control. The lowest reduction in the number seeds 

pod-1 was observed in waterlogged Sohag (1%) when compared to the control 

condition (Figure 12). The highest reduction in number of seeds pod-1 was observed in 

waterlogged BINAsoybean-5 (9%) in comparison with the control condition (Figure 

12). Upon exposure to waterlogging, the reduction in number of seeds pod-1 ranged 

between 3-8% (Figure 12) in other genotypes in comparison with their control plants. 

 

The number of pods plant−1, seeds pod−1 and the weight of single seed are the main 

determinants of seed yield in legumes as well as in soybean. Kuswantoro (2015) 

reported that under waterlogging stress soybean plants could not produce seeds 

perfectly due to the lack of nutrients uptake by the roots. They noticed less number of 

seeds while comparing the ratio of seeds/pods. Generally, two or three grains are 

filled in a pod. Whereas, this author found that the pods were filled with 1 or 2 seeds, 
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which specified the production of seeds were not accomplish well under flooding 

stress. 

 

 
 

 

Figure 12. Effect of waterlogging stress on number of seeds pod-1 of different 

soybean genotypes. For each treatment, the mean (±SD) was determined 

from three replicates. Different alphabets on the bars indicate significant 

difference at  P ≤ 0.05 after mean comparison by Fisher's LSD test 

 

4.5.3 100-seed weight  

 

When the plants were subjected to waterlogging stress, 100-seed weight decreased in 

comparison to the control condition. The lowest reduction in 100-seed weight was 

observed in waterlogged GC-840 (5%) when compared to the control condition 

(Figure 13). The highest reduction in 100-seed weight was observed in waterlogged 

BINAsoybean-5 (29%) in comparison with the control condition (Figure 13). Upon 

exposure to waterlogging, the reduction in 100-seed weight ranged between 8-25% 

(Figure 13) in other genotypes when compared with their respective control plants. 

 

Our findings also showed that the reduction in seed yield was in line with the decrease 

in the weight of 100 seeds. In this study, 100-seed weight decline due to waterlogging 

stress (Figure 13). In response to a rise in the length of waterlogging in soybeans, the 

100-seed weight showed a decreasing trend (Beutler et al., 2014; Miao et al., 2012). 
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Similar results were observed in some other crops like maize (Tian et al., 2019), 

wheat and barley (de San Celedonio et al., 2014). Ahmed et al. (2002) reported 

waterlogging at both vegetative and reproductive stages had significantly decreased 

100 seed weight in mungbean. Waterlogging caused many physiological disruptions 

that resulted in low yield, including a decrease in growth, dry matter accumulation, 

photosynthesis and pod formation. 

 

 
 

 

Figure 13. Effect of waterlogging stress on 100-seed weight of different soybean 

genotypes. For each treatment, the mean (±SD) was determined from 

three replicates. Different alphabets on the bars indicate significant 

difference at P ≤ 0.05 after mean comparison by Fisher's LSD test 

 

4.5.4 Seed yield plant−1 

 

Upon exposure to waterlogging, stress seed yield plant−1 decreased in comparison to 

the control condition. The lowest reduction in seed yield was observed in waterlogged 

GC-840 (11%) when compared to the control condition (Figure 14). The highest 

reduction in seed yield was observed in waterlogged SGB-4 (51%) in comparison 

with the control condition (Figure 14). Upon exposure to waterlogging, the reduction 

in seed yield ranged between 15-40% (Figure 14) in other genotypes when compared 

with their respective control plants.   
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Figure 14. Effect of waterlogging stress on seed yield plant−1 of different soybean 

genotypes. For each treatment, the mean (±SD) was determined from 

three replicates. Different alphabets on the bars indicate significant 

difference at P ≤ 0.05 after mean comparison by Fisher's LSD test 

 

A seed is the most crucial element as it is intimately related to seed yield plant−1, 

where seed yield plant−1 is affected due to variation of yield in soybean (Kobraee and 

Shamsi, 2011). Kuswantoro (2015) reported that under waterlogging stress plants 

could not produce grains perfectly due to the lack of nutrients uptake by the roots. 

They noticed less number of grains while comparing the ratio of seeds/pods. 

Generally, two or three grains are filled in a pod. Whereas, this author found that the 

pods were filled with 1 or 2 seeds that specified the production of seeds were not 

accomplish well. In addition, yield reduced significantly and the reduction was greater 

in waterlogged-sensitive genotypes than the waterlogged-tolerant genotypes of 

soybean (Wu et al., 2017). VanToai et al. (2010) observed a considerable relation 

between seed yield with no. of branches, no. of nodes and no. of total seed in 

waterlogging. Howsoever, this compatibility is not coherent amongst the 3 tested 

soybean genotypes. Which exhibits that waterlogging has varied responses towards 

different genetic backgrounds (Jitsuyama, 2013). With the increment in waterlogging 

length, yield losses increased. In this experiment, seed yield decreased due to 

waterlogging stress (Fig 21). Similar results were observed in soybean under 

waterlogging (Miao et al., 2012; Beutler et al., 2014). Previous studies also showed 

a

b
d

bc bc
de

c
ef

c

def
i

defc
f

j
gh

jk k jk jk
hi

l

jk
g

0
1
2
3
4
5
6
7
8
9

10

Se
ed

 y
ie

ld
 (g

 p
la

nt
−1

)

Genotypes

Control Waterlogged

https://scholar.google.com/citations?user=_yqpZwwAAAAJ&hl=en&oi=sra
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wu%2C+Chengjun


70 
 

the reduction of yield in different crops under waterlogging stress in maize (Tian et 

al., 2019), barley and wheat (de San Celedonio et al., 2014), green gram (Kumar et 

al., 2013). In addition, with an increase in the length of waterlogging, the rate of 

transpiration, stomatal conductance and concentration of intercellular CO2 decreased, 

which caused the total weight of dry matter to decrease and ultimately resulted in a 

significant reduction in maize grain yield (Tian et al., 2019). 

 

4.5.5 Stover yield  

 

The imposition of waterlogging caused a marked decline in the stover yield compared 

to control condition. The lowest reduction in stover yield was observed in 

waterlogged BARI Soybean-5 (1%) when compared to the control condition (Figure 

15). The highest reduction in stover yield was observed in waterlogged SGB-5 (22%) 

in comparison with the control condition (Figure 15). Upon exposure to waterlogging, 

the reduction in stover yield ranged between 1-21% (Figure 15) in other genotypes 

when compared with their respective control plants. 
 

 
 

 

Figure 15. Effect of waterlogging stress on stover yield of different soybean 

genotypes. For each treatment, the mean (±SD) was determined from 

three replicates. Different alphabets on the bars indicate significant 

difference at P ≤ 0.05 after mean comparison by Fisher's LSD test 
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4.5.6 Biological yield  

 

Upon exposure to waterlogging, biological yield decreased in comparison to the 

control condition. The lowest reduction in biological yield was observed in 

waterlogged BINAsoybean-1 (6%) when compared to the control condition (Figure 

16). The highest reduction in biological yield was observed in waterlogged SGB-4 

(26%) in comparison with the control condition (Figure 16). Upon exposure to 

waterlogging, the reduction in biological yield ranged between 8-26% (Figure 16) in 

other genotypes when compared with their respective control plants.   

 

The total dry matter decreased in waterlogged plants which reduced the biological 

yield of plants. Similar results were also found in pigeonpea (Duhan et al., 2018; 

Kumutha et al., 2009). 

 

 
 

 

Figure 16. Effect of waterlogging stress on biological yield of different soybean 

genotypes. For each treatment, the mean (±SD) was determined from 

three replicates. Different alphabets on the bars indicate significant 

difference at P ≤ 0.05 after mean comparison by Fisher's LSD test 

 

Yield is a result of the integration of metabolic reactions in plants. Any factor that 

influences the metabolic activity at any stage of the duration of plant growth can 

affect the yield. Waterlogging stress has shown mostly negative effects on yield 
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plant-1, biological yield) of soybean plants at different phases and durations. The 

damaging effects increased with increasing periods of waterlogging. There are some 

authors who suggested the waterlogging, which can be tolerated to soybean plants 

was approximately 24-30 hours from the starting to the end of waterlogging (Griffin 

et al., 1985; Heatherly and Pringle, 1991). Such negative effects of waterlogging 

stress on the yield of soybean were also proved in earlier works (Beutler et al., 2014; 

Miao et al., 2012). 

 

4.6 Correlation among the Parameters 

 

From the correlation matrix study, it is clear that the mortality rate and electrolyte 

leakage were negatively correlated (P ≤ 0.05) with most of the parameters (Table 5).   

 

The stress markers like MDA, H2O2, EL were negatively correlated with the growth, 

physiological, yield and yield contributing parameters (Anee et al., 2019; 

Hasanuzzaman et al., 2018).           



73 
 

Table 5. Correlation matrix of different parameters activities observed in different soybean genotypes under waterlogging stress condition 

 
VR PHT LN 20 LN 50 BN SFW SDW SPAD  RWC  EL LA Pod Seed 100 SW SY StY BY 

PHT 1 0.263* 0.219ns 0.355* 0.574* 0.379* 0.467* 0.296* -0.203ns -0.046ns 0.394* 0.417* 0.332* 0.319* 0.016ns 0.214ns 

LN 20  1 -0.033ns -0.248* 0.094ns 0.291* 0.284* -0.059ns 0.281* 0.001ns -0.262* 0.027 ns -0.319* -0.371* -0.312* -0.392* 

LN 50   1 0.426* 0.359* 0.179 ns 0.280* 0.278* -0.300* 0.486* 0.321* 0.103ns 0.348* 0.309* 0.053ns 0.226ns 

BN    1 0.621* 0.311* 0.426* 0.589* -0.542* -0.060ns 0.859* 0.547* 0.725* 0.785* 0.473* 0.738* 

SFW     1 0.691* 0.634* 0.652* -0.687* 0.168ns 0.616* 0.632* 0.748* 0.707* 0.242* 0.575* 

SDW      1 0.688* 0.403* -0.550* 0.148ns 0.305* 0.538* 0.445* 0.354* -0.072ns 0.194ns 

SPAD        1 0.483* -0.394* 0.027ns 0.360* 0.477* 0.518* 0.445* -0.051ns 0.263* 

RWC        1 -0.324* 0.142 ns 0.508* 0.249* 0.544* 0.679* 0.443* 0.655* 

EL         1 -0.056 ns -0.633* -0.534* -0.726* -0.632* -0.195 ns -0.504* 

LA          1 -0.156ns 0.012 ns 0.205 ns 0.151 ns -0.005 ns 0.095 ns 

Pod            1 0.590* 0.710* 0.720* 0.372* 0.647* 

Seed             1 0.625* 0.543* 0.128 ns 0.413* 
100 
SW             1 0.878* 0.345* 0.736* 

GY              1 0.548* 0.914* 

SY               1 0.841* 

BY                1 
Here, *significant at P ≤ 0.05, ns= Non significant, VR= variables, PHT= plant height 50, LN 20= Leaves no. 20, LN 50= Leaves No. 50, BN= 
Branch No., SFW= Shoot FW 25, SDW= Shoot DW 25, SPAD= SPAD 40, RWC= relative water content 25, EL= Electrolyte leakage, LA= leaf 
area, pod= Pod plant-1, Seed= Seed pod -1, 100 SW= 100 seed wt, SY= grain yield, StY= stover yield, BY= biological yield 
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Chapter V 

 

SUMMARY AND CONCLUSION 
 

 

The experiment was conducted to screen out the genotypes of soybean under 

waterlogging stress conditions at the seedling stage. Morphological, physiological, 

phenotypic and yield attributes of different soybean genotypes were studied. 

 

The experiment was laid out in a completely randomized design with three 

replications. Plastic pots were used in the experimental shed to maintain uniformity in 

waterlogging stress throughout the period. The experiment consisted of 2 water level 

conditions (control and waterlogging) and 12 genotypes (Sohag, BARI Soybean-5, 

BINAsoybean-1, BINAsoybean-2, BINAsoybean-3, BINAsoybean-5, BINAsoybean-

6, SGB-1, SGB-3, SGB-4, SGB-5, GC-840). After germination and seedling 

establishment 7 plants were allowed to grow in set-1 of each pot for taking vegetative 

and destructive data and 3 plants in set-2 for taking yield data. In the experiment, data 

were taken during stress period and recovery stage for each treatment. Yield 

parameters were measured at the time of harvesting. 

 

For measuring the growth of plants, mortality rate, plant height, number of leaves 

plant-1, number of branches plant-1, leaf area, above-ground fresh weight and above-

ground dry weight were measured. SPAD value of leaf, relative water content (RWC), 

electrolyte leakage were measured as physiological parameters. Number of pods 

plant-1, number of seeds pod-1, seed yield plant−1, 100-seed weight, stover yield, 

biological yield were measured at harvest time to observe the effects on yield of 

soybean.  

 

Mortality rate (%) of seedlings was the highest in the genotypes of SGB-3 (43%) and 

the lowest in BARI Soybean-5 (9%) when waterlogging continued for 12 days. 

The sharp reduction of plant height was observed at 20, 25. 30 and 50 DAS upon 

exposure to waterlogging stress, in comparison to the control condition. The lowest 

reduction in plant height was observed in waterlogged BINAsoybean-2 that was 2, 2, 
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1 and 4% at 20, 25, 30 and 50 DAS, respectively and the highest reduction was 

observed in waterlogged SGB-1 which was 34, 34, 25 and 26% at 20, 25, 30 and 50 

DAS, respectively in comparison with the control condition  

 

The lowest reduction in leaves number were observed in waterlogged GC-840 (2%), 

BINAsoybean-1 (0.3%) and SGB-1 (3%) at 20, 25 and 50 DAS, respectively when 

compared to control condition. The highest reduction in leaves number were observed 

in waterlogged BINAsoybean-1 (26%), BINAsoybean-6 (41%) and BINAsoybean-6 

(57%) at 20, 25 and 50 DAS, respectively in comparison with the control condition. 

 

Upon exposure to waterlogging, BINAsoybean-1 showed the lowest reduction in 

branches number plant-1, which was 19% in comparison with the control condition. 

The highest reduction was observed in waterlogged BINAsoybean-6 (50%) and SGB-

3 (50%) in comparison with the control condition.  

 

The lowest reduction of leaf area was observed in waterlogged BARI Soybean-5 (2%) 

and the highest was in SGB-5 (16%) at 32 DAS. At 39 and 46 DAS, the lowest 

reduction was observed in waterlogged genotype Sohag (6% and 5%) and the highest 

was observed in waterlogged genotype SGB-3 (47 and 17%) in comparison with their 

control plants. 

 

Plant exhibited the highest reduction of above-ground FW in waterlogged SGB-4 

(42.6%) and SGB-4 (71.3%) at 20 and 25 DAS, respectively and The lowest reduction 

was observed in waterlogged BARI Soybean-5 (5.7%) and GC-840 (13.1%) at 20 and 

25 DAS, respectively when compared to control condition. 

 

The lowest reduction in plant DW was observed in waterlogged Sohag, which was 11 

and 8% at 20 and 25 DAS, respectively, when compared to the control condition. The 

highest reduction in plant DW were observed in waterlogged SGB-3 (65%) and SGB-

1 (57%) at 20 and 25 DAS, respectively, in comparison with the control condition. 

 

In comparison with the control condition, the lowest reduction in SPAD value was 

observed in waterlogged SGB-3 (2%), BINAsoybean-2 (8%), BARI Soybean-5 (12%) 

and BINAsoybean-2 (8%) at 20, 25, 30 and 40 DAS, respectively in waterlogged 
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plants and the highest reduction was observed in waterlogged SGB-4 (21%), SGB-1 

(22%), SGB-3 (23%) and BINAsoybean-1 (21%) at 20, 25, 30 and 40 DAS 

respectively in waterlogged plants. 

 

The lowest reduction in leaf RWC was observed in waterlogged BARI Soybean-5 

(17%) and BINAsoybean-1 (4%) at 20 and 25 DAS, respectively and the highest 

reduction was observed in waterlogged BINAsoybean-5 (42%) and SGB-4 (37%) at 

20 and 25 DAS, respectively in comparison with the control condition. 

 

Due to the imposition of waterlogging, electrolyte leakage increased significantly in 

waterlogged plants than the control plants. The highest increase was observed in 

waterlogged BINAsoybean-1 (260%) and the lowest increase was observed in 

waterlogged BINAsoybean-5 (29%) at 20 DAS in contrast to control. 

 

Root phenotypic pictures exhibited that the lowest number of adventitious roots were 

developed in the waterlogged SGB-4 and the highest number of adventitious roots 

were developed in the waterlogged GC-840 genotypes at both 20 and 25 DAS, 

respectively. 

 

The lowest reduction in the number of pods plant-1 was observed in waterlogged 

Sohag (5%) and the highest reduction was in waterlogged SGB-1 (37%) when 

compared to the control plants. 

 

In comparison with the control condition, the lowest reduction in the number of seeds 

pod-1 was observed in waterlogged Sohag (1%) and the highest reduction in 

waterlogged BINAsoybean-5 (9%). 

 

Due to the imposition of waterlogging, 100-seed weight decreased significantly when 

compared to control. The lowest reduction in 100-seed weight was observed in 

waterlogged GC-840 (5%) and the highest reduction in waterlogged BINAsoybean-5 

(29%) in comparison with the control condition. 

The lowest reduction in seed yield was observed in waterlogged GC-840 (11%) and 

the highest reduction in waterlogged SGB-4 (51%) in comparison with the control 

condition. 
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The lowest reduction in stover yield was observed in waterlogged BARI Soybean-5 

(1%) and the highest reduction in stover yield was observed in waterlogged SGB-5 

(22%) in comparison with the control condition. 

 

Plant exhibited the lowest reduction in biological yield in waterlogged BINAsoybean-

1 (6%) and the highest reduction in waterlogged SGB-4 (26%) when compared to 

control. 

 

The lowest reduction in harvest index (%) was observed in waterlogged GC-840 (7%) 

and the highest reduction in harvest index (%) was observed in waterlogged SGB-4 

(34%) in comparison with the control condition. 

 

Soybean crops are usually sensitive to waterlogging stress. By considering all the 

above-mentioned results, it can be concluded that waterlogging remarkably reduced 

the growth and yield of all the soybean genotypes when compared with their 

respective control plants. Among the 12 genotypes Sohag, BARI Soybean-5, GC-840, 

BINAsoybean-1, BINAsoybean-2 performed better than the other genotypes under 

waterlogging stress. The genotypes SGB-1, SGB-3, SGB-4, SGB-5, BINAsoybean-5, 

BINAsoybean-6 performed worst than the other genotypes under waterlogging stress 

condition. This experiment was conducted with the application of waterlogging 

treatment for about 12 days period at the seedling stage. However, further research 

work might be conducted for identifying tolerance mechanisms of soybean genotypes 

under prolonged waterlogging stress and also waterlogging at reproductive stages. 

 

 
 

 

 

 

 

 

 

 



78 
 

REFERENCES 
 

 

Acquaah, G. (2007). Principles of plant Genetics and Breeding. Blackwell, Oxford. 
p.385. 

Ahmed, S., Nawata, E. and Sakuratani, T. (2002). Effects of waterlogging at 
vegetative and reproductive growth stages on photosynthesis, leaf water 
potential and yield in mungbean. Plant Prod. Sci. 5(2) : 117-123.  

Akhtar, I. and Nazir, N. (2013). Effect of waterlogging and drought stress in plants. 
Intl. J. Water Res. Environ. Sci. 2: 34-40. 

Akram, S., Siddiqui, M.N., Hussain, B.M.N., Bari, M.A.A., Mostofa, M.G., Hossain, 
M.A. and Tran, L.S.P. (2017). Exogenous glutathione modulates salinity 
tolerance of soybean [Glycine max (L.) Merrill] at reproductive stage. J. Plant 
Growth Regul. 36: 877-888.  

Akter, T., Ali, M.R., Rohman M.M. and Uddin. M.S. (2018). Comparative analysis of 
biochemical and physiological responses of maize genotypes under 
waterlogging stress. 13th Asian Maize Conference and Expert Consultation on 
Maize for Food, Feed, Nutrition and Environmental Security. CIMMYT, 
Mexico, D.F, Oct. 8-10, Ludhiana, India. 

Alizadeh-Vaskasi, F., Pirdashti, H., Cherati Araei, A. and Saadatmand, S. (2018). 
Waterlogging effects on some antioxidant enzymes activities and yield of 
three wheat promising lines. Acta Agric. Slov. 111(3): 621-631.  

Amirjani, M.R. (2010). Effect of salinity stress on growth, mineral composition, 
proline content, antioxidant enzymes of soybean. Am. J. Plant Physiol. 5: 350-
360.  

Amri, M., El Ouni, M.H.M. and Salem, B. (2014). Waterlogging affect the 
development, yield and components, chlorophyll content and chlorophyll 
fluorescence of six bread wheat genotypes (Triticum aestivum L.). Bulg. J. 
Agric. Sci. 20: 647-657. 

Anandan, A., Pradhan, S.K., Das, S.K., Behera, L. and Sangeetha, G. (2015). 
Differential responses of rice genotypes and physiological mechanism under 
prolonged deepwater flooding. Field. Crop. Res. 172: 153-163. 

Andrade, C.A., de Souza, K.R.D., de Oliveira, S.M., da Silva, D.M. and Alves, 
J.D. (2018). Hydrogen peroxide promotes the tolerance of soybeans to 
waterlogging. Sci. Hortic. 232: 40-45. 

Anee, T.I. (2016). Morpho-physiological, yield and oxidative stress responses of 
sesame under waterlogging stress. MS. Thesis, Sher-e-Bangla Agricultural 
University, Dhaka, Bangladesh. 

Anee, T.I., Nahar, K., Rahman, A., Mahmud, J.A., Bhuiyan, T.F., Alam, M.U., Fujita, 
M. and Hasanuzzaman, M. (2019). Oxidative damage and antioxidant defense 
in Sesamum indicum after different waterlogging durations. Plants. 8: 196. 

 

javascript:;
javascript:;
javascript:;


79 
 

Anjum, N.A., Sofo, A., Scopa, A., Roychoudhury, A., Gill, S.S., Iqbal, M., Lukatkin, 
A.S., Pereira, E., Duarte, A.C. and Ahmad, I. (2015). Lipids and proteins-
major targets of oxidative modifications in abiotic stressed plants. Environ. 
Sci. Pollut. Res. 22: 4099-4121.  

Anjum, S.A., Ehsanullah, L., Xue, L., Wang, L., Saleem, M.F. and Huang, C. (2013). 
Exogenous benzoic acid (BZA) treatment can induce drought tolerance in 
soybean plants by improving gas-exchange and chlorophyll contents. Aust. J. 
Crop Sci. 7: 555-560. 

Anjum, S.A., Wang, L., Farooq, M., Khan, I. and Xue, L. (2011). Methyl jasmonate-
induced alteration in lipid peroxidation, antioxidative defence system and 
yield in soybean under drought. J. Agron. Crop Sci. 197: 296-301. 

Anto, K.B. and Jayaram, K.M. (2010). Effect of temperature treatment on seed water 
content and viability of green pea (Pisum sativum L.) and soybean (Glycine 
max L. Merr.) seeds. Int. J. Bot. 6: 122-126. 

Ara, R., Mannan, M.A., Khaliq, Q.A. and Uddin Miah M.M. (2015). Waterlogging 
tolerance of soybean. Bangladesh Agron. J. 18(2): 105-109. 

Ashraf, M.A. (2012) Waterlogging stress in plants: a review. Afr. J. Agric. Res. 7(13): 
1976-1981. 

Bacanamwo, M. and Purcel, L.C. (1999). Soybean root morphological and anatomical 
traits associated with acclimation to flooding. Crop Sci. 39:143-149. 

Bailey-Serres, J., Fukao, T., Gibbs, D.J., Holdsworth, M.J., Lee, S.C., Licausi, F., 
Perata, P., Voesenek, L.A.C.J. and van Dongen, J.T. (2012). Making sense of 
low oxygen sensing. Trends Plant Sci 17: 129-138.  

Bajpai, S., Chandra, R. (2015). Effect of waterlogging stress on growth characteristics 
and sod gene expression in sugarcane. Int. J. Sci. Res. 5(1): 1-8. 

Balitkabi (2012). Description of superior varieties of legume and tuber crops. 
Indonesian Legume and Tuber Crops Research Institute. (In Indonesian). 

Baroniya, S.S., Kataria, S., Pandey, G.P. and Guruprasad, K.N. (2011). Intraspecific 
variation in sensitivity to ambient ultraviolet-B radiation in growth and yield 
characteristics of eight soybean cultivars grown under field conditions. Braz. 
J. Plant Physiol. 23: 197-202. 

Barrs, H. D. and Weatherley, P. E. (1962). A re-examination of the relative turgidity 
technique for estimating water deficits in leaves. Aust. J. Biol. Sci. 15(3): 413-
428. 

BBS. (2018). Annual Agricultural Statistics 2017–18. Bangladesh Bureau of Statistics 
Bellaloui, N., Hu, Y., Mengistu, A., Kassem, M.A. and Abel, C.A. (2013). Effects of 

foliar boron application on seed composition, cell wall boron, and seed d15N 
and d13C isotopes in water-stressed soybean plants. Front. Plant Sci. 4: 270. 
doi: 10.3389/fpls.2013.00270 

Beutler, A.N., Giacomeli, R., Albertom, C.M., Silva, V.N., da Silva, Neto, G.F., 
Machado, G.A. and Santos, A.T.L. (2014). Soil hydric excess and soybean 
yield and development in Brazil. Aust. J. Crop Sci. 8: 1461-1466. 

 

https://acsess.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bacanamwo%2C+Methode
https://acsess.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Purcell%2C+Larry+C


80 
 

Bin, T., Shang-zhong, X.U., Zou, X.L., Zheng, Y.L. and Qi, F.Z. (2010). Changes of 
antioxidative enzymes and lipid peroxidation in leaves and roots of 
waterlogging-tolerant and waterlogging-sensitive maize genotypes at seedling 
stage. Agric. Sci. China. 9: 651-661. 

Blount, A.R., Wright, D.L., Sprenkel, R.K., Hewitt, T.D. and Myer, R.O. (2013). 
Forage soybeans for grazing, hay, and silage. University of Florida, IFAS 
Extension. Publication #SS-AGR-180. 

Boru, G., Vantoai, T., Alves, J., Hua, D. And Knee, M. (2003). Responses of soybean 
to oxygen deficiency and elevated root zone carbon dioxide 
concentration. Ann. Bot. 91(4): 447-453.   

Broughton, S., Zhou, G.., Teakle, N.L., Matsuda, R., Zhou, M., O’Leary, R.A., 
Colmer, T.D. and Li, C. (2015). Waterlogging tolerance is associated with root 
porosity in barley (Hordeum vulgare L.). Mol. Breeding. 35: 27. 

Capon, S.J., Jamesb, C.S., Williams, L. and Quinnc, G.P. (2009). Responses to 
flooding and drying in seedlings of a common Australian desert floodplain 
shrub: Muehlenbeckia florulenta Meisn. Environ. Exp. Bot. 66: 178-185. 

Chávez-Arias, C.C., Gómez-Caro, S. and Restrepo-Díaz, H. (2019). Physiological, 
biochemical and chlorophyll fluorescence parameters of Physalis peruviana L. 
seedlings exposed to different short-term waterlogging periods and 
Fusarium wilt infection. Agronomy. 9: 213. doi:10.3390/agronomy9050213 

Cho, J.W. and Yamakawa, T. (2006a). Effects on growth and seed yield of small seed 
soybean cultivars of flooding conditions in paddy field. J. Fac. Agr. Kyushu 
Univ. 51(2): 189-193.  

Cho, J.W. and Yamakawa, T. (2006b). Tolerance differences among small seed 
soybean cultivars against excessive water stress conditions. J. Fac. Agr. 
Kyushu Univ. 51(2): 195-199. 

Chowdhury, J.A., Karim, M.A., Khaliq, Q.A., Solaiman, A.R.M. and Ahmed, J.U. 
(2016). Screening of soybean (Glycine max L.) genotypes under water stress 
condition. Bangladesh J. Agril. Res. 41(3): 441-450. 

CoStat. (2008). CoStat-Statistics Software version 6.400. CoHort Software, 798 
Lighthouse Ave, PMB 320, Monterey, CA, 93940, USA  

Damanik, R.I., Maziah, M., Ismail, M.R., Ahmad, S. and Zain, A.M. (2010). 
Responses of the antioxidative enzymes in Malaysian rice (Oryza sativa L.) 
cultivars under submergence condition. Acta. Physiol. Plant. 32: 739-747. 

Davanso, V.M., Souza, L.A., Medri, M.E., Pimenta, J.A. and Bianchini, E. (2002). 
Photosynthesis, growth and development of Tabebuia avellanedae Lor. ex 
Griseb. (Bignoniaceae) in flooded soil. Braz. Arch. Biol. Technol. 45: 375-
384. 

de San Celedonio, R.P., Abeledo, L.G. and Miralles, D.J. (2014). Identifying the 
critical period for waterlogging on yield and its components in wheat and 
barley. Plant Soil. 378:265-277. 

 
 



81 
 

de Souzaa, T.C., Souza, E.S., Dousseau, S., Mauro de Castroa, E. and Magalh~aes, 
P.C. (2013). Seedlings of Garcinia brasiliensis (Clusiaceae) subjected to root 
flooding: physiological, morphoanatomical, and antioxidant responses to the 
stress. Aquat. Bot. 111: 43-49. 

DAFF. (2010). Growing soybeans. Queensland Gov., Australia. 
Djanaguiraman, M., Prasad, P.V.V. and Al-Khatib, K. (2011). Ethylene perception 

inhibitor 1-MCP decreases oxidative damage of leaves through enhanced 
antioxidant defense mechanisms in soybean plants grown under high 
temperature stress. Environ. Exp. Bot. 71: 215-223. 

Dufey, I., Hakizimana, P., Draye, X., Lutts, S. and Bertin, P. (2009). QTL mapping 
for biomass and physiological parameters linked to resistance mechanisms to 
ferrous iron toxicity in rice. Euphytica 167: 143-160. 

Duhan, S., Kumari, A., Bala, S., Sharma, N. and Sheokand, S. (2018). Effects of 
waterlogging, salinity and their combination on stress indices and yield 
attributes in pigeonpea (Cajanus cajan L. Millsp.) genotypes. Ind. J. Plant 
Physiol. 23(1): 65-76. 

El-Enany, A.E., Al-Anazi, A.D., Dief, N. and Al-Taisan, W.A. (2013). Role of 
antioxidant enzymes in amelioration of water deficit and waterlogging stresses 
on Vigna sinensis plants. J. Biol. Earth Sci. 3:B144-B153. 

El Sabagh, A., Hossain, A., Islam, M.S., Barutçular, C., Fahad, S., Ratnasekera, D., 
Kumar, N., Meena, R.S., Vera, P. and Saneoka, H. (2018). Role of 
osmoprotectants and soil amendments for sustainable soybean (Glycine max 
L.) production under drought condition: A review. J Exp Biol Agric Sci. 6(1): 
32-41. 

El-Sabagh, A., Sorour, S., Ueda, A., Saneoka, H. and Barutçular, C. (2015). 
Evaluation of salinity stress effects on seed yield and quality of three soybean 
cultivars. Azarian J. Agric. 2(5): 138-141. 

Ezin, V., Pena, R.D.L. and Ahanchede, A. (2010). Flooding tolerance of tomato 
genotypes during vegetative and reproductive stages. Braz. J. Plant. Physiol. 
22: 131-142. 

FAOSTAT. (2018). http://www.fao.org/faostat/en/#data/QC Accessed on 06 May 
2020. 

Farooq, M. A., Ali, S., Hameed, A., Ishaque, W., Mahmood, K. and Iqbal, K. (2013). 
Alleviation of cadmium toxicity by silicon is related to elevated 
photosynthesis, antioxidant enzymes; suppressed cadmium uptake and 
oxidative stress in cotton. Ecotoxicol. Environ. Saf. 96: 242-249. doi: 
10.1016/j.ecoenv.2013.07.006. 

Garcia, N., da-Silva, C.J., Cocco, K.L.T., Pomagualli, D., de Oliveira, F.K., da Silva, 
J.V.L., de Oliveira, A.C.B. and do Amarante, L. (2020). Waterlogging 
tolerance of five soybean genotypes through different physiological and 
biochemical mechanisms. Environ. Exp. Bot. 172: 103975.  

Giller, K.E. and Dashiell, K.E. (2007). Glycine max (L.) Merr. Record from 
Protabase. van der Vossen, H.A.M. & Mkamilo, G.S. (Ed.). PROTA (Plant 
Resources of Tropical Africa), Wageningen, Netherlands.. 

about:blank#auth-1
about:blank#auth-2
about:blank#auth-3
about:blank#auth-4
about:blank#auth-5


82 
 

Gobetti, S.T.C., Neuman, M., Oliveira, M.R. and Oliboni, R. (2011). Production and 
use of the ensilage of entire soy plant (Glycine max) for ruminants. Ambiencia 
7: 603-616. 

González, J.A., Gallardo, M., Hilal, M., Rosa, M. and Prado, F.E. (2009). 
Physiological responses of quinoa (Chenopodium quinoa Willd.) to drought 
and waterlogging stresses: dry matter partitioning. Bot. Stud. 50: 35-42.  

Griffin, J.L., Taylor, R.W., Habetz, R.J. and Regan, R.P. (1985). Response of solid-
seeded soybeans to flood irrigation. I. Application timing. Agron. J. 77: 551-
554. 

Gupta, S.K. (2012). Technological Innovations in Major World Oil Crops, Volume 1: 
Breeding. Heidelberg, Germany: Springer. p. 405. 

Hamayun, M., Hussain, A., Khan, S.A., Irshad, M., Khan, A.L., Waqas, M., Shahzad, 
R., Iqbal, A., Ullah, N., Rehman, G., Kim, H-Y. and Lee, I-J. (2015). Kinetin 
modulates physio-hormonal attributes and isoflavone contents of soybean 
grown under salinity stress. Front. Plant Sci. 6: 377.   

Hasanuzzaman, M., Hakeem, K.R., Nahar, K. and Alharby, H.F. (eds.). (2019). Plant 
Abiotic Stress Tolerance: Agronomic, Molecular and Biotechnological 
Approaches. Springer Nature, Switzerland pp. xi. 

Hasanuzzaman, M., Hossain, M.A., Teixeira da Silva, J.A. and Fujita, M. (2012). 
Plant responses and tolerance to abiotic oxidative stress: antioxidant defense is 
a key factor. In: Crop stress and its management: perspectives and strategies. 
V. Bandi, A.K. Shanker, C. Shanker, and M. Mandapaka, (eds.). Springer, 
Berlin. pp. 261-316. 

Hasanuzzaman, M., Islam, M.T., Nahar, K. and Anee, T.I. (2018). Drought stress 
tolerance in wheat: omics approaches in enhancing antioxidant defense. In: 
Abiotic stress-mediated sensing and signaling in plants: an omics perspective. 
S.M. Zargar, (eds.).  Springer, New York. pp. 267-307.  

Hasanuzzaman, M., Mahmud, J.A., Nahar, K., Inafuku, M., Oku, H. and Fujita, M. 
(2017a). Plant responses, adaptation and ROS metabolism in plants exposed to 
waterlogging stress. In: Reactive oxygen species and antioxidant systems: role 
and regulation under abiotic stress. M.I.R. Khan, N.A. Khan, and A.M. Ismail, 
(eds.).  Springer, Singapore. pp. 257-281. 

Hasanuzzaman, M., Nahar, K. and Fujita, M. (2013b). Extreme temperatures, 
oxidative stress and antioxidant defense in plants. In: Abiotic stress – Plant 
Responses and Applications in Agriculture. K. Vahdati, and C. Leslie, (eds.). 
InTech, Rijeka. pp. 169-205. 

Hasanuzzaman, M., Nahar, K., Fujita, M., Ahmad, P., Chandna, R., Prasad, M.N.V. 
and Ozturk, M. (2013a). Enhancing plant productivity under salt stress – 
relevance of poly-omics. In: Salt Stress in Plants: omics, signaling and 
responses. P. Ahmad, M.M. Azooz, and M.N.V. Prasad, (eds.). Springer, 
Berlin. pp. 113-156. 

Hasanuzzaman, M., Nahar, K., Hossain, M.S., Anee, T.I., Parvin, K. and Fujita, M. 
(2017b). Nitric oxide pretreatment enhances antioxidant defense and 
glyoxalase system to confer PEG-induced oxidative stress in rapeseed. J. Plant 
Interact. 12: 323-331. 



83 
 

Hasanuzzaman, M., Nahar, K., Rahman, A., Mahmud, J.A., Hossain, M.S. and Fujita, 
M. (2016). Soybean production and environmental stresses. In: Environmental 
Stresses in Soybean Production. M. Miransari, (eds.). Academic, New York. 
pp. 61-102. 

Hasanuzzaman, M.,Nahar, K., Gill, S. S.,Alharby, H.F., Razafindrabe, B. H. N. and 
Fujita, M. (2017c). Hydrogen peroxide pretreatment mitigates cadmium-
induced oxidative stress in Brassica napus L.: An intrinsic study on 
antioxidant defense and glyoxalase systems. Front. Plant Sci. 8: 115.  

Hattori, R., Matsumura, A., Yamawaki, K., Tarui, A. and Daimon, H. (2013). Effects 
of flooding on arbuscular mycorrhizal colonization and root-nodule formation 
in different roots of soybeans. Agric. Sci. 4: 673-677. 

Heatherly, L.G. and Pringle, H.C. (1991). Soybean cultivar’s response to flood 
irrigation of clay soil. Agron. J. 83: 231-236. 

Heuze, V., Tran, G., Hassoun, P. and Lebas, F. (2015). Soybean Forage. Feedipedia, a 
programme by INRA, CIRAD, AFZ and FAO. 14: 31. 
http://feedipedia.org/node/294  

Jackson, M.B. and Ricard, B. (2003). Physiology, biochemistry and molecular 
biology of plant root systems subjected to flooding of the soil. In: Root 
Ecology. Ecological Studies (Analysis and Synthesis). H. de Kroon, and 
E.J.W. Visser, (eds.). Springer, Berlin, Heidelberg. p.168.  

Jaleel, C.A., Gopi, R., Manivannan, P. and Panneerselvam, R. (2007). Responses of 
antioxidant defense system of Catharanthus roseus (L.) G. Don. to 
paclobutrazol treatment under salinity. Acta Physiol. Plant. 29: 205-209. 

Jitsuyama, Y. (2013). Responses of Japanese soybeans to hypoxic condition at 
rhizosphere were different depending upon cultivars and ambient 
temperatures. Am. J. Plant Sci. 4: 1297-1308. 

Kadempir, M., Galeshi, S., Soltani, A. and Ghaderifar, F. (2014). The effect of 
flooding and nutrition levels on reproductive growth stages of aerenchyma 
formation and ethylene production in soybean (Glycine max L). Int. J. Adv. 
Biol. Biomed. Res. 2: 487-495. 

Katerji, N., Van Hoorn, J. W., Hamdy, A., Mastrorilli, M. and Moukarzel, E. (1997). 
Osmotic adjustment of sugar beets in response to soil salinity and its influence 
on stomatal conductance, growth and yield. Agric. Water Manag. 34: 57-69. 

Katerji, N., van Hoorn, J.W., Hamdy, A. and Mastrorilli, M. (2003). Salinity effect on 
crop development and yield, analysis of salt tolerance according to several 
classification methods. Agric. Water Manag. 62: 37-66. 

Khairulina, T.P. and Tikhonchuk, P.V. (2012). Growth and development of soybean 
under the effect of water stressor. Russ. Agric. Sci. 38: 364-366. 

Khan, A., Tan, D.K.Y., Afridi, M.Z., Luo, H., Tung, S.A., Ajab, M. and Fahad, S. 
(2017). Nitrogen fertility and abiotic stresses management in cotton crop: a 
review. Environ. Sci. Pollut. Res. 24: 14551-14566.  

 
 

javascript:;


84 
 

Khan, M.I.R., Asgher, M. and Khan, N,A. (2014). Alleviation of salt-induced 
photosynthesis and growth inhibition by salicylic acid involves glycinebetaine 
and ethylene in mungbean (Vigna radiata L.). Plant Physiol. Biochem. 80: 67-
74. 

Khan, M.I.R., Iqbal, N., Masood, A., Mobin, M., Anjum, N.A. and Khan, N.A. 
(2016a). Modulation and significance of nitrogen and sulfur metabolism in 
cadmium challenged plants. Plant Growth Regul. 78: 1-11. 

Khan, M.I.R., Khan, N.A., Masood, A., Per, T.S. and Asgher, M. (2016b). Hydrogen 
peroxide alleviates nickelinhibited photosynthetic responses through increase 
in use-efficiency of nitrogen and sulfur, and glutathione production in 
mustard. Front. Plant Sci. 7: 44. 

Khan, M.I.R., Nazir, F., Asgher, M., Per, T.S. and Khan, N.A. (2015). Selenium and 
sulfur influence ethylene formation and alleviate cadmium-induced oxidative 
stress by improving proline and glutathione production in wheat. J. Plant 
Physiol. 178: 9-18. 

Kim, Y., Seo, CW., Khan, A.L., Mun, B.G., Shahzad, R., Ko, J.W., Yun, B.W. and 
Lee, I.J. (2018). Ethylene mitigates waterlogging stress by regulating 
glutathione biosynthesis-related transcripts in soybeans. bioRxiv. doi: 
10.1101/252312. 

Kim, Y.H., Hwang, S.J., Waqas, M., Khan, A.L., Lee, J.H., Lee, J.D., Nguyen, H.T. 
and Lee, I.J. (2015). Comparative analysis of endogenous hormones level in 
two soybean (Glycine max L.) lines differing in waterlogging tolerance. Front. 
Plant Sci. 6: 714. doi: 10.3389/fpls.2015.00714. 

Kim, K.H., Cho, M.J., Kim, J.M., Lee, T., Heo, J.H., Jeong, J.Y., Lee, J., Moon, J.K. 
and Kang, S. (2019). Growth response and developing simple test method for 
waterlogging stress tolerance in soybean. J. Crop Sci. Biotechnol. 22: 371-
378. 

Kobraee, S. and Shamsi, K. (2011).  Evaluation of soybean yield under drought stress 
by path analysis. Aust. J. Basic Appl. Sci. 5(10): 890-895. 

Komatsu, S., Deschamps, T., Hiraga, S., Kato, M., Chiba, M., Hashiguchi, A., 
Tougou, M., Shimamura, S. and Yasue, H. (2011a.) Characterization of a 
novel flooding stress-responsive alcohol dehydrogenase expressed in soybean 
roots. Plant Mol. Biol. 77: 309-322.  

Komatsu, S., Hiraga, S. and Yanagawa, Y. (2012). Proteomics techniques for the 
development of flood tolerant crops. J. Proteome Res. 11: 68-78. 

Komatsu, S., Nanjo, Y. and Nishimura, M. (2013). Proteomic analysis of the flooding 
tolerance mechanism in mutant soybean. J. Proteomics. 79: 231-250.  

Komatsu, S., Sakata, K. and Nanjo, Y. (2015). Omics techniques and their use to 
identify how soybean responds to flooding. J. Anal. Sci. Technol. 6: 9. 

Komatsu, S., Yamamoto, A., Nakamura, T., Nouri, M.Z., Nanjo, Y., Nishizawa, K. 
and Furukawa, K. (2011b). Comprehensive analysis of mitochondria in roots 
and hypocotyls of soybean under flooding stress using proteomics and 
metabolomics techniques. J. Proteome Res. 10: 3993-4004.  

about:blank
javascript:;


85 
 

Koyama, T., Suenaga, M. and Takeshima, R. (2019). Growth and yield response of 
common buckwheat (Fagopyrum esculentum Moench) to waterlogging at 
different vegetative stages, Plant Prod. Sci. 22(4): 456-464.   

Kumar, A., Pandey, V., Shekh, A.M. and Kumar, M. (2008a). Growth and yield 
response of soybean (Glycine max L.) in relation to temperature, photoperiod 
and sunshine duration at Anand, Gujarat, India. Am.-Eurasian J. Agron. 1: 45-
50. 

Kumar, K.M., KB Sujatha, K.B., Rajashree, V and Kalarani, M.K. (2018). Study on 
gas exchange and antioxidant system of solanaceous species under water 
logged conditions. J. Agric. Ecol. 6: 54-63. 

Kumar, P., Pal, M., Joshi, R. and Sairam, R.K. (2013). Yield, growth and 
physiological responses of mung bean [Vigna radiata (L.) Wilczek] genotypes 
to waterlogging at vegetative stage. Physiol. Mol. Biol. Plants 19: 209-220. 

Kumar, V., Rani, A. and Chauhan, G.S. (2008b). Nutritional value of soybean. In: 
Soybean: Chemistry, Production, Processing, and Utilization. L.A. Johnson, 
P.J. White, R. Gallowa, (Ed.). AOCS Press, Urbana. pp. 375-403. 

Kumutha, D., Ezhilmathi, K., Sairam, R. K., Srivastava, G. C., Deshmukh, P. S. and 
Meena, R. C. (2009). Waterlogging induced oxidative stress and antioxidant 
activity in pigeonpea genotypes. Biol. Plant. 53(1): 75-84. 

Kuswantoro, H. (2015). Agronomical characters of some soybean germplasm under 
waterlogging condition. J. Agron. 14 (2): 93-97. 

Landwehr, M., Hildebrandt, U., Wilde, P., Nawrath, K., Toth, T., Biro, B., Bothe, H. 
(2002). The arbuscular mycorrhizal fungus Glomus geosporum in European 
saline, sodic and gypsum soils. Mycorrhiza. 12: 199-211. 

Li, C., Jiang, D., Wollenweber, B., Li, Y., Daia, T. and Caoa, W. (2011). 
Waterlogging pretreatment during vegetative growth improves tolerance to 
waterlogging after anthesis in wheat. Plant Sci. 180: 672-678. 

Li, W., Mo, W., Ashraf, U., Li, G., Wen, T. and Abrar M., Gao, L., Liu. J. and Hu. J. 
(2018). Evaluation of physiological indices of waterlogging tolerance of 
different maize varieties in South China. Appl. Ecol. Environ. Res. 16: 2059-
2072.  

Lima, R., Diaz, R.F., Castro, A. and Fievez, V. (2011). Digestibility, methane 
production and nitrogen balance in sheep fed ensiled or fresh mixtures of 
sorghum-soybean forage. Livest. Sci. 141(1): 36-46. 

Lindsey, L. and Thomson, P. (2012). High temperature effects on corn and soybean. 
C.O.R.N Newsletter. pp. 23-26. 

Linkemer, G., Board, J.E. and Musgrave, M.E. (1998). Waterlogging effects on 
growth and yield components in late–planted soybean. Crop Sci. 38: 1579-
1584. 

Liu, J., Hasanuzzaman, M., Suna, H., Zhanga, J., Penga, T., Suna, H., Xina, Z. and 
Zhaoa, Q. (2020). Comparative morphological and transcriptomic responses of 
lowland and upland rice to root-zone hypoxia. Environ. Exp. Bot. 169. 

about:blank


86 
 

Liu, X., Jian, J., Guanghua, W. and Herbert, S.J. (2008). Soybean yield physiology 
and development of high- yielding practices in Northeast China. Field Crops 
Res. 105: 157-171.  

Lone, A.A. and Warsi, M.Z.K. (2009). Response of maize (Zea mays L.) to excess 
soil moisture (ESM) tolerance at different stages of life cycle. Bot. Res. Int. 2: 
211-217. 

Luan, H., Guo, B., Pan, Y. Lv, C., Shen, H. and Xu, R. (2018). Morpho-anatomical 
and physiological responses to waterlogging stress in different barley 
(Hordeum vulgare L.) genotypes. Plant Growth Regul. 85: 399-409. 

Miao, S., Shi, H., Jian, J., Judong, L., Xiaobing, L. and Guanghua, W. (2012). Effects 
of short-term drought and flooding on soybean nodulation and yield at key 
nodulation stage under pot culture. J. Food Agric. Environ. 10: 819-824.  

Miransari, M. (2011). Soil microbes and plant fertilization. Appl. Microbiol. 
Biotechnol. 92: 875-885. 

Miransari, M., Riahi, H., Eftekhar, F., Minaie, A. and Smith, D. (2013). Improving 
soybean (Glycine max L.) N2 fixation under stress. J. Plant Growth Regul. 32: 
909-921. 

Miura, K., Ogawa, A., Matsushima, K. and Morita, H. (2012). Root and shoot growth 
under flooded soil in wild groundnut (Glycine soja) as a genetic resource of 
waterlogging tolerance for soybean (Glycine max). Pak. J. Weed Sci. Res. 18: 
427-433. 

Mustafa, G. and Komatsu, S. (2014). Quantitative proteomics reveals the effect of 
protein glycosylation in soybean root under flooding stress. Front. Plant Sci. 
18: 627. 

Mutava, R.N., Prince, S.J.K., Syed, N.H., Song, L., Valliyodan, B., Chen, W. and 
Nguyen, H.T. (2015). Understanding abiotic stress tolerance mechanisms in 
soybean: a comparitive evaluation of soybean response to drought and 
flooding stress. Plant Physiol. Biochem. 86: 109-120. 

Nanjo, Y., Nakamura, T. and Komatsu, S. (2013). Identification of indicator proteins 
associated with flooding injury in soybean seedlings using label-free 
quantitative proteomics. J. Proteome Res. 12: 4785-4798. 

Nguyen, V.T., Vuong, T.D., VanToai, T., Lee, J.D., Wu, X., Rouf Mian, M.A., 
Dorrance, A.E., Shannon, J.G. and Nguyen, H.T. (2012). Mapping of 
quantitative trait loci associated with resistance to Phytophthora sojae and 
flooding tolerance in soybean. Crop Sci. 52: 2481-2493. 

Oosterhuis, D.M., Scott, H.D., Hampton, R.E. and Wullschleter, S.D. (1990). 
Physiological response of two soybean [Glycine max L. Merr] cultivars to 
short-term flooding. Environ. Exp. Bot. 30(1): 85-92. 

Paltaa, J.A., Ganjealic, A., Turnerb, N.C. and Siddique, K.H.M. (2010). Effects of 
transient subsurface waterlogging on root growth, plant biomass and yield of 
chickpea. Agric Water Manag. 97: 1469-1476. 

Pedó, T., Koch, F., Martinazzo, E.G., Villela, F.A. and Aumonde, T.Z. (2015). 
Physiological attributes, growth and expression of vigor in soybean seeds 
under soil waterlogging. Afr. J. Agric. Res. 10(39): 3791-3797. 



87 
 

Prasanna, Y.L. and Rao, G.R. (2014). Effect of waterlogging on growth and seed 
yield in greengram genotypes. Int. J. Food Agric. Vet. Sci. 4: 124-128. 

Rajendran, A., Lal, S.K., Jain, S.K. and Raju, D. (2019). Screening of soybean 
genotypes for pre-germination anaerobic stress tolerance to waterlogging. J. 
Pharmacogn. Phytochem. 2: 01-03. 

Rao, D.L.N. (2014). Recent advances in biological nitrogen fixation in agricultural 
systems. Proc. Ind. Natl. Sci. Acad. 80: 359-378. 

Rasaei, A., Ghobadi, M.E., Jalali-Honarmand, S., Ghobadi, M. and Saeidi, M. (2012). 
Impacts of waterlogging on shoot apex development and recovery effects of 
nitrogen on grain yield of wheat. Eur. J. Exp. Biol. 2: 1000-1007. 

Ren, B., Zhang, J., Dong, S., Liu, P. and Zhao, B. (2016). Effects of waterlogging on 
leaf mesophyll cell ultrastructure and photosynthetic characteristics of summer 
maize. PLoS ONE. 11(9): e0161424. doi:10.1371/journal.pone.0161424 

Ren, B., Zhang, J., Li, X., Fan, X., Dong, S., Liu, P. and Zhao, B. (2014). Effects of 
waterlogging on the yield and growth of summer maize under field conditions. 
Can. J. Plant Sci. 94: 23-31. 

Rhine, M., Stevens, G., Shannon, G., Wrather, A. and Sleper, D. (2010). Yield and 
nutritional responses to waterlogging of soybean cultivars. Irrig. Sci. 28: 135-
142. 

Ruchi, B., Shivani, S., Kuldeep, T. and Ashok, K. (2019). Waterlogging tolerance in 
black gram [Vigna mungo (L.) Hepper] is associated with chlorophyll content 
and membrane integrity. Indian J. Biochem. Biophys. 56: 81-85. 

Saha, R.R., Ahmed,F., Mokarroma, N., Rohman, M.M. and Golder, P.C. (2016). 
Physiological and biochemical changes in waterlog tolerant sesame genotypes. 
SAARC J. Agric. 14(2): 31-45. 

Sahoo, R.K., Ansari, M.W., Pradhan, M., Dangar, T.K., Mohanty, S. and Tuteja, N. 
(2014). Phenotypic and molecular characterization of 
native Azospirillum strains from rice fields to improve crop productivity. 
Protoplasma. 251: 943-953. 

Sairam, K., Dharmar, K., Lekshmy, S. and Chinnusam, V. (2011). Expression of 
antioxidant defense genes in mung bean (Vigna radiata L.) roots under water-
logging is associated with hypoxia tolerance. Acta. Physiol. Plant. 33: 735-
744. 

Sairam. R.K., Kumutha, D., Ezhilmathi, K., Chinnusamy, V. and Meena, R.C. (2009). 
Waterlogging induced oxidative stress and antioxidant enzymes activity in 
pigeon pea. Biol. Plant. 53: 493-504. 

Salimi, S. (2015). Evaluation of soybean genotypes (Glycine max L) to drought 
tolerance at germination stage. Res. J. Environ. Sci. 9: 349-354. 

Sarkar, P.K., Khatun, A. and Singha, A. (2016). Effect of duration of water-logging 
on crop  stand and yield of sesame. Int. J. Innov. App. Stud. 14(1): 1-6. 

Sauter, M. (2013). Root responses to flooding. Curr. Opin. Plant Biol. 16: 282-286. 
Shea, Z., Singer, W. M. and Zhang, B. (2020). Soybean production, versatility, and 

improvement. In: legume crops. M. Hasanuzzaman, (ed.). IntechOpen. doi: 
10.5772/intechopen.91778 

about:blank
about:blank


88 
 

Shimamura, S., Mochizuki, T., Nada, Y. and Fukuyama, M. (2003). Formation and 
function of secondary aerenchyma in hypocotyl, roots and nodules of soybean 
(Glycine max) under flooded conditions. Plant Soil. 251: 351-359. 

Shin, S., Jung,  G.H., Kim, S.G., Son, B.Y., Kim, S.G., Lee, J.S., Kim, J.T., Bae, 
H.H., Kwon, Y., Shim, K.B., Lee, J.E., Baek, S.B. and Jeon, W.T. (2017). 
Effect of prolonged waterlogging on growth and yield of characteristics of 
maize (Zea mays L.) at early vegetative stage. J. Korean Soc. Grassl. Forage 
Sci. 37(4) : 271-276. 

Shiono, K., Ogawa, S., Yamazaki, S., Isoda, H., Fujimura, T., Nakazono, M. and 
Colmer, T.D. (2011). Contrasting dynamics of radial O -loss barrier induction 
and aerenchyma formation in rice roots of two lengths. Ann. Bot. 107: 89-99. 

Shu, K., Qi, Y., Chen, F., Meng, Y-J, Luo, X., Shuai, H., Zhou, W., Ding, J., Du, J., 
Liu, J., Yang, F., Wang, Q., Liu, W., Yong, T., Wang, X., Feng, Y. and Yang, 
W. (2017). Salt stress represses soybean seed germination by negatively 
regulating GA biosynthesis while positively mediating ABA biosynthesis. 
Front. Plant Sci. 8: 1372. 

Smethurst, C.F., Garnet, T. and Shabala, S. (2005). Nutrition and chlorophyll 
fluorescence responses of lucerne (Medicago sativa) to waterlogging 
subsequent recovery. Plant Soil. 270: 31-45. 

Snider, J.M., Oosterhuis, D.M., Skulman, B.W. and Kawakami, E.M. (2009). Heat-
induced limitations to reproductive success in Gossypium hirsutum. Physiol. 
Plant. 137: 125-138. 

SPSS. (2020). Statistical Package for Social Sciences Version 27.0. IBM SPSS 
Statistics for Windows. Armonk, NY: IBM Crop. 

Suralta, R. R. and Yamauchi, A. (2008). Root growth, aerenchyma development, and 
oxygen transport in rice genotypes subjected to drought and waterlogging. 
Environ. Exp. Bot. 64: 5-82. 

Suzuki, N., Rivero, R.M., Shulaev, V., Blumwald, E. and Mittler, R. (2014). Abiotic 
and biotic stress combinations. New Phytol. 203: 32-43. 

Taiz, L. and Zeiger, E. (2006). Plant Physiology (4th Edn), Sinauer Associates, 
Massachusetts. Pp.690  

Tamang, B.G., Magliozzi, J.O., Maroof, M.A.S. and Fukao, T. (2014). Physiological 
and transcriptomic characterization of submergence and reoxygenation 
responses in soybean seedlings. Plant Cell Environ. 37: 2350-2365.  

Tan, W., Liu, J., Dai, T., Jing, Q., Cao, W. and Jiang, D. (2008). Alterations in 
photosynthesis and antioxidant enzyme activity in winter wheat subjected to 
post-anthesis water-logging. Photosynthetica. 46 (1): 21-27. 

Tang, B., Xu, S., Zou, X., Zheng, Y. and Qiu, F. (2010). Changes of antioxidative 
enzymes and lipid peroxidation in leaves and roots of waterlogging-tolerant 
and waterlogging-sensitive maize genotypes at seedling stage. Agric. Sci. 
China. 9: 651-661. 

Tian, L., Li, J., Bi, W., Zuo, S., Li, L., Li, W. and Sun, L. (2019). Effects of 
waterlogging stress at different growth stages on the photosynthetic 
characteristics and grain yield of spring maize (Zea mays L.) Under field 
conditions. Agric. Water Manag. 218: 250-258. 

about:blank#auth-1
https://www.sciencedirect.com/science/journal/03783774/218/supp/C


89 
 

Tobia, C., Villalobos, E., Rojas, A., Soto, H. and Moore, K.J. (2008). Nutritional 
value of soybean (Glycine max L. Merr.) silage fermented with molasses and 
inoculated with Lactobacillus brevis 3. Livest. Res. Rural Dev. 20: 106. 

Tougou, M., Hashiguchi, A., Yukawa, K., Nanjo, Y., Hiraga, S., Nakamura, T., 
Nishizawa, K. and Komatsu, S. (2012). Responses to flooding stress in 
soybean seedlings with the alcohol dehydrogenase transgene. Plant 
Biotechnol. 29: 301-305. 

USDA. (2019). World Agricultural Production. Retrieved from. 
https://apps.fas.usda.gov/psdonline/circulars/production.pdf. 

USDA. (2018). Oilseed: World Markets and Trade February, 2018. – USDA, 
Washington. 

Valliyodan, B., Van Toai, T.T., Alves, J.D., De Fátima, P., Goulart, P., Lee, J.D., 
Fritschi, F.B., Rahman, M.A., Islam, R., Shannon, J.G. and Nguyen, H.T. 
(2014). Expression of root-related transcription factors associated with 
flooding tolerance of soybean (Glycine max). Int. J. Mol. Sci. 15: 17622-
17643. 

Valliyodan, B., Ye, H., Song, L., Murphy, M., Shannon, J.G. Nguyen, H.T. (2017). 
Genetic diversity and genomic strategies for improving drought and 
waterlogging tolerance in soybeans. J. Exp. Bot. 68(8): 1835-
1849. doi.org/10.1093/jxb/erw433. 

Van Nguyen, L., Takahashi, R., Githiri, S.M., Rodriguez, T.O., Tsutsumi, N., 
Kajihara, S., Mochizuki, T. (2017). Mapping quantitative trait loci for root 
development under hypoxia conditions in soybean (Glycine max L. Merr.). 
Theor. Appl. Genet. 130: 743-755.  

Vandoorne, B., Descamps, C., Mathieu, A.S., Van den Ende, W., Vergauwen, R., 
Javaux, M. and Lutts, S. (2014). Long term intermittent flooding stress affects 
plant growth and inulin synthesis of Cichorium intybus (var. sativum). Plant 
Soil. 376: 291-305.  

VanToai, T.T., Hoa, T.T.C., Hue, N.T.N., Nguyen, H.T., Shannon,G.J. and Rahman, 
M.A. (2010). Flooding tolerance of soybean [Glycine max (L.) merr.] 
germplasm from southeast asia under field and screen-house environments. 
Open Agric. J. 4: 38-46. 

VanToai, T.T., Lee, J.D., Goulart, P.F.P., Shannon, G.J., Alves, J.D., Nguyen, H.T., 
Yu, O., Rahman M. and Islam R. (2012). Soybean (Glycine max L. Merr.) 
seed composition response to soil flooding stress. J. Food Agric. Environ. 10 
(1): 795-804.  

Voesenek, L.A.C.J. and Bailey-Serres, J. (2015). Flood adaptive traits and processes: 
an review. New Phytol. doi: 10.1111/nph.13209 

Wany, A., Kumari, A. and Gupta, K.J. (2017). Nitric oxide is essential for the 
development of aerenchyma in wheat roots under hypoxic stress. Plant Cell 
Environ. 40: 3002-3017. 

Waqas, M., Khan, A.L., Kang, S.M., Kim, Y.H., and Lee, I.J. (2014). Phytohormone-
producing fungal endophytes and hardwood-derived biochar interact to 
ameliorate heavy metal stress in soybeans. Biol. Fertil. Soils 50: 1155-1167.  

about:blank
https://doi.org/10.1093/jxb/erw433


90 
 

Wegner, L.H. (2010). Oxygen transport in waterlogged plants. In: Mancuso, S., 
Shabala, S. (ed.). Waterlogging signalling and tolerance in plants. Springer, 
Berlin. pp. 3-22. 

Wei, W., Li, D., Wang, L., Ding, X., Zhang, Y., Gao, Y. and Zhang, X. (2013). 
Morpho-anatomical and physiological responses to waterlogging of sesame 
(Sesamum indicum L.). Plant Sci. 208: 102-111. 

Weisz, P.R. and Sinclair, T.R. (1987). Regulation of soybean nitrogen fixation in 
response to rhizosphere oxygen. II. Quantification of nodule gas permeability. 
Plant Physiol. 84: 906-910. 

Wu, C., Zeng, A.,  Chen, P., Florez Palacios, L., Hummer, W., Mokua, j., Klepadlo, 
M., Yan, L., MA, Q. and Cheng, Y. (2017). An effective field screening 
method for flood tolerance in Soybean. Plant Breed. 136: 710-719.  

Xu, F., Wang, X., Wu, Q., Zhang, X. and Wang, L. (2012). Physiological responses 
differences of different genotype sesames to flooding stress. Adv. J. Food Sci. 
Technol. 4(6): 352-356. 

Yaduvanshi, N.P.S., Setter, T.L., Sharma, S.K., Singh, K.N. and Kulshreshtha, N. 
(2010). Waterlogging effects on wheat yield, redox potantial, manganese and 
iron in different soils of India. Paper presented at the 19th world congress of 
soil Science, 1-6 August,  Brisbane, Australia. pp. 45-48. 

Yin, D., Chen, S., Chen, F., Guan, Z. and Fang, W. (2009). Morphological and 
physiological responses of two chrysanthemum cultivars differing in 
theirtolerance to waterlogging. Environ. Exp. Bot. 67: 87-93. 

Yiu, J.C., Liu, C.W., Fang, D.Y.T. and Lai, Y.S. (2009). Waterlogging tolerance of 
Welsh onion (Allium fistulosum L.) enhanced by exogenous spermidine and 
spermine. Plant Physiol. Biochem. 47: 710-716. 

Yordanova, R.Y. and Popova, L.P. (2007). Flooding-induced changes in 
photosynthesis and oxidative status in maize plants. Acta Physiol. Plant. 29: 
535-541. 

Youn, J.T., Van, K., Lee, J.E., Kim, W.H., Yun, H.T., Kwon, Y.U., Ryu, Y.H. and 
Lee, S.H. (2008). Waterlogging effects on nitrogen accumulation and N2 
fixation of supernodulating soybean mutants. J. Crop Sci. Biotechnol. 11: 111-
118.  

Zhang, G., Tanakamaru, K., Abe, J. and Morita, S. (2007). Influence of waterlogging 
on some anti-oxidative enzymatic activities of two barley genotypes differing 
in anoxia tolerance. Acta. Physiol. Plant. 29: 171-176. 

Zhang, X., Shabala, S., Koutoulis, A., Shabala, L., Johnson, P., Hayes, D., Nichols, 
D.S. and Zhou, M. (2015).Waterlogging tolerance in barley is associated with 
faster aerenchyma formation in adventitious roots. Plant Soil. 394: 355-372. 

Zhang, Y. Y., Wang, L. L., Lui, Y. L., Zhang, Q., Wei, Q. P. and Zhang, W. L. 
(2006). Nitric oxide enhances salt tolerance in maize seedling through 
increasing activities of proton-pump and Na+/H+ antiport in the tonoplast. 
Planta. 224: 545-555. 

 

about:blank
about:blank
about:blank
about:blank#auth-4


91 
 

Zhang, X., Fan, Y., Shabala, S., Koutoulis, A., Shabala, L., Johnson, Peter., Hu, H. 
and Zhou, M. (2017). A new major-effect QTL for waterlogging tolerance in 
wild barley (H. spontaneum). Theor. Appl. Genet. 130: 1559–1568. 
doi.org/10.1007/s00122-017-2910-8 

Zheng, C., Jiang, D., Liu, F., Dai, T., Jing, Q. and Cao, W. (2009). Effects of salt and 
waterlogging stresses and their combination on leaf photosynthesis, 
chloroplast ATP synthesis, and antioxidant capacity in wheat. Plant Sci. 176: 
575-582. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

javascript:;
https://doi.org/10.1007/s00122-017-2910-8


92 
 

APPENDICES 
 
 
Appendix I: Monthly average air temperature, relative humidity, rainfall and daylight 

of the experimental site during the time from July 2019 to November 

2019 

 
 

Months Air temperature (ºC) Relative 
humidity 

(%) 

Total 
rainfall 
(mm) 

Daylight 
(h) Maximum Minimum 

July 26.2 31.4 72 373.1 13.4 
August 26.3 31.6 74 316.5 12.9 

September 25.9 31.6 71 300.4 12.3 
October 23.8 31.6 65 172.3 11.6 

November 19.2 29.6 53 34.4 11 
 
Appendix II: Mean square values and degrees of freedom (DF) of mortality rate, 

plant height (20, 25, 30 and 50 DAS), number of branches plant-1 of 

different soybean genotypes under waterlogging 

 
 

 
Sources of 
variation 

 
DF 

Mean square values of 
Mortality 

rate 
Plant height   Number 

of 
branches 

plant-1 

20  
DAS 

25 
DAS 

30 
DAS 

50 
DAS 

Treatment 23 666.106 19.950 31.506 63.669 308.812 2.769 

 Error 48 1.372 1.175 1.702 15.337 6.541 0.035 
 
Appendix III: Mean square values and degrees of freedom (DF) of number of leaves 

plant-1 (20, 25 and 50 DAS), leaf area (32, 39 and 46 DAS) of 

different soybean genotypes under waterlogging 

 
 

 
Sources of 
variation 

 
DF 

Mean square values of 
Number of leaves plant-1   Leaf area   

20 DAS 25 DAS 50 DAS 32 DAS 39 DAS 46 DAS 

Treatment 23 1.614 1.875 94.742 45.830 87.886 55.337 
 Error 48 0.096 0.033 0.297 0.627 10.656 8.662 
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Appendix IV: Mean square values and degrees of freedom (DF) of shoot FW (20 and 

25 DAS), shoot DW (20 and 25 DAS), RWC (20 and 25 DAS) of 

different soybean genotypes under waterlogging 

 

 
 

Sources of 
variation 

 
DF 

Mean square values of 
Shoot FW Shoot DW RWC RWC 

20 DAS 25 DAS 20 DAS 25 DAS 20 DAS 25 DAS 

Treatment 23 0.558 1.395 0.021 0.024 756.366 232.141 
Error 48 0.011 0.016 0.0001 0.0001 15.378 13.285 

 
Appendix V: Mean square values and degrees of freedom (DF) of SPAD value (20, 

25, 30 and 40 DAS), electrolyte leakage of different soybean 

genotypes under waterlogging 

 

 
 

Sources of 
variation 

 
DF 

Mean square values of 

SPAD value electrolyte 
leakage 

(20 DAS) 20 DAS 25 DAS 30 DAS 40 DAS 

Treatment 23 44.041 56.339 104.790 90.284 189.048 

Error 48 4.172 2.888 22.825 5.084 1.146 

 
Appendix VI: Mean square values and degrees of freedom (DF) of number of pods 

plant-1, number seeds pod-1, 100-seed weight, seed yield plant-1, stover 

yield and biological yield of different soybean genotypes under 

waterlogging 

 
 

 
Sources of 
variation 

 

 
DF 

Mean square values of 
Number 
of pods 
plant-1 

Number 
of seeds 

pod-1 

100-
seed 

weight 

Seed 
yield 

plant-1 

Stover 
yield 

(tha-1) 

Biologi
cal 

yield 
(tha-1) 

Treatment 23 38.182 0.031 267.73 5.716 2.754 13.155 

Error 48 1.393 0.004 6.857 0.059 0.262 0.382 
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