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INTRODUCTION

Maize (Zea mays L.) is called the queen of the cereals due to 
its high productivity, wider adaptability in the various agro-
ecological regions and high genetic potential compared to other 
cereals (Mahesh et al., 2013). Maize is one of the most widely 
produced and consumed crops in the world by producing about 
1116.2 million metric tons in 2019-2020 (USDA, www.fas.
usda.gov/data/grain-world-markets-and-trade). In recent years, 
abiotic stresses such as drought, waterlogging, submergence, 
salinity and extreme temperature are increasingly affecting crop 
production and productivity (Bray et al., 2000).

Waterlogging has become one of the main constraints of maize 
production worldwide by affecting its yield performance (Du 
et al., 2017). The main causes of waterlogging in maize production 
are—continuous rainfall with inadequate drainage, contingent 
flooding, and high water-table. Sometimes maize is grown in 
converted paddy fields or in poorly drained soil that help create 
waterlogging during the rainy season (Amin et al., 2014). In the 

Asian monsoon regions, the main source of waterlogging stress 
of the summer maize is flooding of fields during late spring and 
summer (Mano et al., 2006). Over 18% of total maize growing 
areas in the South and South-East Asia are frequently affected 
by waterlogging stress (Zaidi et al., 2009). The agronomic and 
yield performance of maize is severely affected by waterlogging 
stress (Osman et al., 2013). Extinction of plant species and 
alteration of plant distribution can be caused by extreme or 
gradual waterlogging (Bailey-Serres & Voesenek, 2008).

Waterlogging causes a reduction of gas exchange between 
the atmosphere and root tissue by 100 times lowering the 
diffusion rate of gases in the flooded soil (Zaidi et al., 2009). 
Waterlogging condition decreases the available O2 for plants 
(Capon et al., 2009). With the gradual decrease of oxygen, 
plant root suffers from hypoxia (low oxygen) followed by 
anoxia (no oxygen) when faced with excess moisture for 
more than three days (Dennis et al., 2000; Zaidi and Singh, 
2002). Some physiological processes of plants that require 
oxygen— including growth and cell division, uptake and 
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transpiration of nutrients and respiration—become affected 
under waterlogging. Plants growth, development and survival 
are dramatically affected by waterlogging conditions (Parent 
et al., 2008). However, the level of damage significantly 
depends on the developmental stages of the crop. From the 
early seedling stage to tasseling stage are the susceptible 
stages of maize under waterlogging (Zaidi et al., 2004). Plants 
suffer from chlorosis, necrosis, decreased growth, defoliation, 
yield loss and eventually plants die due to waterlogging stress 
(Hasanuzzaman et al., 2016).

Plants under waterlogging conditions survive through various 
morphological, physiological, anatomical and biochemical 
adaptations. Production of ethylene and formation of 
adventitious roots are some of the major adaptive responses 
under waterlogging stress due to O2 deficiency (Pezeshki, 
2001; Suralta and Yamauchi, 2008). Under waterlogging 
conditions, the plant exhibits several anatomical changes by 
the formation of gas space or aerenchyma. The presence of 
the aerenchyma or gas space is the most common adaptive 
feature for the distribution and flow of oxygen from root to 
shoot under waterlogging stress (Colmer & Voesenek, 2009; 
Shiono et al., 2011). Reduction of soil redox potential and 
enhancement of generation of toxic compounds occur due to 
waterlogging (Fiedler et al., 2007). Production of active oxygen 
species (AOS) such as superoxide (O2

-.), singlet oxygen (1O2), 
hydrogen peroxide (H2O2) and hydroxyl radicals (OH•) are 
the results of oxidative stress due to waterlogging (Subbaiah 
& Sachs, 2003; Liao & Lin, 2003; Zhang et al., 2003; Jackson 
& Colmer, 2005). Due to normal aerobic metabolism, AOS 
is present in plants at different levels and contribute to 
waterlogging damage vitally (Kuk et al., 2003). AOS is highly 
reactive and therefore any oxidative damage to lipids, proteins 
and nucleic acids can change normal cellular metabolism 
(McKersie & Leshem, 1994; Alscher et al., 1997; Imlay, 2003; 
de Azevedo Neto et al., 2006). However, plants have the 
potential to detoxify the adverse effects of reactive oxygen 
species (ROS) by generating various forms of antioxidants 
such as ascorbate peroxidase (APX), superoxide dismutase 
(SOD), peroxidase (POD), catalase (CAT), glutathione 
reductase (GR), ascorbic acid, glutathione, tocopherols and 
carotenoids (Biswas & Kalra, 2018). In addition, significant 
genetic variability in the tolerance of maize to water-logging 
stress has been reported (Zaidi et al., 2002, 2003, 2007).

Response of morpho-physiological traits associated with 
tolerance and identification of promising genotypes of maize are 
the prerequisite for the success of breeding under waterlogging 
stress. Identification and development of genotypes capable 
of withstanding water logging conditions could be an ideal 
and affordable approach, which could be suitable for maize-
growing farmers lacking sufficient resources in the sub-tropics. 
The major bottlenecks are the lack of appropriate screening 
techniques, morpho-physiological traits associated with 
tolerance and the identification of promising genotypes (Zaidi 
& Singh, 2001). Therefore, it is important to run an experiment 
to assess the response of morphological and biochemical traits 
of maize genotypes under water-logging. The objective of this 
study was to find out traits of maize genotypes responsive to 

waterlogging stress at morphological and biochemical levels that 
may offer tolerance under stress conditions.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seeds of ten selected maize genotypes were collected 
from Bangladesh Agricultural Research Institute (BARI), 
Gazipur-1700 (Table 1). The experiment was laid out following 
a Randomized Complete Block Design (RCBD) with three 
replications. There were two treatments—no water (control) and 
5.0 cm water treated plot (Figure 1). A waterlogging treatment 
was applied in the field continuously for 10 days with an average 
depth of 5.0 ± 1.0 cm at the vegetative stage of plant in order 
to introduce stress when the plants were 45 days old. Water 
level of the treated field was maintained continuously at the 
same level throughout the experiment from one end to another 
end of the plots.

Measurements and Data Collection

Morphological traits analysis

Leaf scoring
Leaves of ten genotypes from both control and waterlogging-
treated plants were scored based on injury level using 1-9 scores 
at 10 days after application of waterlogging stress (Figure 2, 
Table 2, Arif et al., 2019).

Plant height
Plant height of individual plants was measured at 3, 6 and 9 days 
after treatment imposition. The measurement of plant height 
was carried out in centimeters (cm) from the soil surface to 
the highest point of the arch of the uppermost leaf whose tip 
is pointing down.

Leaf area
The length and width of each leaf was measured individually at 3, 
6 and 9 days after treatment and the area of individual leaf laminae 
was estimated using the following formula: LA = 0.75 × Leaf 
Length × Leaf Width (Ren et al., 2013). Leaf area of the individual 
leaves was added to estimate the total leaf area of each plant.

Number of live leaves (NLL)
At 3, 6 and 9 days after applying waterlogging stress, the live 
leaves per plant were counted. A leaf was considered as an alive 
leaf when more than 50% of its leaf area was green.

Figure 1: Experimental plot (A) control plot (no waterlogging) 
(B) treated plot (waterlogging)

BA
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Percent leaf (%) mortality rate
Percent leaf mortality rate was estimated by counting total 
number of dead leaves (less than 50% alive) and the total 
number of live leaves (more than 50% alive) per plant at 9 days 
after applying the waterlogging stress and percent mortality was 
counted by using the following formula:

Leaf mortality 
rate (%) =  

Number of dead leaves/plant   
×100

  Total number of leaves/plant

Chlorophyll content
At 9 days after applying waterlogging stress, the chlorophyll 
content of the 3rd leaf of each plant was measured with the 
help of a chlorophyll meter (SPAD-502 PLUS, 3V=200 Mw, 
Konica Minolta, Osaka, Japan). This was done similarly for each 
plant under control and waterlogging treatment. It was a non-
destructive method. There is a small sensor inside the meter and 
leaves were placed between them. For each leaf three positions 
(proximal, distal and middle) were brought under measurement 
and the measurements were averaged (Abbasi et al., 2015).

Anatomical study

During the experimentation, 0.5% acetocarmine solution was 
used for staining roots. To prepare the solution 0.5 g carmine 

was dissolved in 100 L of 45% glacial acetic acid, and refluxed 
for 24 hours (KSU, 2018). The dissected roots were stained with 
0.5% acetocarmine well enough to visualize under a microscope. 
The cross-sections of roots were visualized at 100x magnification 
and the root anatomical structure was captured.

Biochemical trait analysis

Leaf samples from the 4th youngest leaf of four selected 
genotypes (BHM-9, BHM-13, BM-6 and Popcorn) were collected 
at 10 days after waterlogging stress and were subjected for 
biochemical analysis. The ascorbate peroxidase (APX) and 
peroxidase (POD) activities were determined by following 
the method of Nakano and Asada (1981). Hydrogen peroxide 

Table 1: List of ten maize genotypes used in this study with their characteristics (DHCP, 2017, BARI, http://baritechnology.org/
en/ home/tech_commodity#result). BARI, Bangladesh Agricultural Research Institute
Genotypes Given identity Developed

by
Growing season Average yield

(t ha-1)
Year of release Characteristics

BHM-14 G1 BARI Rabi, kharif Rabi 10.84
Kharif 10.52

2017 Early maturing, high temperature tolerant, root and 
stalk lodging tolerant

BHM-9 G2 BARI Rabi, kharif Rabi 10.0-11.0
Kharif 7-7.5

2007 Higher yield potential, resistant to disease and pest

Popcorn G3 BARI Rabi, kharif Rabi 5.5
Kharif 4.0-4.5

1986 High poping quality (95%)

BHM-13 G4 BARI - - 2016 -
BHM-7 G5 BARI Rabi, kharif Rabi 10.0-11.0

Kharif 7-7.5
2006 Higher yield potential, resistant to disease and pest

BHM-12 G6 BARI - - 2016 -
BM-6 G7 BARI Rabi, kharif Rabi 6.5-7.5

Kharif 5.0-6.0
1998 High yield potential, resistant to disease and pest

BM-7 G8 BARI Rabi, kharif Rabi 6.5-7.5
Kharif 5.0-6.0

2002 Open pollinated variety, high yield, bold grain

Mohor G9 BARI Rabi, kharif Rabi 5.0-5.5
Kharif 3.5-4.5

1991 High yield

Barnali G10 BARI Rabi, kharif Rabi 5.5-6.0
Kharif 4.0-4.5

1986 High yield, resistant to pest and disease

Table 2: Scoring criteria for the visual injury scoring under 
waterlogging stress at the vegetative stage for ten maize 
genotypes
Score  Leaves

1 Normal color and growth
3 Nearly normal condition, but leaf tip become discolored and 

wilting started
5 Leaf become rolled, most part of the leaf become discolored and 

started drying
7 Leaf become mostly dry, totally discolored
9 Leaf dead or near to die

Figure 2: Leaf injury scores of leaves of maize genotypes under 
waterlogging treatment
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(H2O2) activity was determined by following the protocol of 
Velikova et al. (2000).

Statistical Analysis

Data were analyzed using MINITAB 17 statistical software 
packages (Minitab Inc., State College, Pennsylvania, USA). 
A two-way analysis of variance (ANOVA) was executed for 
different morphological and biochemical traits following a 
general linear model (GLM) to explore treatment, genotype 
and treatment genotype interaction. Principal Component 
Analysis (PCA) of the morphological traits was carried out 
to investigate the association between morphological traits 
and tolerance of genotypes under treatment. The Principal 
Component (PC) scores were stored and ANOVA of the PC 
scores was performed following a one way ANOVA to explore 
the statistical significance between treatment and genotypes 
and treatment-variety interaction.

RESULTS

Treatment Effect

Waterlogging stress significantly affected the survivability 
of older leaves exhibiting genotypic variations (Table 2, 
Figure 3). The number of leaves per plant ranged between 
8 and 11 in maize genotypes under both control and 
waterlogging treatment during data collection. The first 
three young leaves were fully alive (score 1) showing no sign 
of injury under both control and waterlogging treatments 
(Table 2). On the other hand, leaf injury scores from the leaf 
position 7 to leaf position 9 were nine for all genotypes under 
waterlogging treatment although that ranged between 1 and 
3 under control treatment. Notably, the leaf injury scores of 
leaf position 4–6 of 10 maize genotypes under waterlogging 
treatment showed notable variations among genotypes 
(Figure 3). The genotypes BHM-14, BHM-13 and Barnali 
accounted for leaf injury scores lower than 3 up to leaf position 
5 and that of lower than 5 up to leaf position 6 (Figure 3). 
These three genotypes were therefore graded as tolerant. 
The genotypes BHM-9, BHM-12 and Mohor accounted for 
leaf injury scores 5 at both leaf positions 5 and 6 (Figure 3). 
These three genotypes were graded as moderately tolerant 
(Figure 3). The four other genotypes, Popcorn, BHM-7, BM-6 
and BM-7 accounted for leaf injury scores higher than 5 at the 
leaf position 6 (Figure 3). These four genotypes were graded 
as susceptible (Figure 3).

Waterlogging stress significantly altered the morphological 
traits of maize plants including plant height, number of 
live leaves, mortality rate of leaves, leaf area and chlorophyll 
content (Figure 4, Figure S1-S7). Plant height was significantly 
increased by 1.35 folds (P=0.006) for BHM-9 at 3 days after 
waterlogging stress compared to control (Figure S1). Plant 
height at 6 days after waterlogging increased by 1.31 folds 
(P<0.001) in genotype BHM-9 under waterlogging stress 
compared to control (Figure S2). The total number of live 
leaves was decreased by 1.26 folds (P<0.001) in BM-6 at 

6 days after waterlogging treatment compared to control 
(Figure S5). The total number of live leaves was decreased 
from 1.3 to 1.4 folds (P<0.001) in genotypes BHM-13, BHM-
7, BHM-12, BM-6, BM-7, Mohor and Bornali at 9 days after 
waterlogging treatment compared to control (Figure 4A). 
Percent leaf mortality rate (%MR) was increased by 5.12 folds 
in genotype BHM-12 followed by 4.69 folds in genotype BHM-
13 (P<0.001) under waterlogging treatment compared to 
control (Figure 4B). The genotypes BHM-14, Popcorn, BHM-7 
showed a reduction in chlorophyll content (CC) by 1.15, 1.58, 
2.27 folds (P<0.001), respectively, under waterlogging stress 
compared to control (Figure 4C).

Response of Biochemical Traits Under Waterlogging 
Stress

The contents of APX and POD were increased in both tolerant 
and susceptible genotypes under waterlogging stress compared 
to control (Figure 5A) but their contents were greatly increased 
in two tolerant genotypes BHM-9 and BHM-13 compared to 
two susceptible genotypes, Popcorn and BM-6 (Figure 5A). The 
content of APX was increased by 3.67 folds (P<0.001) in the 
moderately tolerant genotype BHM-9 followed by 2.33 folds in 
the tolerant genotype BHM-13 (Figure 5A) whereas the content 
of POD was increased by 2.46 folds (P<0.001) in tolerant 
genotype BHM-13 under waterlogging treatment compared to 
control (Figure 5B).

The content of hydrogen peroxide (H2O2) as a measure of 
oxidative stress greatly increased in both susceptible genotypes 
Popcorn and BM-6 but that was decreased on tolerant genotype 
BHM-9 but slightly increased in BHM-13 (Figure 5C). The 
highest increase in the content of H2O2 by 9.05 folds was 
observed in susceptible genotype BM-6 under waterlogging 
stress compared to control (Figure 5C).

Figure 3: Median values of leaf injury scores of six young leaves of 
10 maize genotypes after 10 days of waterlogging considering the 
youngest leaf as leaf 1. Vertical bars indicate standard error of mean. 
Median leaf injury scores of all genotypes in control plants were 1 
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Genotype Difference

A remarkable number of morphological traits exhibited 
significant genotypic variation including plant height at 3, 6 
and 9 days after waterlogging, number of live leaves at 3, 6 and 
9 days after waterlogging, percent leaf mortality rate (%MR), 
chlorophyll content (CC), leaf area at 3, 6 and 9 days after 
waterlogging (Table S1). The content of hydrogen peroxide 
(H2O2), peroxidase (POD) and ascorbate peroxidase (APX) 
also showed a significant varietal difference (Suppl. Table 1).

Anatomical Difference

Maize genotypes under control condition (no waterlogging) 
produce no aerenchyma cells in epidermal regions (Figure 6A). 
Anatomical study showed that roots of tolerant maize genotypes 
such as BHM-13, BHM-14 and Barnali under waterlogging 
stress produced large aerenchyma cells (Figure 6B). By contrast, 
the susceptible maize genotypes such as BHM-7, BM-6 and 
BM-7 produced aerenchyma cells either none or comparatively 
much lower in number compared to tolerant genotypes under 
waterlogging stress (Figure 6B vs. 6C).

Trait Association

Principal component analysis (PCA)

The first three principal components (PC) explained 72% 
of the total data variation that showed variation due to the 
effect of waterlogging and genotypes (Table 3). The first 
principal component (PC1) explained 40.9% variation, second 
principal component (PC2) explained 19.6% and third principal 
component (PC3) explained 12% variation (Table 3). Scores 
of PC1 were highly significant for treatment (waterlogging), 
genotype and treatment-genotype interaction (Table 3). PC2 
showed that PC scores were highly significant for treatment, 
genotype and treatment-genotype interaction. PC3 scores 
were highly significant for genotype and genotype treatment 
interaction (Table 3).

The PC1 separated the genotype BHM14 (G1) from the 
genotype BM7 (G8) for their highest positive and negative 
PC scores, respectively (Figure 7). PC1 also accounted for 
higher coefficients for a number of live leaves per plant and 
plant height (Figure 7). PC2 separated genotypes based on 
control versus waterlogging stress for their positive and negative 

Figure 4: Treatment effect, genotypic variation and treatment × genotype interaction for (A) total number of live leaves (B) % leaf mortality rate 
(C) chlorophyll content at nine days after waterlogging stress of ten maize genotypes under control and waterlogging treatments. Vertical bars 
indicate standard error of mean; different letters indicate significant difference among the treatment × genotype interaction. In the graph, G1= 
BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= BHM-12, G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali
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scores, respectively (Figure 7). Plant height at 3 days after 
waterlogging, plant height at 6 days after waterlogging and 
plant height at 9 days after waterlogging treatments also had 
negative coefficients for PC2 indicating that the genotypes 
BHM14 (G1), BHM 9 (G2) and popcorn (G3) were the least 
affected under waterlogging stress and thus exhibited higher 
stress tolerance (Figure 7).

DISCUSSION

This study was conducted to investigate the response of 
morpho-physiological traits of maize genotypes under 
waterlogging conditions. The increasing trend of plant height of 
a few maize genotypes along with the response of biochemical 
traits under waterlogging are discussed herein.

Impact of Waterlogging on Morphological Traits

Plant height

According to Parent et al. (2008), the height of the plant and 
the height of the ear in maize were severely affected in almost 
all genotypes. In contrast, Li et al. (2011) concluded that 
waterlogging did not significantly affect plant height. In the 
present study, significant differences in plant height under 
waterlogging and significant varietal interaction indicated 
that selection for waterlogging tolerance could be effective 
(Figure S1- S3).

Figure 5: Treatment effect, genotypic variation and treatment × 
genotype interaction for (A) APX (B) POD and (C) H2O2 of four selected 
maize genotypes under control and waterlogging treatments. Vertical 
bars indicate standard error of mean; different letters indicate significant 
difference among the treatment × genotype interaction

Figure 6: Cross sections of roots of maize plants (A) cross-section of roots of BHM-14 grown without waterlogging (control), (B) cross-section of 
roots of tolerant BHM-14 grown under waterlogging condition showing presence of large number of aerenchyma cells, (C) cross-section of roots 
of susceptible BM-7 genotype grown under waterlogging condition showing presence of a few aerenchyma cells

Table 3: Principal components and their coefficients from 
principal component analysis
Variable PC1 PC2 PC3

Plant height (cm) 3DAT 0.361 -0.381 0.032
Plant height (cm) 6DAT 0.383 -0.353 0.062
Plant height (cm) 9DAT 0.404 -0.291 0.086
No. of  live leaves 3DAT 0.369 -0.11 -0.211
No. of live leaves 6DAT 0.39 0.19 -0.243
No. of live leaves 9DAT 0.361 0.329 -0.238
Mortality rate -0.179 -0.551 0.102
Chlorophyll Content 0.264 0.381 0.13
Leaf area 3DAT 0.134 0.117 0.535
Leaf area 6DAT 0.085 0.064 0.548
Leaf area 9DAT 0.116 0.151 0.462
%variation explained 40.9 19.6 12
Source of variation P value for PC score

Treatment <0.001 <0.001 0.603
Genotype <0.001 <0.001 <0.001
Treatment x Genotype 0.041 <0.001 <0.001

P−Probability of statistical significance; PC−principal component; 
DAT−days after transplanting

CBA
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B
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Total Number of Live Leaves

In the process of surviving under stress conditions, the plants 
often shed their live leaves. The anoxic condition around 
the root caused by waterlogging has the major adverse effect 
(Dennis et al., 2000). The affected leaves become yellow and 
stomata close. After waterlogging, the leaf growth rate slows 
down and leaves became yellow from bottom towards the top. 
Some leaves turn into yellow and die and sometimes the entire 
plant dies (Mano et al. 2002). A gradual decreasing trend of 
number of the live leaves in susceptible genotypes was found 
in this study (Figure S4, S5, 4A). This result was in agreement 
with the findings of Vwioko et al. (2017) as the reduction of 
leaves of maize plants started after one week of waterlogging and 
gradually all plants loss their leaves and eventually the wilting 
of the apical portion became apparent.

Percent Leaf Mortality Rate

In the present experiment, a high rate of leaf mortality was 
observed and the highest mortality rate was found in the 
susceptible genotype BHM-7 (Figure 4B). The highest rate of 
mortality in BHM-7 indicated that due to the stress condition 
roots of the susceptible plants cannot transport water and 
nutrients resulting in the death of plants (Figure 4B). Since 
the roots are unable to efficiently transport water and nutrients 
under hypoxic or anoxic conditions, shoot functions are affected 
and visible symptoms such as wilting, senescence and death 
can be observed (Sasidharan & Voesenek, 2015). Vwioko et al. 
(2017) found that the number of surviving maize plants under 
the treatment decreased as the duration of the waterlogged 
condition progressed.

Chlorophyll Content

Chlorophyll is a major component of the chloroplast that has a 
positive relationship with photosynthesis (Anjum et al., 2011). 
One of the first stress symptoms, which may be related to 
nitrogen deficiency caused by leaching and de-nitrification of 
soil nitrogen has been identified as a significant decrease in leaf 
chlorophyll content under water-logging stress (Zaidi & Singh, 
2001). In this experiment, the highest decrease of chlorophyll 
was found in the susceptible genotype BHM-7 (Figure 4C). 
The same agreement was found in the experiment of Lone et 
al. (2009) that the relative greenness of leaf was also affected 
due to flooding treatment as there was fading of leaf color in 
most of the cases as reflected by their corresponding SPAD 
values (relative greenness).

Impact on Anatomical Structure

Aerenchyma formation under waterlogging stress is a remarkable 
anatomical modification. Aerenchyma is the oxygen storage 
area that facilitates the movement of gas in the root cortex and 
thus facilitates aerobic respiration in submerged organs (Mano 
& Omori, 2013). Once the tubes form between the roots and 
shoots, cell metabolism can be oxygenated and maintained. 
A large number of species including maize can form aerenchyma 
in the shoots and roots (He et al., 1996a). In this experiment, 
we found differences in root anatomical structure between 
two treatments and the tolerant genotypes produced a large 
number of aerenchyma cells compared to susceptible genotypes 
(Figure 6). Aerenchyma is related to hydraulic conductivity in 
roots, where the absorption of water and nutrients can occur 
even at a lower rate (Irfan et al., 2010). The role of antioxidant 
and cell wall loosening enzymes in the formation of aerenchyma 
in Saracura maize (Zea mays L.) roots with contrasting tolerance 
to waterlogging revealed that long-term stress improves the 
activity of enzymes involved in loosening the cell wall, linked to 
a more effective defense of antioxidants (De Souza et al., 2017). 
Plants in their roots showed constitutive aerenchyma, and it is 
known that these structures are associated with greater tolerance 
to excess water (Imaz et al., 2013; Mano & Omori, 2013).

Impact of Waterlogging on Biochemical Traits

Naturally, plants face various kinds of biotic and abiotic stresses 
due to changes in biochemical components that cause changes 
in their metabolic system. According to Jaiswal (2018), under 
waterlogging conditions increased APX content has been found. 
In order to protect the cells from detrimental effects, an enzyme 
such as APX is essentially needed to scavenge ROS or regenerate 
antioxidants. To detoxify H2O2, APX as an isoenzyme is more 
effective as it is widely distributed inside the cells of higher 
plants (Shigeoka et al., 2002). In the present study, APX content 
was greatly increased in tolerant genotypes in treated condition 
compared to control (Figure 5A).

In response to biotic/abiotic stresses, peroxidase synthesis and 
accumulation are mostly stimulated in plants (Giorgi et al., 
2009). Yadav et al. (2017) found that with the increase in the 

Figure 7: Biplot for Principal Component Analysis of studied important 
morphological traits of ten maize genotypes under no water (control) 
and waterlogging treatments. Here, WL: waterlogging, CTL: Control, 
PH 3DAT: Plant height at 3 days after waterlogging, PH 6DAT: 
Plant height at 6days after waterlogging, PH 9DAT:  Plant height 
at 9days after waterlogging, NLL 3DAT: Number of live leaves at 3 
days after waterlogging, NLL 6DAT: Number of live leaves at 6 days 
after waterlogging, NLL 9DAT: Number of live leaves at 9 days after 
waterlogging, MR: percent (%) leaf mortality rate, LA 3DAT: Leaf 
area at 3 days after waterlogging, LA 6DAT: Leaf area at 6 days after 
waterlogging, LA 9DAT: Leaf area at 9 days after waterlogging CC: 
Chlorophyll content, P. Corn: Popcorn, MHR: Mohor, BRN: Bornali
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duration of waterlogging, POD activity gradually increased and 
resistant genotype reported higher POD activity in response 
to waterlogging stress compared to sensitive genotype. POD is 
responsible for the scavenging of H2O2 generated under oxidative 
stress. Thus, in resistant genotype, these enzymes eliminate 
the excess H2O2 more effectively and confer resistance to 
waterlogging stress. The genotypes that either have better ability 
to detoxify reactive oxygen species enzymatically (POD) or non-
enzymatically or produce less reactive oxygen species are reported 
to be resistant to waterlogging stress (Lin et al., 2004). In the 
present investigation, the highest increase of POD was observed 
in tolerant genotype BHM-13 (Figure 5B) which indicates that 
this genotype was relatively tolerant to waterlogging stress.

Abiotic stresses have led to excessive generation of ROS, such as 
H2O2 (Polle, 2001). These ROS are highly reactive in nature that 
causes harm to a variety of cellular molecules and metabolites 
(Ashraf, 2009). According to Yadav et al. (2017), after imposing 
waterlogging stress, the level of hydrogen peroxide (H2O2) 
increased in both resistant and sensitive maize genotypes, but 
the sensitive genotype revealed relatively higher H2O2 content 
under waterlogging condition. In the present investigation, the 
highest increase of H2O2 was observed in BM-6 (Figure 5C) that 
indicates it was more susceptible to waterlogging stress because 
it has a lower scavenging capacity.

CONCLUSION

In the rice-based cropping system, maize (Z. mays L.) has 
become an important cereal crop due to its high productivity and 
suitability for cultivation in most areas. This study investigated 
traits related to waterlogging tolerance and their response due to 
treatment at the vegetative stage. Plant height was increased in 
BHM-14 and BHM-9 compared to control under waterlogging 
conditions. The total number of live leaves was decreased mostly 
in the susceptible genotype BM-7 and BM-6 and chlorophyll 
content was decreased in the susceptible genotype BHM-7 
under waterlogging stress compared to control. The biochemical 
analysis showed that the tolerant genotypes exhibited greater 
enzymatic activities of APX and POD and accumulated lower 
content of H2O2 under waterlogging stress compared to control. 
The result suggested that the genotypes BHM-9, BMH-13 and 
BHM-14 exhibited higher waterlogging tolerance whereas BM-
6, BM-7 and BHM-7 exhibited susceptibility to waterlogging 
stress. However, the experiment was conducted with only 10 
maize genotypes. Further studies with more genetically diverse 
populations can elucidate and confirm the results of this study.
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Table S1: Analysis of variance for morphological and biochemical traits of ten maize genotypes under control and waterlogging 
treatments
Traits df F value P value

Treatment (T) Genotype (G) T x G Treatment (T) Genotype (G) T  x G Treatment (T) Genotype (G) T xG

PH 3DAT 1 9 9 7.73 10.55 3.28 0.006 <0.001 <0.001
PH 6DAT 1 9 9 4.8 10.01 3.12 0.029 <0.001 <0.001
PH 9DAT 1 9 9 1.1 9.01 2.15 0.295 <0.001 0.026
NL 3DAT 1 9 9 0.2 12.89 1.54 0.657 <0.001 0.135
NL 6DAT 1 9 9 52.72 9.39 0.75 <0.001 <0.001 0.663
NL 9DAT 1 9 9 143.62 5.63 1.52 <0.001 <0.001 0.141
%MR 1 9 9 571.13 3.12 1.59 <0.001 <0.001 0.12
CC 1 9 9 119.14 3.14 3.28 <0.001 <0.001 <0.001
LA 3DAT 1 9 9 0.89 3.76 0.61 0.352 0.002 0.78
LA 6DAT 1 9 9 1.26 2.96 1.35 0.268 0.009 0.245
LA 9DAT 1 9 9 2.24 4.81 1.05 0.142 <0.001 0.421
H2O2 1 3 3 55568.96 12475.5 17505.52 <0.001 <0.001 <0.001
POD 1 3 3 8117.81 798.66 971.81 <0.001 <0.001 <0.001
APX 1 3 3 4225.55 3693.58 1559.52 <0.001 <0.001 <0.001

df= Degrees of freedom, P= Probability of statistical significance, Tx G= Treatment genotype interaction, PH 3DAT= plant height at 3days, PH 6DAT= 
plant height at 6days, PH 9DAT= plant height at 9days, NL3DAT= total number of live leaves at 3days, NL 6DAT= total number of live leaves at 6days, NL 
9DAT= total number of live leaves at 9days, %MR= percent (%) mortality rate, CC=chlorophyll rate, LA 3DAT= total leaf area at 3days, LA 6DAT= total leaf 
area at 6days, LA 9DAT= total leaf area at 9days, H2O2= hydrogen peroxide, POD= peroxidase, APX= ascorbate peroxidase

SUPPLEMENTARY MATERIALS

Figure S1: Treatment effect, genotype variation and treatment × genotype interaction for plant height at three days after waterlogging of ten 
maize genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant 
difference among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= 
BHM-12, G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali

Figure S2: Treatment effect, genotype variation and treatment × genotype interaction for plant height at six days after waterlogging of ten maize 
genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant difference 
among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= BHM-12, 
G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali
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Figure S3: Treatment effect, genotype variation and treatment × genotype interaction for plant height at nine days after waterlogging of ten maize 
genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant difference 
among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= BHM-12, 
G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali

Figure S4: Treatment effect, genotype variation and treatment × genotype interaction for total number of live leaves at three days after waterlogging 
of ten maize genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant 
difference among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= 
BHM-12, G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali
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Figure S5: Treatment effect, genotype variation and treatment × genotype interaction for total number of live leaves at six days after waterlogging 
of ten maize genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant 
difference among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= 
BHM-12, G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali

Figure S6: Treatment effect, genotype variation and treatment × genotype interaction for total leaf area per plant at three days after waterlogging of 
ten maize genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant 
difference among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= 
BHM-12, G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali
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Figure S7: Treatment effect, genotype variation and treatment × genotype interaction for total leaf area per plant at six days after waterlogging of 
ten maize genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant 
difference among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= 
BHM-12, G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali

Figure S8: Treatment effect, genotype variation and treatment × genotype interaction for total leaf area per plant at nine days after waterlogging of 
ten maize genotypes under control and waterlogging treatments. Vertical bars indicate standard error of mean; different letters indicate significant 
difference among the treatment × genotype interaction. In the graph, G1= BHM-14, G2= BHM-9, G3= Popcorn, G4= BHM-13, G5= BHM-7, G6= 
BHM-12, G7= BM-6, G8= BM-7, G9= Mohor, G10= Barnali


