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Abstract: The reproductive stage of cotton (Gossypium sp.) is highly sensitive to waterlogging.
The identification of potential elite upland cotton (Gossypium hirsutum) cultivar(s) having higher
waterlogging tolerance is crucial to expanding cotton cultivation in the low-lying areas. The present
study was designed to investigate the effect of waterlogging on the reproductive development of four
elite upland cotton cultivars, namely, Rupali-1, CB-12, CB-13, and DM-3, against four waterlogging
durations (e.g., 0, 3, 6, and 9-day). Waterlogging stress significantly impacted morpho-physiological,
biochemical, and yield attributes of cotton. Two cotton cultivars, e.g., CB-12 and Rupali-1, showed
the lowest reduction in plant height (6 and 9%, respectively) and boll weight (8 and 5%, respectively)
at the highest waterlogging duration of 9 days. Physiological and biochemical data revealed that
higher leaf chlorophyll, proline, and relative water contents, and lower malondialdehyde contents,
particularly in CB-12 and Rupali-1, were positively correlated with yield. Notably, CB-12 and Rupali-
1 had higher seed cotton weight (90.34 and 83.10 g, respectively), lint weight (40.12 and 39.32 g,
respectively), and seed weight (49.47 and 43.78 g, respectively) per plant than CB-13 and DM-3
in response to the highest duration of waterlogging of 9 days. Moreover, extensive multivariate
analyses like Spearman correlation and the principle component analysis revealed that CB-12 and
Rupali-1 had greater coefficients in yield and physiological attributes at 9-day waterlogging, whereas
CB-13 and DM-3 were sensitive cultivars in response to the same levels of waterlogging. Thus,
CB-12 and Rupali-1 might be well adapted to the low-lying waterlogging-prone areas for high and
sustained yield.

Keywords: cotton; ginning out turn; hypoxia; MDA; waterlogging; yield

1. Introduction

Globally, the occurrence of flooding or waterlogging (WL) has been increasingly
frequent and unpredictable in recent years because of climate change [1]. Water is highly
essential for the growth, development, and performance of plants. However, excess water
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in the rooting zone of plants from flooding or seasonal heavy rainfalls negatively affects
their growth and development [2,3]. The low oxygen (O2) condition (known as hypoxia)
under WL is considered as one of the major factors that affects plant performance [4,5].
Specifically, the limited exchange of gases (e.g., carbon dioxide (CO2) and O2) between soil
rooting zones and atmosphere dramatically limits a number of physiological processes
of plants, including water uptake, photosynthesis, and respiration [6]. Moreover, O2
deficiency under WL initiates various deleterious events, such as the inhibition of metabolic
activities in plants, which causes the accumulation of by-products of fermentation in roots
(e.g., ethanol and acetaldehyde), acid loads in cells [7], and various toxic compounds in
soils (e.g., phenolic acid, hydrogen sulfide, volatile fatty acids, nitric oxide, methane, and
CO2) [8]. It has been shown that WL changes the cation exchange capacity (CEC) of soil
particles and valency of nutrients (more reduced forms), making them unavailable for
plant uptake or even toxic for plants [9]. The nutrient deficiency caused by WL ultimately
interrupts numerous biological processes, such as reducing root growth and shoot growth,
stomatal closure, and causing chlorosis and necrosis leading to premature leaf senescence,
inhibiting photosynthesis and respiration, and increasing susceptibility to diseases [10–12].

Cotton (Gossypium sp.) is an important cash crop, making significant contribution
to fiber, feed, and oil productions [13]. The yearly economic value of cotton is nearly
US $500 billion, providing income for about 100-million families in approximately 150
countries [14]. Among different cultivated species, the upland cotton (G. hirsutum) is
the prime contributor of fiber (35%) for the textile industries worldwide [15]. Cotton is
considered to be the second most important cash crop in Bangladesh after jute (Corchorus
capsularis) [16]. Yearly, there is a huge demand of cotton fiber (8.6 million bales) for the textile
industries in Bangladesh [17]. Bangladesh fulfills 95% of its cotton demand by import from
India, USA, Australia, Brazil, Uzbekistan, and different African countries [17,18]. Currently,
only about 0.5 million hectares of land are suitable for cotton cultivation in Bangladesh [19].
The low-lying south coastal regions have higher potential to expand cotton cultivation.
However, there are two main challenges of cotton cultivation in the coastal areas, namely, (i)
frequent tidal flooding of the low-lying cotton fields, and (ii) heavy rainfall during monsoon
that coincides with the yield-determining reproductive growth stages of cotton [16]. Both
these conditions create WL that causes significant yield losses or total failure of cotton
cultivation [20].

Cotton is poorly adapted to WL [21–23]. Evidence suggests that the sensitivity of
cotton plants to WL is mainly because of two reasons: (i) being unable to develop functional
aerenchyma either lysigenously or naturally [12,24], and (ii) the generation of very low
levels of alcohol dehydrogenases, which are associated with the detoxification of products
of anaerobic metabolism [25]. WL causes significant reductions in root growth, restricts
nutrient uptake [12,26,27], reduces leaf area, and inhibits photosynthesis [12,23], which
together leads to reduced dry matter production in cotton [23,28].

The duration and depth of WL, as well as the growth stages of plants when they are
exposed to WL, can considerably affect the growth, development, and performance of
cotton plants [1,23,29,30]. Several studies showed that WL at squaring and flowering stages
remarkably reduces the fiber yield by suppressing the development of cotton, where leaf
growth, followed by plant height and stem diameter, is subjected to the largest inhibitory
effect of WL [23,31,32]. WL negatively affects physiological attributes like stomatal con-
ductance, leaf water potentials, and photosynthetic rates of cotton leaves [23,33–35]. A
wealth of studies reported that chlorophyll content in the cotton leaves decreases with
the increase in WL duration, resulting in a significant difference in the dry matter accu-
mulation in the cotton bolls [29,30,36,37]. Many researchers reported that significantly
higher percentages of reductions in the numbers of sympodial branches, flowers, bolls, as
well as weight of boll and total yield were observed with the increase in WL duration in
cotton [23,29,38]. Furthermore, some reports have highlighted that WL reduces cotton fiber
quality by compromising the fiber length, strength and uniformity, lint percentage, and
seed index [23,29,39].
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Cotton, being an indeterminate plant species, is possibly better able to adapt to
WL conditions [1,30,39]. Studies revealed that cotton plants can quickly perceive and
gradually adapt to WL through morphological, biochemical, physiological, and molecular
mechanisms to counteract the WL-induced loss of cotton productivity [1,28–30,34,39].
Therefore, on the above knowledge, the current study was undertaken to systematically
assess the WL tolerance of four popular Bangladeshi elite upland cotton cultivars at their
reproductive growth stages, with a view to identify suitable cultivar(s) adaptable to WL
conditions to promote cotton cultivation in the low-lying WL-prone areas.

2. Results
2.1. Effect of WL on the Phenotypes and Growth Attributes of Cotton

WL had a greater influence on the phenotypes and growth attributes, except root dry
weight, of cotton plants (Figure 1A–E). Among the four cotton cultivars, Rupali-1 showed
the highest plant height (115.3 cm) at 3 days (d) of WL, which was statistically similar with
the plant height of CB-13 (109.3 cm). DM-3 incurred the highest reduction of 18% in plant
height at 9 d of WL compared with the control (0-d WL) condition. CB-12 showed stability
in plant height considering all WL durations (Figure 1C). In case of root length, the highest
root length (29.7 cm) was noted in DM-3 at 3 d of WL (Figure 1D). The lowest root length
(21 cm) was also observed in DM-3 at 9 d of WL exposure. Another three cultivars showed
statistically similar root lengths in spite of the progression of WL durations. The number of
sympodial branches of DM-3 showed the greatest extent of reduction (42%) at 9 d of WL as
compared with control (Figure 1E).
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Figure 1. Phenotypic differences of cotton plants under different waterlogging (WL) conditions (A,B).
Effect of WL on (C) plant height, (D) root length, and (E) number of sympodial branches. Values
are means ± standard errors. Bars connected with different letters have significant differences. p
values are presented at the top right corner of the graphs. W = WL duration, C = cotton cultivar and
W × C = interaction of WL duration and cotton cultivar. d; day(s).
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Shoot and root dry weights were affected significantly in response to WL (Figure 2A,B).
The highest shoot dry weight (109.3 g) was recorded in Rupali-1 at 0-d control (Figure 2B).
The lowest shoot dry weight was observed in DM-3 (24.3 g) at 9 d of WL. Interestingly,
shoot dry weight in Rupali-1 after 9 d of WL significantly decreased by 48% (Figure 2A).
In case of root growth, all the cotton cultivars had statistically similar amounts of root
dry weight up to 3-d WL, except for the Rupali-1, which showed reduced root dry weight
by 34% compared with the respective value at 0 d (Figure 2B). As long as the duration of
WL increased, the root dry weight of Rupali-1 continued to decrease, showing the highest
reduction of 65% at 9 d of WL (Figure 2B), whereas CB-12 and CB-13 showed statistically
similar root dry weights even at 9 d of WL, as compared with their respective value at
0-d control.
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2.2. Effect of WL on the Physiological and Biochemical Parameters of Cotton Cultivars
2.2.1. Proline Contents

Cotton genotypes exposed to WL during reproductive developmental stages showed
an increasing pattern of leaf proline contents with the increase of WL duration (Figure 3A).
Briefly, at the 0-d WL, leaf proline contents in four elite cotton cultivars varied from
137.11 to 169.27 µmol g−1 fresh weight (FW), which were noted to be statistically similar
and the lowest contents across all three WL regimes (3-d, 6-d and 9-d WL) (Figure 3A).
Afterward, a significant increment of leaf proline contents in Rupali-1 and CB-12 was
observed with the advance of the WL stress. At 3 d of WL, Rupali-1 had the highest
leaf proline content (264.24 µmol g−1 FW), whereas the remaining three cotton cultivars
showed statistically similar proline levels. From 6 d to 9 d of WL, Rupali-1 and CB-12
gradually upregulated their leaf proline levels, where CB-13 and DM-3 showed statistically
non-significant increments of leaf proline contents compared with their respective value at
0 d. Considering all the WL regimes, the greatest proline content was observed in Rupali-1
(354.26 µmol g−1 FW) after 9 d of WL, followed by CB-12 (330.02 µmol g−1 FW), CB-13
(251.63 µmol g−1 FW), and DM-3 (215.87 µmol g−1 FW) (Figure 3A). Notably, Rupali-1 and
CB-12 showed the greatest extent of increase in proline content by 158 and 95%, respectively,
after 9 d of WL compared with their respective value at 0 d (Figure 3A).
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Figure 3. Effect of waterlogging (WL) on (A) leaf proline content, (B) malondialdehyde (MDA)
content, (C) relative water content (RWC), and (D) SPAD values. Values are means ± standard error.
Bars connected with different letters have significant differences. p values are presented at the top
right corner of the graphs. W = WL duration, C = cotton cultivar, and W × C = interaction of WL
duration and cotton cultivar. d, day(s); FW, fresh weight.

2.2.2. Malondialdehyde (MDA) Contents

Cotton cultivars exposed to 0 to 3 d of WL exhibited no significant differences in
MDA content in cotton leaves (Figure 3B). However, at 6 d of WL stress, MDA contents
in CB-13 and DM-3 remarkably increased by 20 and 24%, respectively, whereas those in
Rupali-1 and CB-12 showed steadiness as compared with their respective value at 0 d.
Similarly, at 9 d of WL stress, the highest and most statistically similar MDA contents
were recorded from CB-13 (47.86 µmol g−1 FW) and DM-3 (48.74 µmol g−1 FW), whereas
the lowest amounts of MDA contents observed from Rupali-1 (34.10 µmol g−1 FW) and
CB-12 (35.28 µmol g−1 FW). Notably, we found that at the highest level of WL stress (9 d),
Rupali-1 and CB-12 exhibited the lowest increment of MDA content by 20%, whereas
CB-13 and DM-3 showed the greatest extent of MDA content by 32 and 34%, respectively,
compared with their respective values at 0-d control (Figure 3B).
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2.2.3. Relative Water Contents (RWCs)

All the cotton cultivars showed statistically similar leaf RWCs from 0 d to 3 d WL
(Figure 3C). Interestingly, at 3 d of WL, Rupali-1 had the highest RWC (71%), which was
statistically on par with those of CB-12, CB-13, and DM-3 at 0 d. Afterwards, from 6 d to
9 d of WL, all cotton cultivars showed gradually declining trend in RWCs. Notably, at
the highest level of WL stress of 9 d, Rupali-1 had the highest (61%) and DM-3 had the
lowest leaf RWC (49%). Considering percent reductions in RWCs, at 9 d of WL, the highest
reduction was observed in DM-3 (by 30%), followed by Rupali-1 (by 12%), CB-12 (by 11%),
and CB-13 (by 13%) compared with their respective value at 0 d (Figure 3C).

2.2.4. SPAD Reading Values

In general, the SPAD reading values in all the cotton genotypes were statistically
similar at 0 d and 3 d of WL (Figure 3D). Afterwards, with the increase of the duration of
WL, CB-12 and Rupali-1 showed remarkable stability in SPAD reading values till the 9 d
of WL, whereas DM-3 showed a gradually decreasing trend of SPAD reading values by
8–21%, at 3 d, 6 d, and 9 d of WL. In addition, after having high and stable SPAD reading
values at 0 d and 3 d of WL, CB-13 showed a gradual reduction in SPAD reading values at
6 d and 9 d of WL (Figure 3D).

2.3. Effect of WL on the Yield Attributes of Cotton Cultivars

Various levels of WL significantly affected different yield characteristics of cotton,
such as boll numbers, individual boll weight, seed cotton weight, lint weight, and seed
weight (Figure 4). The dynamics of change in the boll numbers in response to WL followed
similar patterns in all four cotton cultivars (Figure 4A). Generally, boll numbers in all
four elite cotton cultivars decreased gradually when exposed to 6 d and 9 d WL. The
highest number of bolls per plant (21) was obtained from Rupali-1 at 3 d of WL, which
was statistically on par with those of Rupali-1, CB-12 and CB-13 at 0 d, and C-12 and
CB-13 at 3 d of WL. Intriguingly, CB-12 had almost similar numbers of cotton bolls even
at 6 d of WL as compared with those at 0 and 3 d of WL. At 9 d of WL, the reductions in
boll numbers of CB-12, CB-13, DM-3, and Rupali-1 were recorded as 15, 55, 16, and 20%,
respectively, as compared with their respective control at 0 d (Figure 4A). Furthermore,
individual boll weight increased by 16, 13, 18, and 40% in CB-12, CB-13, DM-3, and Rupali-
1, respectively, as compared with their respective control at 0 d (Figure 4B). Afterwards, at
6 d of WL, individual boll weight of CB-13 significantly decreased by 14%, whereas those
of CB-12, DM-3, and Rupali-1 showed stability as compared with their respective control
at 0 d. However, at 9 d of WL exposure, DM-3 and CB-13 displayed remarkably reduced
boll weights by 20 and 18%, respectively, whereas CB-12 and Rupali-1 still maintained
consistency in boll weight when compared with their respective control at 0 d, as observed
throughout all the WL treatments (Figure 4B).

When looking into the variability in seed cotton yield, Rupali-1 showed the highest
seed cotton weight per plant (110.71 g), even after being exposed to 3 d of WL (Figure 4C).
Onward, at 6 d and 9 d of WL, Rupali-1 showed reductions in seed cotton weight by 7
and 16%, respectively, as compared with their respective control at 0 d. Moreover, CB-12
showed increased seed cotton weight by 18 and 11% respectively, after 3 d and 6 d of WL
and only a slight reduction at 9 d of WL compared with their respective control at 0 d. After
having stability in seed cotton weight up to 3 d of WL, CB-13 and DM-3 showed drastically
reduced seed cotton weight with the progression of WL duration. Notably, the highest
reduction (56%) was observed in CB-13 after 9 d of WL (Figure 4C).

Lint weights per plant of all four cotton cultivars were found to be the highest at 3 d
WL, which was also consistent with most of the other estimated parameters (Figure 4D).
Rupali-1 showed the highest lint weight (53.41 g) per plant at 3 d of WL over control. Then,
the lint weights in Rupali-1 decreased gradually by 8 and 17%, respectively, at 6 d and 9 d
of WL. Besides, a remarkably stable lint weights were observed from CB-12 throughout the
WL duration, and CB-12 and Rupali-1 showed statistically similar lint weight values at 6 d



Plants 2023, 12, 1548 7 of 15

and 9 d of WL. The lint weight per plant of CB-13 reduced drastically by 47% at 9 d of WL
compared with their respective control at 0 d (Figure 4D). Furthermore, as like as in the
case of lint weight, CB-12 had stable and statistically higher seed weight per plant (51.8 and
49.5 g at 6 d and 9 d of WL, respectively), which was followed by Rupali-1. At 9 d of WL,
DM-3 and CB-13 showed the greatest extent of reduction in seed weight per plant by 30 and
62%, respectively, when compared with their respective 0-d control (Figure 4E). In the case
of ginning out turn (GOT), statistically similar results were obtained for CB-12, DM-3, and
Rupali-1 throughout the WL duration (Figure 4F). Our data collectively revealed that WL
variably impacted all the growth and yield attributes of four cotton cultivars except GOT.
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2.4. Correlation Analysis among the Growth and Yield Traits of Four Cotton Cultivars

Correlation analysis was performed to find out the positive and negative relationships
among different morphological, physiological, and yield attributes of four investigated
cotton cultivars. The upper triangle of the correlation matrix revealed that plant height,
shoot dry weight, bolls per plant, lint weight, seed weight, and seed cotton weight had
(p < 0.05, p < 0.01 or p < 0.001) positive correlations with each other (Figure 5). However, root
length and root dry weight had no significant relationship with other traits. Specifically, lint
weight displayed a positive correlation (p < 0.05 and p < 0.01) with seed cotton weight and
seed weight in the case of all the cotton cultivars, except CB-12 for seed weight. Furthermore,
the diagonal part is presented to visualize the density plots of the investigated traits. The X
axis of each density plot indicates the values of the variables, whereas the Y axis shows the
relative probabilities of an area under the curve. The highest density of the values of the
traits is shown in the area under the curve around the peak of the density plots. The density
plots revealed that all the studied traits were influenced by the different cotton cultivars as
represented by the densities as well as their magnitude. Among the investigated cotton
cultivars, Rupali-1 (purple color) and CB-12 (red color) showed the highest peaks in most
of the studied traits (Figure 5).



Plants 2023, 12, 1548 8 of 15

Plants 2023, 12, x FOR PEER REVIEW 8 of 16 
 

 

height, shoot dry weight, bolls per plant, lint weight, seed weight, and seed cotton weight 
had (p < 0.05, p < 0.01 or p < 0.001) positive correlations with each other (Figure 5). How-
ever, root length and root dry weight had no significant relationship with other traits. 
Specifically, lint weight displayed a positive correlation (p < 0.05 and p < 0.01) with seed 
cotton weight and seed weight in the case of all the cotton cultivars, except CB-12 for seed 
weight. Furthermore, the diagonal part is presented to visualize the density plots of the 
investigated traits. The X axis of each density plot indicates the values of the variables, 
whereas the Y axis shows the relative probabilities of an area under the curve. The highest 
density of the values of the traits is shown in the area under the curve around the peak of 
the density plots. The density plots revealed that all the studied traits were influenced by 
the different cotton cultivars as represented by the densities as well as their magnitude. 
Among the investigated cotton cultivars, Rupali-1 (purple color) and CB-12 (red color) 
showed the highest peaks in most of the studied traits (Figure 5). 

 
Figure 5. Spearman correlation matrix among the growth and yield traits of four investigated cotton 
cultivars. The upper triangle represents the type of relationships (significant or non-significant) and 
the lower part indicates the regression relationship with confidence level among the cotton cultivars. 
*, ** and *** indicate significant correlations at p < 0.05, p < 0.01 and p < 0.001 levels, respectively. BP, 
boll plant−1; Corr, correlation; LW, lint weight; MDA, malondialdehyde; PH, plant height; RDW, 
root dry weight; RWC, relative water content; and SDW, shoot dry weight. 

2.5. Principal Component (PC) Analysis (PCA) among the Variables of Four Cotton Cultivars 
under Different WL Durations 

The PCA results of different variables are presented in Figure 6. The first and second 
PCs explained about 80% of the total variations of the variables estimating 62.8 and 17.1%, 
respectively. All variables had positive loading on the first component except MDA con-
tent and root dry weight, whereas a number of variables like lint weight, seed weight, 
seed cotton weight, SPAD, RWC, boll plant−1, plant height, and shoot dry weight had pos-
itive loading on the second component, which indicated the highly contributing traits 
among the variables. As a result, the association between variables was created. Specifi-
cally, lint weight, seed weight, and shoot dry weight were closely associated with plant 

Figure 5. Spearman correlation matrix among the growth and yield traits of four investigated cotton
cultivars. The upper triangle represents the type of relationships (significant or non-significant) and
the lower part indicates the regression relationship with confidence level among the cotton cultivars.
*, ** and *** indicate significant correlations at p < 0.05, p < 0.01 and p < 0.001 levels, respectively. BP,
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2.5. Principal Component (PC) Analysis (PCA) among the Variables of Four Cotton Cultivars
under Different WL Durations

The PCA results of different variables are presented in Figure 6. The first and second
PCs explained about 80% of the total variations of the variables estimating 62.8 and 17.1%,
respectively. All variables had positive loading on the first component except MDA content
and root dry weight, whereas a number of variables like lint weight, seed weight, seed
cotton weight, SPAD, RWC, boll plant−1, plant height, and shoot dry weight had positive
loading on the second component, which indicated the highly contributing traits among
the variables. As a result, the association between variables was created. Specifically, lint
weight, seed weight, and shoot dry weight were closely associated with plant height, boll
plant−1, seed cotton weight, SPAD, RWC, and proline content. In considering genotypic
effect, Rupali-1 and CB-12 exhibited better yield performance and leaf proline accumulation
and more negative relation with MDA content than CB-13 and DM-3 (Figure 6A). Moreover,
the four cotton cultivars showed the highest tolerance level at the top right section of the
scatter plot and moderate tolerance and sensitivity at the top left and lower right section,
respectively, of the scatter plot against different WL conditions. Contrastingly, the lower left
section indicates the most sensitive cotton cultivars against different WL levels (Figure 6B).
These results together indicated that Rupali-1 and CB-12 showed higher levels of tolerance
than CB-13 and DM-3 at 6 d and 9 d of WL (Figure 6B).
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Figure 6. Principal component (PC) analysis (PCA) shows PC1 and PC2. (A) The bi-plot represents
the relationship among the investigated traits of the four elite cotton cultivars. (B) The cluster shows
the tolerance levels of the cotton cultivars under various WL conditions. BP, boll plant−1; LW, lint
weight; PH, plant height; RDW, root dry weight; RL, root length; SCW, seed cotton weight; SDW,
shoot dry weight; SW, seed weight; and WL, waterlogging.

3. Discussion

WL has become more frequent and unpredictable worldwide during the last few
decades [40] and is considered a major constraint affecting crop production in many coun-
tries in the world [28,41]. Cotton plants are particularly sensitive to WL at reproductive
phases [23]. The current study investigated the effect of WL on several growth, physiologi-
cal, and yield-related parameters of four elite cotton cultivars under field conditions. Our
observation revealed that the exposure of cotton plants to 6 d and 9 d of WL significantly
reduced the growth attributes of cotton, including plant height, number of sympodial
branches, and shoot dry weight (Figures 1C,E and 2A). Among the four cotton cultivars,
Rupali-1 and CB-12 exhibited the lowest reductions in plant height, number of sympodial
branches, and shoot dry weight. As long as the WL progressed, the root dry weight in
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Rupali-1 continued to decrease, showing the highest decrease by 65% at 9 d of WL (Fig-
ure 2B). On the other hand, CB-12 and CB-13 showed statistically similar root dry weight
even at 9 d of WL compared with their respective 0-d control. The lowest root and the
highest shoot dry matter accumulations of Rupali-1 at 9 d of WL might be linked to the fact
that Rupali-1 devoted more energy for dry matter partitioning toward the reproductive sink
rather than using energy for root development under WL conditions at the reproductive
stage. A wealth of studies also reported that WL significantly affected the growth and
development of cotton plants, including plant height, root length, and shoot and root
biomass [6,15,22,23,34,42]. It has also been reported that the deleterious effect of WL led to
late maturity, boll abscission, lower yield, and reduced fiber quality [21,23,29,37–39,43–46].
In fact, WL conditions create an imbalance between the production and consumption in
plants’ carbohydrates. Eventually, the lack of energy supply caused by anaerobic respi-
ration under hypoxia hinders plant growth and development, which may lead to plant
death, especially when it is coupled with an accumulation of toxic metabolites [1,12,21].
In the present study, all the four investigated cotton cultivars showed significant reduc-
tions in yield and yield-contributing parameters, particularly after being exposed to 6 d
and 9 d of WL, which was presumably linked to low energy supply under WL condi-
tions [39]. However, no significant differences were observed at 3 d of WL compared with
the non-waterlogged plants (Figures 1 and 2).

Likewise, in the case of other yield-contributing parameters, the highest numbers
of boll and individual boll weight were observed in CB-12 and Rupali-1 at 9 d of WL.
Furthermore, the highest seed cotton weights, lint weights, and seed weights were recorded
in CB-12 and Rupali-1 at 6 d and 9 d of WL, whereas no significant variation was found at
3 d of WL when compared with their respective controls. Furthermore, CB-13 and DM-3
exhibited the highest yield reductions, whereas CB-12 and Rupali-1 showed the highest
stability in yield at 6 d and 9 d of WL. As a whole, our data revealed that CB-12 and
Rupali-1 have the highest potential to adapt to all the tested WL conditions (Figure 4A,C–E).
A previous study also reported that boll number was significantly reduced after being
exposed to WL [46]. In another study, cotton yield was found to be reduced by 27–30%
at 4 d to 9 d of WL exposure [47]. Jiang et al. [48] reported that 10 d of WL significantly
affected the number of bolls in cotton plants, leading to a 42% reduction in fiber yield.

Here, we investigated some important physiological and biochemical parameters to
correlate the WL-affected growth and yield-contributing data obtained from four cotton
cultivars (Figure 3). We observed that RWC and chlorophyll intensity values (according to
SPAD reading values) were significantly reduced, particularly in CB-12 and DM-3, at 6 d
and 9 d of WL (Figure 3C,D). In contrast, Rupali-1 and CB-12 exhibited the lowest reduction
percentages in RWC and SPAD values at the same WL exposure (i.e., 6 d to 9 d) compared
with their 0-d control and 3 d of WL (Figure 3C,D). It is well known that an increase
in MDA content is considered an indicator of cellular oxidative damage that is caused
by several environmental stress conditions [49]. Plants can defend themselves against
various environmental stresses, including WL, by upregulating cellular proline levels and
lowering the MDA production to maintain cell membrane stability, detoxifying reactive
oxygen species (ROS) [50], and maintaining osmotic pressure [51–53]. In the present study,
the proline and MDA levels were significantly raised with the increasing WL duration
(Figure 3A,B). The highest leaf proline contents were recorded in Rupali-1 and CB-12 at
9 d of WL compared with their 0-d control, suggesting that the higher accumulation of leaf
proline might contribute to the synthesis of cell wall-bound proline-rich proteins, which
would eventually contribute to maintaining membrane integrity [54] and RWC in these
two cotton cultivars. Furthermore, the lower increase of MDA contents in Rupali-1 and
CB-12, compared with CB-13 and DM-3 at 9 d of WL (Figure 3B), indicated lower cellular
oxidative damage in Rupali-1 and CB-12 under WL stress, i.e., their better adaptation to WL.
Previous studies also reported that WL significantly enhanced MDA and proline contents
in plants [46,55]. Several studies also reported that WL-affected wheat (Triticum aestivum)
plants had heightened leaf proline contents, which facilitated the maintenance of proper
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RWC to sustain under WL [56–59]. Furthermore, from the correlation analysis and PCA,
Rupali-1 and CB-12 were shown to sustain under the highest levels of WL and secured the
highest yields. Thus, the present findings suggest that Rupali-1 and CB-12 would be the
ideal cotton cultivars for WL-prone areas.

4. Materials and Methods
4.1. Treatments, Plant Materials, and Culture Conditions

The experiment was carried out at the Patuakhali Science and Technology University
(22◦27′51.8′′ N 90◦23′14.9′′ E). The experiment included two factors: factor (a) with four
elite cotton cultivars, i.e., CB-12, CB-13, Rupalli-1, and DM-3; and factor (b) with four
WL durations, i.e., 0 d (normal irrigation as control), 3 d, 6 d, and 9 d of WL. The cotton
cultivars were collected from the Cotton Development Board (CDB), Bangladesh. Cotton
seeds were germinated separately in soil having all the required nutrient elements. The
seedlings at the trifoliate stage (approximately 30-day-old seedlings) with uniform growth
were transplanted into the pots at one plant per pot. The experiment was set up in concrete
pots using the soil culture method, and the soil was sandy loam. The pots were cylindrical,
made of cement, and 40 × 36 × 55 cm. Pots received a basal application of fertilizer at
0.77 g urea, 6.95 g triple super phosphate, 1.55 g gypsum, 0.30 g MgSO4, and 1 kg cow
dung, as per the recommendation of the Cotton Development Board [19]. For creating WL
conditions, the holes at the bottom of the pots were sealed off with cement. Water was
added to the pots through a plastic pipe using an electric pump. The water depth in all the
pots was kept at 5 cm above the soil surface during the experiment [23]. The WL condition
(5 cm water above soil surface) exposed to the cotton plants at their reproductive stage
(during flowering and boll formation) was created through irrigation and maintained for
the expected duration as mentioned above in factor b. After the designated period of WL,
excess water was drained out to ensure normal growth conditions.

4.2. SPAD Readings

SPAD reading values were determined immediately after the WL treatment was
completed at boll formation stage using a SPAD meter (SPAD-502 Plus, Konica Minolta,
Japan). The representative SPAD reading values were obtained from the mean value of the
three top most fully expanded leaves.

4.3. Leaf RWC

For measuring the leaf RWC, the fully expanded cotton leaf sample was collected from
the topmost position of the plant after completing the WL treatment (3 d, 6 d or 9 d) at
the boll formation stage. Briefly, the fresh weights of the collected leaves were taken using
weighing balance. Then, each of the collected leaf samples were immersed into water for
24 h to obtain the turgid weight. Subsequently, each leaf sample was placed in a paper
envelope and oven-dried at 72 ◦C for 72 h, and leaf dry weight was then recorded and
%RWC was determined using the following formula [60]:

RWC (%) =

(
FW−DW
TW−DW

)
× 100 (1)

where, FW = fresh weight, TW = turgid weight, DW = dry weight.

4.4. Leaf Proline Content

The free proline content was determined according to Bates et al. [61]. Briefly, 0.5 g
frozen leaf sample was homogenized in 10 mL of 3% sulphosalicylic acid at 4 ◦C. The extract
was centrifuged for 10 min in a centrifuge machine at 3000 rpm. In a test tube, 2 mL filtrate,
2 mL acid-ninhydrin, and 2 mL glacial acetic acid were added and left at 100 ◦C for 1 h. The
reaction was terminated on ice. The reaction mixture was extracted with 4 mL toluene. The
chromophore containing toluene was separated from the hydrated phase. The absorbance
at 520 nm was determined spectrophotometrically (T60 UV-Visible Spectrophotometer,
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Beijing Karaltay Co., Ltd., Beijing, China). Proline concentrations were calculated according
to the standard curve and expressed as µmol g−1 leaf fresh weight (FW).

4.5. MDA Quantification

MDA is an indication of cellular lipid peroxidation. It was measured using the method
of Heath and Packer [62] and Ali et al. [63]. In brief, 0.2 g fresh leaf sample and 1.5 mL of
0.1% trichloro-acetic acid (TCA) were homogenized together. After that, the solution was
centrifuged for 15 min at 11,500× g at 4 ◦C, and the supernatant was moved into another
tube. Then, 0.4 mL supernatant was added to 1 mL of the reaction mixture (RM). Following
this, 1 mL of RM was combined with 0.4 mL of 0.1% TCA for blank. In a bath of boiling
water, the tube was incubated at 95 ◦C for 30 min. The tube was then placed in an icebox to
stop the reaction and centrifuged again for 30 min at 10,000× g. Finally, the absorbance of
the collected supernatant was measured at 532 and 600 nm using a spectrophotometer.

Calculation:

MDA content
(

µmol g−1 FW
)

= (D532−D600)×volume of total mixture (0.4 mL supernatant+1 mL of RM)×1000
Extinction co−efficient (155 mM−Mcm−1)×sample weight (0.2 g)

(2)

The extinction co-efficient of mM is converted to µM by multiplying with 1000 where
D532 and D600 are absorbance readings at 532 and 600 nm, respectively.

4.6. GOT

The GOT percentage per cotton plant was estimated using the following formula:

GOT (%) =

(
weight of lint

weight of seed cotton

)
× 100 (3)

4.7. Growth and Yield Attributes

Plant height and root length were determined at the end of the experiment using a
measuring tape. Shoots and roots were collected after harvest and oven-dried at 70 ◦C for
72 h to determine dry weight. Seed cotton, lint, and seed weights were measured using an
electrical balance.

4.8. Statistical Analysis and Interpretation of Data

To test the WL effect at varying durations (0 d, 3 d, 6 d, and 9 d) on the reproductive
stage of four cotton cultivars (CB-12, CB-13, Rupalli-1, and DM-3), data of various growth,
physiological, and biochemical parameters were subjected to analysis of variance (ANOVA)
and means were compared using Tukey’s honestly significant difference (HSD) post hoc
test using the computer-based statistical program JMP 14 (SAS Institute Inc., Cary, NC,
1989–2019) following the basic principles. We used Sigmaplot v14 from Systat Software, Inc.,
San Jose, CA, USA (www.systatsoftware.com accessed on 28 December 2022) to present the
data, and program R (R for Windows, v4.1.2) was used for PCA and Spearman correlation
analysis.

5. Conclusions

The present study demonstrated that the selected elite upland cotton cultivars were
variably affected by different levels of WL. Notably, the Rupali-1 and CB-12 showed the
best performance with respect to overall growth and yield parameters studied under WL
conditions. Higher WL adaptation of the Rupali-1 and CB-12 were found to be linked to
higher RWC, SPAD reading values (reflecting chlorophyll content) and leaf proline content,
and lower cellular MDA content even at 6 d and 9 d of WL exposure. On the other hand,
CB-13 and DM-3 were identified as sensitive cultivars when exposed to 6 d and 9 d of WL,
as evidenced by their poor morpho-physiological and yield attributes. In addition, the
Spearman correlation analysis and PCA revealed that CB-12 and Rupali-1 had the highest

www.systatsoftware.com
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coefficient values in yield and physiological attributes at 9 d WL, whereas CB-13 and DM-3
appeared to be sensitive cultivars in response to the same WL durations. Thus, CB-12 and
Rupali-1 might be suitable for cultivation in low-lying WL-prone areas.

Author Contributions: G.S. conceptualized the research work. U.S. and M.I.K. conducted the
experiment, collected samples, and performed laboratory analyses under the supervision of G.S. and
S.M.; G.S., S.M., U.S., U.K.S. and M.S.K. analyzed data and drafted the manuscript with the input
of L.-S.P.T., M.R.U., A.K.C., A.H.K.R., A.H., E.F.A., C.V.H., A.G. and J.-I.P. Lastly, L.-S.P.T. critically
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The research work was carried out under the project funded by the University Grants
Commission (UGC) of Bangladesh (Project ID# Agriculture (Crop-51)/2017. The authors would like
to extend their sincere appreciation to the Researchers Supporting Project Number (RSP2023R134),
King Saud University, Riyadh, Saudi Arabia.

Data Availability Statement: Not applicable.

Acknowledgments: Authors gratefully acknowledge Md. Shariful Islam, Department of Agricul-
tural Chemistry, Patuakhali Science and Technology University for his technical support with the
proline assay. The authors also express gratitude to the Researchers Supporting Project Number
(RSP2023R134), King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, Y.; Liu, G.; Dong, H.; Li, C. Waterlogging Stress in Cotton: Damage, Adaptability, Alleviation Strategies, and Mechanisms.

Crop J. 2021, 9, 257–270. [CrossRef]
2. Tamang, B.G.; Fukao, T. Plant Adaptation to Multiple Stresses during Submergence and Following Desubmergence. Int. J. Mol.

Sci. 2015, 16, 30164–30180. [CrossRef] [PubMed]
3. Voesenek, L.A.C.J.; Bailey-Serres, J. Flood Adaptive Traits and Processes: An Overview. New Phytol. 2015, 206, 57–73. [CrossRef]
4. Bingru, H.; Johnson, J.W.; NeSmith, D.S.; Bridges, D.C. Root and Shoot Growth of Wheat Genotypes in Response to Hypoxia and

Subsequent Resumption of Aeration. Crop Sci. 1994, 34, 1538–1544. [CrossRef]
5. Armstrong, W.; Justin, S.H.F.W.; Beckett, P.M.; Lythe, S. Root Adaptation to Soil Waterlogging. Aquat. Bot. 1991, 39, 57–73.

[CrossRef]
6. Christianson, J.A.; Llewellyn, D.J.; Dennis, E.S.; Wilson, I.W. Global Gene Expression Responses to Waterlogging in Roots and

Leaves of Cotton (Gossypium hirsutum L.). Plant Cell Physiol. 2010, 51, 21–37. [CrossRef] [PubMed]
7. Felle, H.H. PH Regulation in Anoxic Plants. Ann. Bot. 2005, 96, 519–532. [CrossRef] [PubMed]
8. Zeng, F.; Shabala, L.; Zhou, M.; Zhang, G.; Shabala, S. Barley Responses to Combined Waterlogging and Salinity Stress: Separating

Effects of Oxygen Deprivation and Elemental Toxicity. Front. Plant Sci. 2013, 4, 313. [CrossRef]
9. Setter, T.L.; Waters, I.; Sharma, S.K.; Singh, K.N.; Kulshreshtha, N.; Yaduvanshi, N.P.S.; Ram, P.C.; Singh, B.N.; Rane, J.; McDonald,

G.; et al. Review of Wheat Improvement for Waterlogging Tolerance in Australia and India: The Importance of Anaerobiosis and
Element Toxicities Associated with Different Soils. Ann. Bot. 2009, 103, 221–235. [CrossRef]

10. Drew, M.C.; Sisworo, E.J. The Development of Waterlogging Damage in Young Barley Plants in Relation To Plant Nutrient Status
and Changes in Soil Properties. New Phytol. 1979, 82, 301–314. [CrossRef]

11. Liao, C.T.; Lin, C.H. Physiological Adaptation of Crop Plants to Flooding Stress. Proc. Natl. Sci. Counc. Repub. China B 2001, 25,
148–157.

12. Bange, M.P.; Milroy, S.P.; Thongbai, P. Growth and Yield of Cotton in Response to Waterlogging. Field Crop. Res. 2004, 88, 129–142.
[CrossRef]

13. Aslam, S.; Khan, S.H.; Ahmed, A.; Dandekar, A.M. The Tale of Cotton Plant: From Wild Type to Domestication, Leading to Its
Improvement by Genetic Transformation. Am. J. Mol. Biol. 2020, 10, 91–127. [CrossRef]

14. Chen, Z.J.; Sreedasyam, A.; Ando, A.; Song, Q.; De Santiago, L.M.; Hulse-Kemp, A.M.; Ding, M.; Ye, W.; Kirkbride, R.C.; Jenkins,
J.; et al. Genomic Diversifications of Five Gossypium Allopolyploid Species and Their Impact on Cotton Improvement. Nat.
Genet. 2020, 52, 525–533. [CrossRef] [PubMed]

15. Zhang, J.; Abdelraheem, A.; Wedegaertner, T. Genetic Variation of Waterlogging Tolerance in Pima (Gossypium barbadense) Cotton
and Glanded and Glandless Upland Cotton (Gossypium hirsutum) under Field Conditions. Ind. Crops Prod. 2019, 129, 169–174.
[CrossRef]

16. Uddin, D.M.F.; Mortuza, D.M.G.G. Cotton Production in Bangladesh: Current Scenario and Prospect; Bangladesh Rural Advancement
Committee: Dhaka, Bangladesh, 2015. Available online: https://www.researchgate.net/publication/275524220 (accessed on 9
September 2022).

http://doi.org/10.1016/j.cj.2020.08.005
http://doi.org/10.3390/ijms161226226
http://www.ncbi.nlm.nih.gov/pubmed/26694376
http://doi.org/10.1111/nph.13209
http://doi.org/10.2135/cropsci1994.0011183X003400060023x
http://doi.org/10.1016/0304-3770(91)90022-W
http://doi.org/10.1093/pcp/pcp163
http://www.ncbi.nlm.nih.gov/pubmed/19923201
http://doi.org/10.1093/aob/mci207
http://www.ncbi.nlm.nih.gov/pubmed/16024558
http://doi.org/10.3389/fpls.2013.00313
http://doi.org/10.1093/aob/mcn137
http://doi.org/10.1111/j.1469-8137.1979.tb02656.x
http://doi.org/10.1016/j.fcr.2003.12.002
http://doi.org/10.4236/ajmb.2020.102008
http://doi.org/10.1038/s41588-020-0614-5
http://www.ncbi.nlm.nih.gov/pubmed/32313247
http://doi.org/10.1016/j.indcrop.2018.12.008
https://www.researchgate.net/publication/275524220


Plants 2023, 12, 1548 14 of 15

17. USDA. Bangladesh Cotton and Products Annual; USDA Foreign Agricultural Service: Washington, DC, USA, 2016; Volume 20,
pp. 1–10.

18. Nadiruzzaman, M.; Rahman, M.; Pal, U.; Croxton, S.; Rashid, M.B.; Bahadur, A.; Huq, S. Impact of Climate Change on Cotton
Production in Bangladesh. Sustainability 2021, 13, 574. [CrossRef]

19. CDB. Write Up of Cotton Development Board for Preparing the Seventh Five Year Plan, 2016–2020 (SFYP); CDB: Dhaka, Bangladesh, 2014.
20. Bailey-Serres, J.; Voesenek, L.A.C.J. Life in the Balance: A Signaling Network Controlling Survival of Flooding. Curr. Opin. Plant

Biol. 2010, 13, 489–494. [CrossRef]
21. Najeeb, U.; Bange, M.P.; Tan, D.K.Y.; Atwell, B.J. Consequences of Waterlogging in Cotton and Opportunities for Mitigation of

Yield Losses. AoB Plants 2015, 7, plv080. [CrossRef]
22. Hodgson, A.S.; Chan, K.Y. The Effect of Short-Term Waterlogging during Furrow Irrigation of Cotton in a Cracking Grey Clay.

Aust. J. Agric. Res. 1982, 33, 109–116. [CrossRef]
23. Wang, X.; Deng, Z.; Zhang, W.; Meng, Z.; Chang, X.; Lv, M. Effect of Waterlogging Duration at Different Growth Stages on the

Growth, Yield and Quality of Cotton. PLoS ONE 2017, 12, e0169029. [CrossRef]
24. Leonard, O.A.; Pinckard, J.A. Effect of Various Oxygen and Carbon Dioxide Concentrations on Cotton Root Development. Plant

Physiol. 1946, 21, 18–36. [CrossRef] [PubMed]
25. Milroy, S.P.; Bange, M.P.; Thongbai, P. Cotton Leaf Nutrient Concentrations in Response to Waterlogging under Field Conditions.

Field Crop. Res. 2009, 113, 246–255. [CrossRef]
26. Liu, R.; Yang, C.; Zhang, G.; Zhang, L.; Yang, F.; Guo, W. Root Recovery Development and Activity of Cotton Plants after

Waterlogging. Agron. J. 2015, 107, 2038–2046. [CrossRef]
27. Hocking, P.J.; Reicosky, D.C.; Meyer, W.S. Effects of Intermittent Waterlogging on the Mineral Nutrition of Cotton. Plant Soil 1987,

101, 211–221. [CrossRef]
28. Conaty, W.C.; Tan, D.K.Y.; Constable, G.A.; Sutton, B.G.; Field, D.J.; Mamum, E.A. Agronomy & Soils: Genetic Variation for

Waterlogging Tolerance in Cotton. J. Cotton Sci. 2008, 12, 53–61.
29. Kuai, J.; Liu, Z.; Wang, Y.; Meng, Y.; Chen, B.; Zhao, W.; Zhou, Z.; Oosterhuis, D.M. Waterlogging during Flowering and Boll

Forming Stages Affects Sucrose Metabolism in the Leaves Subtending the Cotton Boll and Its Relationship with Boll Weight. Plant
Sci. 2014, 223, 79–98. [CrossRef]

30. Zhang, Y.; Chen, Y.; Lu, H.; Kong, X.; Dai, J.; Li, Z.; Dong, H. Growth, Lint Yield and Changes in Physiological Attributes of
Cotton under Temporal Waterlogging. Field Crop. Res. 2016, 194, 83–93. [CrossRef]

31. Hocking, P.J.; Reicosky, D.C.; Meyer, W.S. Nitrogen Status of cotton Subjected to two Short Term Periods of Waterlogging of
Varying Severity Using a Sloping Plot Water-Table Facility. Plant and Soil 1985, 87, 375–391. [CrossRef]

32. Reicosky, D.C.; Meyer, W.S.; Schaefer, N.L.; Sides, R.D. Cotton Response to Short-Term Waterlogging Imposed with a Water-Table
Gradient Facility. Agric. Water Manag. 1985, 10, 127–143. [CrossRef]

33. Sojka, R.E.; Stolzy, L.H. Soil-Oxygen Effects on Stomatal Response. Soil Sci. 1980, 130, 350–358. [CrossRef]
34. Meyer, W.S.; Reicosky, D.C.; Barrs, H.D.; Smith, R.C.G. Physiological Responses of Cotton to a Single Waterlogging at High and

Low N-Levels. Plant Soil 1987, 102, 161–170. [CrossRef]
35. Thongbai, P.; Milroy, S.; Bange, M.; Rapp, G.; Smith, T. Agronomic Responses of Cotton to Low Soil Oxygen during Waterlogging.

In Proceedings of the 10th Australian Agronomy Conference, Hobart, Tasmania, 29 January–1 February 2001; pp. 1600–1730.
36. Milroy, S.P.; Bange, M.P. Reduction in Radiation Use Efficiency of Cotton (Gossypium hirsutum L.) under Repeated Transient

Waterlogging in the Field. Field Crop. Res. 2013, 140, 51–58. [CrossRef]
37. Zhang, Y.; Song, X.; Yang, G.; Li, Z.; Lu, H.; Kong, X.; Eneji, A.E.; Dong, H. Physiological and Molecular Adjustment of Cotton to

Waterlogging at Peak-Flowering in Relation to Growth and Yield. Field Crop. Res. 2015, 179, 164–172. [CrossRef]
38. Wang, H.; Chen, Y.; Hu, W.; Wang, S.; Snider, J.L.; Zhou, Z. Carbohydrate Metabolism in the Subtending Leaf Cross-Acclimates to

Waterlogging and Elevated Temperature Stress and Influences Boll Biomass in Cotton (Gossypium hirsutum). Physiol. Plant. 2017,
161, 339–354. [CrossRef] [PubMed]

39. Kuai, J.; Chen, Y.; Wang, Y.; Meng, Y.; Chen, B.; Zhao, W.; Zhou, Z. Effect of Waterlogging on Carbohydrate Metabolism and the
Quality of Fiber in Cotton (Gossypium hirsutum L.). Front. Plant Sci. 2016, 7, 877. [CrossRef] [PubMed]

40. van Veen, H.; Mustroph, A.; Barding, G.A.; Vergeer-van Eijk, M.; Welschen-Evertman, R.A.M.; Pedersen, O.; Visser, E.J.W.; Larive,
C.K.; Pierik, R.; Bailey-Serres, J.; et al. Two Rumex Species from Contrasting Hydrological Niches Regulate Flooding Tolerance
through Distinct Mechanisms. Plant Cell 2013, 25, 4691–4707. [CrossRef] [PubMed]

41. Pang, J.; Zhou, M.; Mendham, N.; Shabala, S. Growth and Physiological Responses of Six Barley Genotypes to Waterlogging and
Subsequent Recovery. Aust. J. Agric. Res. 2004, 55, 895–906. [CrossRef]

42. Cao, G.; Wang, X.; Liu, Y.; Luo, W. Effect of Water Logging Stress on Cotton Leaf Area Index and Yield. Procedia Eng. 2012, 28,
202–209. [CrossRef]

43. Chen, Y.; Wang, H.; Hu, W.; Wang, S.; Wang, Y.; Snider, J.L.; Zhou, Z. Combined Elevated Temperature and Soil Waterlogging
Stresses Inhibit Cell Elongation by Altering Osmolyte Composition of the Developing Cotton (Gossypium hirsutum L.) Fiber. Plant
Sci. 2017, 256, 196–207. [CrossRef]

44. Najeeb, U.; Tan, D.K.Y.; Bange, M.P. Cotton Growth and Yield Dynamics across Canopy Layers in Response to Soil Waterlogging.
Aust. J. Crop Sci. 2016, 10, 1170–1181. [CrossRef]

http://doi.org/10.3390/su13020574
http://doi.org/10.1016/j.pbi.2010.08.002
http://doi.org/10.1093/aobpla/plv080
http://doi.org/10.1071/AR9820109
http://doi.org/10.1371/journal.pone.0169029
http://doi.org/10.1104/pp.21.1.18
http://www.ncbi.nlm.nih.gov/pubmed/16654023
http://doi.org/10.1016/j.fcr.2009.05.012
http://doi.org/10.2134/agronj14.0567
http://doi.org/10.1007/BF02370647
http://doi.org/10.1016/j.plantsci.2014.03.010
http://doi.org/10.1016/j.fcr.2016.05.006
http://doi.org/10.1007/BF02181905
http://doi.org/10.1016/0378-3774(85)90002-2
http://doi.org/10.1097/00010694-198012000-00010
http://doi.org/10.1007/BF02370698
http://doi.org/10.1016/j.fcr.2012.10.016
http://doi.org/10.1016/j.fcr.2015.05.001
http://doi.org/10.1111/ppl.12592
http://www.ncbi.nlm.nih.gov/pubmed/28581029
http://doi.org/10.3389/fpls.2016.00877
http://www.ncbi.nlm.nih.gov/pubmed/27446110
http://doi.org/10.1105/tpc.113.119016
http://www.ncbi.nlm.nih.gov/pubmed/24285788
http://doi.org/10.1071/AR03097
http://doi.org/10.1016/j.proeng.2012.01.706
http://doi.org/10.1016/j.plantsci.2017.01.001
http://doi.org/10.21475/ajcs.2016.10.08.p7855


Plants 2023, 12, 1548 15 of 15

45. Kuai, J.; Zhou, Z.; Wang, Y.; Meng, Y.; Chen, B.; Zhao, W. The Effects of Short-Term Waterlogging on the Lint Yield and Yield
Components of Cotton with Respect to Boll Position. Eur. J. Agron. 2015, 67, 61–74. [CrossRef]

46. Wang, H.; Chen, Y.; Hu, W.; Snider, J.L.; Zhou, Z. Short-Term Soil-Waterlogging Contributes to Cotton Cross Tolerance to
Chronic Elevated Temperature by Regulating ROS Metabolism in the Subtending Leaf. Plant Physiol. Biochem. 2019, 139, 333–341.
[CrossRef]

47. Wu, Q.X.; Zhu, J.Q.; Liu, K.W.; Chen, L.G. Effects of Fertilization on Growth and Yield of Cotton after Surface Waterlogging
Elimination. Adv. J. Food Sci. Technol. 2012, 4, 398–403.

48. Jiang, Z.H.; Zhu, J.Q.; Yang, W.; Li, M.F.; Yu, Y. Effects of Remedial Measures Implemented after Waterlogging on Cotton. In
Proceedings of the 2013 Third International Conference on Intelligent System Design and Engineering Applications, Hong Kong,
China, 16–18 January 2013; pp. 692–695. [CrossRef]

49. Huang, Y.; Bie, Z.; Liu, Z.; Zhen, A.; Wang, W. Protective Role of Proline against Salt Stress Is Partially Related to the Improvement
of Water Status and Peroxidase Enzyme Activity in Cucumber. Soil Sci. Plant Nutr. 2009, 55, 698–704. [CrossRef]

50. Hayat, S.; Hayat, Q.; Alyemeni, M.N.; Wani, A.S.; Pichtel, J.; Ahmad, A. Role of Proline under Changing Environments. Plant
Signal. Behav. 2012, 7, 1456–1466. [CrossRef]

51. Desingh, R.; Kanagaraj, G.; Nagar, A. Influence of Salinity Stress on Photosynthesis and Antioxidative Systems in Two Cotton
Varieties. Gen. Appl. Plant Physiol. 2007, 33, 221–234.

52. Koca, H.; Bor, M.; Özdemir, F.; Türkan, I. The Effect of Salt Stress on Lipid Peroxidation, Antioxidative Enzymes and Proline
Content of Sesame Cultivars. Environ. Exp. Bot. 2007, 60, 344–351. [CrossRef]

53. Veeranagamallaiah, G.; Chandraobulreddy, P.; Jyothsnakumari, G.; Sudhakar, C. Glutamine Synthetase Expression and Pyrroline-
5-Carboxylate Reductase Activity Influence Proline Accumulation in Two Cultivars of Foxtail Millet (Setaria italica L.) with
Differential Salt Sensitivity. Environ. Exp. Bot. 2007, 60, 239–244. [CrossRef]

54. Kishor, P.B.K.; Hima Kumari, P.; Sunita, M.S.L.; Sreenivasulu, N. Role of Proline in Cell Wall Synthesis and Plant Development
and Its Implications in Plant Ontogeny. Front. Plant Sci. 2015, 6, 544. [CrossRef]

55. Hussain, A.; Farooq, J.; Ahmad, S.; Mahmood, A.; Sadiq, M.A.; Zafar, U.Z.; Athar, H.U.R. Hypoxia Tolerance Studies for Yield,
Fiber and Physiological Traits in Cotton (Gossypium hirsutum L.). J. Cott. Res. 2018, 1, 8. [CrossRef]

56. Tatar, Ö.; Gevrek, M.N. Influence of Water Stress on Proline Accumulation, Lipid Peroxidation and Water Content of Wheat.
Asian J. Plant Sci. 2008, 7, 409–412. [CrossRef]

57. Kameli, A.; Lösel, D.M. Growth and Sugar Accumulation in Durum Wheat Plants under Water Stress. New Phytol. 1996, 132,
57–62. [CrossRef] [PubMed]

58. Vendruscolo, E.C.G.; Schuster, I.; Pileggi, M.; Scapim, C.A.; Molinari, H.B.C.; Marur, C.J.; Vieira, L.G.E. Stress-Induced Synthesis
of Proline Confers Tolerance to Water Deficit in Transgenic Wheat. J. Plant Physiol. 2007, 164, 1367–1376. [CrossRef] [PubMed]

59. Tian, X.R.; Lei, Y.B. Physiological Responses of Wheat Seedlings to Drought and UV-B Radiation. Effect of Exogenous Sodium
Nitroprusside Application. Russ. J. Plant Physiol. 2007, 54, 676–682. [CrossRef]

60. Barrs, H.; Weatherley, P. A Re-Examination of the Relative Turgidity Technique for Estimating Water Deficits in Leaves. Aust. J.
Biol. Sci. 1962, 15, 413. [CrossRef]

61. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid Determination of Free Proline for Water-Stress Studies. Plant Soil 1973, 39, 205–207.
[CrossRef]

62. Heath, R.L.; Packer, L. Photoperoxidation in Isolated Chloroplasts. I. Kinetics and Stoichiometry of Fatty Acid Peroxidation. Arch.
Biochem. Biophys. 1968, 125, 189–198. [CrossRef]

63. Ali, M.B.; Hahn, E.J.; Paek, K.Y. Effects of Light Intensities on Antioxidant Enzymes and Malondialdehyde Content during
Short-Term Acclimatization on Micropropagated Phalaenopsis Plantlet. Environ. Exp. Bot. 2005, 54, 109–120. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.eja.2015.03.005
http://doi.org/10.1016/j.plaphy.2019.03.038
http://doi.org/10.1109/ISDEA.2012.164
http://doi.org/10.1111/j.1747-0765.2009.00412.x
http://doi.org/10.4161/psb.21949
http://doi.org/10.1016/j.envexpbot.2006.12.005
http://doi.org/10.1016/j.envexpbot.2006.10.012
http://doi.org/10.3389/fpls.2015.00544
http://doi.org/10.1186/s42397-018-0008-8
http://doi.org/10.3923/ajps.2008.409.412
http://doi.org/10.1111/j.1469-8137.1996.tb04508.x
http://www.ncbi.nlm.nih.gov/pubmed/33863057
http://doi.org/10.1016/j.jplph.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17604875
http://doi.org/10.1134/S1021443707050160
http://doi.org/10.1071/BI9620413
http://doi.org/10.1007/BF00018060
http://doi.org/10.1016/0003-9861(68)90654-1
http://doi.org/10.1016/j.envexpbot.2004.06.005

	Introduction 
	Results 
	Effect of WL on the Phenotypes and Growth Attributes of Cotton 
	Effect of WL on the Physiological and Biochemical Parameters of Cotton Cultivars 
	Proline Contents 
	Malondialdehyde (MDA) Contents 
	Relative Water Contents (RWCs) 
	SPAD Reading Values 

	Effect of WL on the Yield Attributes of Cotton Cultivars 
	Correlation Analysis among the Growth and Yield Traits of Four Cotton Cultivars 
	Principal Component (PC) Analysis (PCA) among the Variables of Four Cotton Cultivars under Different WL Durations 

	Discussion 
	Materials and Methods 
	Treatments, Plant Materials, and Culture Conditions 
	SPAD Readings 
	Leaf RWC 
	Leaf Proline Content 
	MDA Quantification 
	GOT 
	Growth and Yield Attributes 
	Statistical Analysis and Interpretation of Data 

	Conclusions 
	References

