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’Department of Agronomy, School of Agriculture, Lovely Professional University, Phagwara,
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Okra [Abelmoschus esculentus (L.) Moench] plays a vital role in ensuring food and
nutritional security in arid and semi-arid regions; however, its growth is severely
limited by drought stress. While root plasticity and physio-biochemical responses
are known to contribute to drought resilience, their specific roles in okra remain
underexplored. This study assessed drought tolerance in 55 okra genotypes
subjected to three levels of PEG 6000-induced osmotic stress (0%, 10%, and
20%) under polyhouse conditions. Drought stress delayed germination and
significantly reduced key growth parameters, including leaf number, shoot
length, fresh and dry biomass, and survival rate. Root traits such as secondary
root number, root length, and fresh root weight also declined, although the root-
to-shoot ratio increased under severe stress, indicating an adaptive shift in
biomass allocation. Biochemical analyses revealed elevated levels of
chlorophyll, carotenoids, and proline in response to drought, reflecting
enhanced stress tolerance mechanisms. Based on overall performance,
genotypes G51 (Sonam), G6 (HAU-480), G10 (Bhindi Champion), and G45
(Pooja-01) emerged as the most drought-tolerant, exhibiting superior root
development and biomass accumulation. Oxidative stress markers, MDA and
H,0O,, also increased significantly under severe drought, further validating
physiological damage and supporting the classification of tolerant and
susceptible genotypes. Principal component analysis identified the mean
productivity index and tolerance index as key contributors to genotypic
variation under stress. Additionally, Field Emission Scanning Electron
Microscopy (FESEM) revealed genotype-specific xylem adaptations, with
reduced vessel size in drought-tolerant genotypes likely mitigating the risk of
embolism. These findings highlight the importance of root plasticity, xylem
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architecture, and biochemical adjustments in conferring drought tolerance in
okra. Prioritizing traits such as secondary root formation and reduced xylem
vessel size offers promising avenues for breeding resilient okra cultivars suited to
water-limited environments.
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1 Introduction

Abiotic stresses such as temperature, water deficit, radiation,
and nutrient imbalance account for approximately 51-82% of global
crop yield losses (Oshunsanya et al., 2019). Among these, drought is
a major constraint that reduces both water availability and quality,
thereby threatening sustainable agricultural productivity.
According to the World Resources Institute, about 25% of global
crops are cultivated in regions where water supply is either highly
stressed, highly unreliable, or both (World Resources Institute,
2024). Factors such as accelerated urbanization, rapid population
growth, and climate change are projected to intensify water scarcity
across more than 80% of global croplands by 2050, with vegetable
crops being particularly vulnerable (Liu et al., 2022). Vegetables,
due to their succulent nature and high-water content
(approximately 90%), are highly sensitive to drought stress, which
adversely affects their growth, development, and yield (Abbas et al.,
2023). This reduction in vegetable production contributes to the
escalation of the global hunger index, malnutrition, and increasing
mortality rates (Mansoor et al., 2022). Addressing these challenges
requires the identification and development of drought-tolerant
crop varieties with adaptive root anatomy and physio-biochemical
responses under water-limited conditions.

Plant responses to water deficit depend on the duration of
stress, its rate of imposition, and the developmental stage during
which it occurs. Germination and early seedling growth are
particularly affected, resulting in reduced seedling vigor, root and
shoot length, and fresh and dry biomass (Gao et al., 2023). Drought
also disrupts key cellular and physiological processes, ultimately
impairing overall plant development (Khanna, 2024). Drought
adaptation is genotype-dependent and involves complex
mechanisms such as osmotic adjustment, stomatal regulation,
antioxidant defense, and root system modifications (Bray, 2001;
Seleiman et al., 2021). Under drought conditions, plants optimize
resource use by altering growth patterns, reducing total biomass,
and reallocating resources to roots for improved water uptake
(Wang et al, 2024; Osakabe et al., 2014). To conserve water,
stomatal conductance is reduced, which limits CO, uptake and
leads to decreased photosynthetic pigment levels (Wang et al,
2018). In parallel, drought triggers oxidative stress marked by the
accumulation of reactive oxygen species (ROS), particularly
malondialdehyde (MDA) and hydrogen peroxide (H,0,), both of
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which serve as reliable biochemical indicators of cellular damage
(Noctor et al, 2014). MDA, a byproduct of lipid peroxidation,
reflects membrane integrity loss and increases with stress intensity
(Khaleghi et al., 2019). H,0O,, while indicative of oxidative stress,
also acts as a critical signalling molecule that activates downstream
defense responses, including the accumulation of carotenoids and
proline, key components that contribute to oxidative stress
tolerance and osmotic adjustment (Zareyan et al., 2025; Gowtham
et al., 2022; Rao et al., 2025).

Roots play a central role in drought tolerance, being the first
organs to sense water stress. Significant variability in root
morphology is observed among plant species and genotypes
within species (Contreras-Soto et al., 2022). To enhance water
transport under limited conditions, plants adjust xylem vessel
anatomy by reducing vessel diameter or increasing vessel density
(Kong et al,, 2023). Smaller vessel diameters improve hydraulic
safety and minimize the risk of embolism (Li et al., 2024), while
increased vessel numbers facilitate efficient water transport from
roots to shoots. These xylem-mediated drought responses are
genotype-specific, with each variety exhibiting distinct structural
and physiological adaptations (Kettani et al., 2024).

Okra (Abelmoschus esculentus L. Moench) is a nutritionally
valuable vegetable crop widely grown in tropical and subtropical
regions. It is rich in dietary fiber, minerals, vitamins, antioxidants,
and proteins essential for human health (Ibitoye and Kolawole,
2022). Despite its relative drought tolerance, yield losses of 30-100%
have been reported under water-limited conditions (Mkhabela
et al., 2023). Drought significantly reduces okra seedling growth
traits such as plant height, stem diameter, leaf area, and biomass, as
well as root traits including root fresh and dry weight (Torun et al,,
2023). To mitigate water loss and oxidative stress, drought-tolerant
okra genotypes exhibit enhanced physiological and biochemical
responses such as efficient stomatal closure, greater proline
accumulation, reduced transpiration, and elevated antioxidant
activity (Razi and Muneer, 2023). Additionally, okra roots adapt
structurally by increasing root length, surface area, and volume to
enhance water and nutrient uptake in response to drought intensity
(Mahmood et al., 2024). While general physiological responses have
been studied, limited attention has been given to the anatomical
traits, particularly root system plasticity and xylem vessel
architecture, that underlie drought adaptation in okra. This study
addresses this critical gap by evaluating 55 diverse genotypes for key
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seedling-stage responses under osmotic stress, integrating root
morphological plasticity, xylem vessel modifications, and physio-
biochemical traits. The findings aim to identify robust, early-stage
indicators of drought resilience, offering a comprehensiveapproach
for breeding drought-tolerant okra cultivars.

2 Materials and methods

The current study evaluated the drought tolerance of 55 okra
genotypes (Supplementary Table 1) at the seedling stage under
three different water regimes. For comparing the drought responses
of the genotypes, a check variety Pusa Sawani (G54) was included in
the study. The experiment was conducted under controlled
polyhouse conditions using a completely randomized design
(CRD) at Lovely Professional University, Phagwara, Punjab, India
(31.2450°N latitude; 75.7010°E longitude). The polyhouse
environment was maintained at a constant temperature of 25°C
and 50% relative humidity. Seeds of all 55 genotypes were soaked
overnight in water before being sown in 250 mL virgin plastic pots
filled with a uniform mixture of cocopeat, vermicompost, and
perlite. Six seeds per genotype per pot per treatment were sown
in three replications. Upon seedling emergence (seven-eight days
after sowing), only one seedling per cup was retained to ensure
proper seedling growth.

Drought stress was induced using Polyethylene Glycol (PEG
6000) solutions at three levels: TO (0%, control), T1 (10%), and T2
(20%). The PEG solutions were prepared by dissolving 100 g and 200
g of PEG 6000 in 1 L of distilled water for the T1 and T2 treatments,
respectively, while the control (T0) contained only distilled water.
Drought stress was imposed by applying 15 mL of the respective
PEG solution to each container every 48 hours, starting from the date
of sowing. Among the 55 genotypes, 37 successfully germinated,
while 18 failed to sprout due to reduced seed viability. All
observations were recorded 25 days after the seedling emergence.

2.1 Evaluation of growth, root,
biochemical, and anatomical traits under
three PEG 6000 regimes

2.1.1 Growth and root traits

Growth parameters were recorded as follows: days to seed
germination (DSG) was calculated as the number of days from
sowing to seedling emergence. The number of leaves (NOL) and
secondary roots (NSR) were manually counted at the end of the
experiment. Shoot length (SL, cm) and root length (RL, cm) were
measured using a scale, while root fresh weight (RFW, g) and total
fresh weight (TFW, g) were recorded using a weighing balance
(ATOM Selves- MH 200). Total dry weight (TDW, g) was
determined after oven-drying fresh samples at 80°C until a
constant weight was achieved. The root-to-shoot ratio (R/S) was
calculated by dividing root length by shoot length. The survival rate
(SR) was determined as the percentage of plants that survived in
each treatment. Abbreviations for all estimated parameters, along
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with their classifications, trait descriptions, and units, are provided
in Supplementary Table 2.

2.1.2 Biochemical traits

All biochemical parameters were recorded 25 days after seedling
emergence. Chlorophyll and carotenoid contents were estimated
following the method outlined by Arnon (1949). Fresh leaf samples
(0.25 g) were ground in 80% acetone, and the mixture was then
centrifuged at 3000 rpm for 15 minutes. The absorbance of the
supernatant was recorded at 663, 647, and 470 nm using a visible
spectrophotometer 168. The concentrations of chlorophyll and
carotenoids were calculated using the formulas provided by Ayub
et al. (2021). Further, proline content was measured following the
method of Bates et al. (1973). A 0.50 g leaf sample was mixed with
3% sulfosalicylic acid and centrifuged at 3000 rpm for 15 minutes.
After centrifugation, 200 uL of the supernatant was taken and
mixed with 200 pL of glacial acetic acid and 200 uL of ninhydrin.
The mixture was kept in a water bath at 100°C for 1 hour, and the
reaction was stopped by placing it in an ice bath. After cooling, 400
uL of toluene was added, and the upper layer was extracted. Its
absorbance was then measured at 520 nm.

Chla (mg/g) = (12.25 X Agez2— 2.79 X Agse8)

Chlb (mg/g) = (21.21 X Ages - 5.1 X Agg3.0)

ChiT (mg/g) = Chla + Chlb

Carotenoids (pg/mL)

= (1000A,; — 1.82Chla — 85.02Chlb)/ 198

2.1.2.1 Assessment of lipid peroxidation and hydrogen
peroxide

To assess oxidative damage under drought stress, lipid
peroxidation and hydrogen peroxide (H,O,) accumulation were
quantified through MDA and H,0, measurements. These analyses
were conducted only under TO (control) and T2 (severe stress)
treatments to capture the contrast between non-stressed and highly
stressed conditions, thereby maximizing the physiological
resolution of drought-induced oxidative responses. Including the
intermediate treatment (T1) was deemed unnecessary for this
analysis, as prior studies have shown that the most pronounced
oxidative effects typically occur at maximum stress levels, while
minimal or no effects are evident under control conditions
(Pravisya et al.,, 2019).

Leaf tissue (0.20 g) was homogenized in 5 mL of ice-cold 0.1% (w/
v) trichloroacetic acid (TCA). The homogenate was then centrifuged
at 12,000 rpm for 15 minutes, and the supernatant was collected for
the quantification of MDA and H,0,. The MDA content was
determined following the protocol of Verma and Dubey (2003).
Briefly, 0.5 mL of the supernatant was mixed with 1 mL of 20% (w/v)
TCA containing 0.5% (w/v) thiobarbituric acid (TBA). The mixture
was incubated at 95°C for 30 minutes, and the reaction was
immediately terminated in an ice bath. After incubation, the
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samples were centrifuged at 14,000 rpm for 15 minutes, and the
absorbance of the supernatant was measured at 532 and 600 nm
using a Visible Spectrophotometer 168. H,O, concentration was
measured according to the method described by Velikova et al.
(2000). For the assay, 500 pL of the supernatant was mixed with
500 pL of 10 mM potassium phosphate buffer (pH 7.0) and 1 mL of 1
M potassium iodide (KI). The reaction mixture was incubated in the
dark at room temperature for 20 minutes, and the absorbance was
recorded at 390 nm using the same spectrophotometer.

2.1.3 Field emission scanning electron
microscopy analysis

Fresh root samples obtained from 25-day-old plants were
gradually dehydrated through a graded ethanol series (70%, 90%,
and 100%), with each step lasting 15 minutes, following the method
described by Talbot and White (2013). After dehydration, the roots
were cut into cross sections and coated with a thin layer of gold
using a JEOL Smart Coater. The root structure of the samples was
then analyzed using a Field Emission Scanning Electron Microscope
(FE-SEM) (JEOL, Japan, with OXFORD EDS, LN2-free). The
samples were observed at magnifications of 600x for primary root
xylem vessel size (PRXVS) and at 1500x for secondary root xylem
vessel size (SRXVS) under both control and drought
stress conditions.

2.2 Statistical analysis

Descriptive statistics and Pearson’s correlation coefficients (r)
for the estimated traits were calculated using Minitab® 21.4
statistical software (Minitab LLC, State College, PA, United
States) and R statistical software (version 4.2.2, R Core Team,
2022) in RStudio (version 2022.07.2 build 576, RStudio Team,
2022), respectively. Analysis of variance (ANOVA) based on a
generalized linear model was performed using Minitab® 21.4
statistical software to evaluate the significant effects of genotype,
treatment (PEG 6000 level), replication, and the genotype X
treatment interaction for all measured traits. Drought tolerance
classification was performed using two approaches: First, following
the methods of Osborne and Rengel (2002) and Aziz et al. (2011),
the okra genotypes were classified as efficient (E), medium (M), and
inefficient (I) based on the absolute values assigned to each
genotype. These values were determined using the population
mean (p) and standard deviation (SD) of each parameter under
both controlled and water-deficit conditions. The mean value for
efficient genotypes was > p + SD, for medium genotypes it ranged
between p + SD and p - SD, and for inefficient genotypes it was < 1 -
SD. The scores assigned to efficient, medium, and inefficient
genotypes were 3, 2, and 1, respectively. The distinct scores for
each parameter were summed to obtain the cumulative score for
each genotype (Reddy et al., 2021). Second, drought tolerance
indices were calculated based on dry weight for all genotypes,
using the equations provided by Negarestani et al. (2019) and
Grzesiak et al. (2019):
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Stress susceptibility index (SSI) = (1-T/ C)/ (1-xT/ xC)
Mean productivity index (MPI) = (C+T)/ 2
Geometric mean productivity index (GMPI) = VCx T
Harmonic mean index (HMI) = 2(Cx T)/ (C+T)
Stress tolerance index (STI) = (Cx T)/ (xC),
Tolerance index (TI) = C-T

Stressindex (SI) = T/ C

Where C and T represent the dry weight (DW) of genotypes
under control and treatment conditions, respectively, and xC and
xT represent the average total seedling dry weight (DW) of all the
studied genotypes under control and treatment conditions. Finally,
the standardized values of all indices were used to calculate the
stress tolerance score (STS) of all genotypes grown under control
and drought conditions, following the equation from Thiry et al.
(2016) and Negarestani et al. (2019):

Stress tolerance score (STS) = SSI + MPI + GMPI + HMI + STI
+ TT + SL

3 Results

3.1 Trait-specific responses of okra
genotypes under three PEG 6000 levels

The effects of genotypes, treatments, and their interaction were
highly significant (p< 0.001) for all the estimated growth, root, and
biochemical parameters (Tables 1, 2). Tukey’s pairwise comparison
test revealed significant differences between the treatment levels
(T0, T1, and T2; Figure 1). The mean DSG increased from 5.56 days
under TO to 8.78 and 12.05 days under T1 and T2, respectively,
indicating delayed germination with increasing drought stress
(Figure 2A; Table 3). Growth traits such as NOL, TFW, TDW,
and SR were higher under control conditions (T0) compared to
drought treatments (T1 and T2), demonstrating that vegetative
growth was significantly impaired by drought stress (Figures 2B-E).
Among the root traits, the mean values of NSR, RL, SL, and RFW
progressively declined with increasing drought intensity (T0 to T2),
whereas the R/S ratio increased from 0.75 at TO to 0.77 at T1 and
0.83 at T2 (Figures 3A-E; Table 3).

Biochemical traits, including chlorophyll a (Chla), chlorophyll b
(Chlb), total chlorophyll (Tchl), and carotenoid (CAR) content,
increased under drought stress, with the highest values observed at
T2, followed by TI, compared to TO. Similarly, proline (Pro)
accumulation was highest under T2, followed by TI, with the
lowest levels observed under TO (Figures 4A-E). Besides, both
MDA and H,O, levels showed significant accumulation under
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TABLE 1 Analysis of variance for 15 estimated growth, root and biochemical parameters under three varying polyethylene glycol (PEG) 6000

concentrations in okra.

Variables Genotypes Treatments Replication Genotypes x Treatments Error Total
DF 36 2 2 72 220 332
DSG 8.14%%* 1167.59%** 2.63 2.48%%% 0.99
NOL 1.94%%¢ 62.470% 0.49 0.49°* 0.3342
TEW 0.154* 1,555+ 0.00136 0.020%** 0.00067
TDW 0.015* 0.133*** 0.000058 0.002*** 0.000088
SR 0.124 7.306 0 0.028 0
NSR 147.08%* 2590.524+ 6.6 14210 3.1
Mean RL 8.97 4590+ 0.0804 2420 0.0293
square SL 17.15%% 16252+ 0.123 366 0.048
RFW 0.003* 0.003* 0.000714 0.002** 0.000443
R/S 0.042%% 0.23%%* 0.000198 0.006*** 0.000302
Chla 16.99* 115.47%% 0.033 4,054+ 0.047
Chlb 17.68°* 119.18%%* 0.008 4.50%%% 0.041
TChl 54.69* 467.83°* 0.009 14.19%% 0.128
CAR 5.86* 39.29%% 0.023 1.205%% 0.0092
Pro 147.7%%% 15305.6** 0.6 74,54 0.5

***Significance at P< 0.001.

DSG, Days to seed germination; NOL, Number of leaves; TEW, Total fresh weight; TDW, Total dry weight; SR, Survival rate; NSR, Number of secondary roots; RL, Root length; SL, Shoot length;
RFW, Root fresh weight; R/S, Root-to-shoot ratio; Chla, Chlorophyll a; Chlb, Chlorophyll b; TChl, Total Chlorophyll; CAR, Carotenoid; Pro, Proline.

TABLE 2 Analysis of variance for malondialdehyde (MDA) and hydrogen
peroxide (H,0,) content in okra genotypes under control (T0) and
drought stress (20% PEG 6000, T2) conditions.

Mean Square

Variables
MDA H202
Genotypes 36 9.11%** 99.3%**
Treatments 1 2332.07°* 22647.1°*
Replication 2 0.01 0
st & A
Error 146 0.01 0
Total 221

***Significance at P < 0.001
MDA, Malondialdehyde; H,O,, Hydrogen peroxide.

drought stress, with the highest mean values observed at T2
(Figures 5A, B; Table 3).

3.1.1 The effects of PEG-induced drought stress
on seedling growth traits

Drought stress significantly increased the number of days to
seed germination while reducing other growth parameters across all
genotypes (Supplementary Figures 1A-J). With increasing PEG
concentration from TO to T2, DSG increased by 116.5%. Despite
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this, genotype G51 exhibited faster germination compared to other
genotypes. All growth parameters, namely, NOL, TFW, and TDW,
showed significant reductions of 36.92%, 40.04%, and 41.59%,
respectively, from TO to T2. Among all genotypes, G51 and G45
demonstrated better growth performance by maintaining the
highest NOL and TFW under severe drought conditions (T2).
The survival rate declined sharply by 70.47% as PEG
concentration increased from TO to T2; however, genotypes G51,
followed by G54 and G45, maintained relatively higher survival
rates under T2.

3.1.2 The effects of PEG-induced drought stress
on root traits

Root morphological traits were significantly affected by drought
stress, with a consistent decline observed across all genotypes
(Supplementary Figures 2A-]). NSR decreased by 51.99% from
TO to T2, although genotypes G51 and G45 maintained
comparatively higher NSR under drought conditions. RL, SL, and
RFW were also reduced by 20.85%, 29.06%, and 18.72%,
respectively. Despite these reductions, genotypes G51, G45, and
G54 sustained relatively better RL, SL, and RFW under stress,
whereas genotypes G19, G22, and G47 exhibited the most severe
declines. Drought stress led to a shift in biomass allocation, favoring
root growth over shoot growth to enhance water uptake from
deeper soil layers. In our study, R/S increased by 11.94% from TO
to T2. This adaptive response was most evident in genotypes G49
and G54 under T2 and T1 conditions, respectively.
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FIGURE 1

Tukey's Pairwise Comparisons for the effects of three varying PEG 6000 concentrations as control (TO, without PEG), 10% PEG-induced stress (T1),
and 20% PEG-induced stress (T2) on growth, root and biochemical parameters in okra: (A) Days to seed germination (DSG), (B) Number of leaves
(NOL), (C) Total Fresh weight (TFW), (D) Total Dry weight (TDW), (E) Survival rate (SR), (F) Number of secondary roots (NSR), (G) Root length (RL),
(H) Shoot length (SL), (I) Root fresh weight (RFW), (J) Root-to-shoot-ratio (R/S), (K) Chlorophyll a (Chla), (L) Chlorophyll b (Chlb), (M) Total

Chlorophyll (TChl), (N) Carotenoid (CAR), (O) Proline (Pro).

3.1.3 The effects of PEG-induced drought stress
on biochemical traits

Osmotic stress induced at the early developmental stage
significantly elevated biochemical parameters such as chlorophyll
and carotenoid contents across okra genotypes (Supplementary
Figures 3A—~H). Chla, Chlb, and TChl increased by 47.99%, 65.85%,
and 55.53%, respectively, from TO to T2. Among the genotypes, G9
and G22 recorded the highest Chla and TChl levels, while Chlb was
highest in G6 and G44. Additionally, CAR content increased
markedly by 61.42%, with genotypes G13 and G19 exhibiting the
greatest accumulation. Furthermore, in response to drought stress,
proline content rose sharply by 418.72% from control (T0) to severe
stress (T2), with G46 and G48 showing the most pronounced
response (Supplementary Figures 3I, J). Similarly, drought stress
significantly elevated oxidative stress markers across okra genotypes,
with MDA and H,O, contents increased by 313.04% and 167.09%,
respectively, from TO to T2 (Supplementary Figures 4A-D). The
highest accumulation of MDA and H,0, was observed in G109,
whereas genotypes G6 and G45 maintained the lowest levels under
drought conditions (Figure 5). Individual genotypic variations for all
estimated traits are presented in Supplementary Figures 1-4.

3.2 Correlation pattern among estimated
parameters under three varying PEG 6000
regimes

The heatmap of Pearson correlation coefficients illustrates the
relationships among growth, root, and biochemical traits under
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varying drought stress conditions (T0, T1, and T2) (Figure 6).
Under control conditions (T0), growth traits (NOL, SL, TFW,
TDW, SR) and root traits (NSR, RL, RFW) were strongly
positively correlated. As drought stress intensified, these
correlations decreased under T1 and became strongly negative
under T2. In contrast, the root-to-shoot ratio (R/S) showed an
opposite trend, shifting from a weak correlation at TO to moderate
under T1 and strong positive under T2. A similar pattern was
observed for DSG, which progressed from a weak correlation at TO
to moderate and strong positive correlations under T1 and T2,
respectively. Biochemical traits (Chla, Chlb, TChl, CAR, and Pro)
also followed a reverse pattern compared to growth traits, with
initially weak correlations under TO that strengthened progressively
under T1 and became strongly positive under T2.

3.3 Performance-based categorization of
okra genotypes

3.3.1 Score-based classification approach

The studied genotypes showed significant differences across
difterent traits, including, DSG, NOL, TFW, TDW, SR, NSR, RL, SL,
RFW, R/S, Chla, Chlb, TChl, CAR, and Pro, under three conditions
(TO, T1, and T2), as indicated by their means and standard
deviations (Table 4). Under controlled conditions (T0), genotype
G10 achieved the highest score (38/45), followed by G6 (36/45), and
G43 and G51 (35/45). In T1, G51 ranked highest (38/45), followed
by G45 (37/45), with G10 and G6 each scoring 35/45. Under T2, G6
led with 37/45, followed by G23 and G51 (35/45), and G7, G45, and
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Frequency distribution curves of (A) Days to Seed Germination (DSG), (B) Number of Leaves (NOL), (C) Total Fresh Weight (TFW), (D) Total Dry
Weight (TDW), and (E) Survival Rate (SR) across okra genotypes under three drought stress treatments: control (T0), 10% PEG 6000 (T1), and 20%
PEG 6000 (T2).The three curves- blue, red, and green, represent the trait distributions under TO, T1, and T2 treatments, respectively, with their

corresponding mean and standard deviation values indicated in the legend.

G54 (34/45). Conversely, the lowest scores under T0 were recorded
for G5, G8, G49, and G55 (27/45). In T1, G55 had the lowest score
(24/45), followed by G5 and G53 (25/45), while G8, G12, and G47
each scored 26/45. Under T2, G16 scored lowest (25/45), with G3,
G12, and G47 close behind at 26/45. Considering overall
performance across all conditions, G6 and G51 obtained the
highest total scores (108/135), followed by G10 (106/135) and
G45 (102/135). In contrast, G12, G47, and G55 had the lowest
total scores (80/135), indicating poor drought tolerance.

3.3.2 Index-based drought tolerance approach
Stress Tolerance Score (STS) was calculated using seven stress
tolerance indices for all genotypes (Tables 5, 6). Among the
evaluated genotypes, the highest STS was recorded for G45 (4.46),
followed by G51 (4.11), while G49 (2.37) and G20 (2.59) had the
lowest scores under T1 (Table 5). Similarly, in T2, G45 again had
the highest STS (3.91), followed by G10 (3.19); the lowest values
were noted for G20 (2.12) and G49 (1.88) (Table 6). To further
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identify which indices contributed the most to the variation,
principal component analysis (PCA) was conducted using seven
stress tolerance indices (SSI, MPI, GMPI, HMI, STI, TI and SI) for
the evaluated genotypes. The scree plot results revealed that the first
two components (PC1 and PC2) had eigenvalues greater than one
under both stress levels (10% and 20%) (Figures 7A, B). In T1, PC1
and PC2 explained 71.20% and 25.91% of the total variation,
respectively, with a cumulative variation of 97.11%. In T2, PCl
and PC2 accounted for 70% and 26.2% of the variance, respectively,
resulting in a cumulative variation of 96.17%. The indices MPI and
TI contributed most to PC1 and PC2, respectively (Figures 7C, D).

The classification of genotypes into susceptible, moderately
tolerant, and tolerant groups were done through comprehensive
strategy combining the Score-Based Classification approach and the
Index-Based Drought Tolerance Approach. Genotypes such as G45
and G51 demonstrated consistently high performance in both
approaches and trait specific responses, so were classified as
tolerant. G47 showed a moderate performance in trait values and
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TABLE 3 Descriptive statistics for 17 estimated growth, root and biochemical parameters under three varying polyethylene glycol (PEG) 6000

concentrations in okra.

Trait Treatment Mean CV Minimum Maximum
T0 5.56 + 1.067 19.17 4 9
DSG Tl 8.78 + 1.467 16.70 5 14
T2 12.05 + 1.736 14.41 7 16
TO 4.06 + 0.754 18.56 3 7
NOL Tl 3.28 + 0.740 22.59 2 5
T2 2.56 + 0.720 28.10 1 5
To0 0.59 + 0.157 26.61 0.29 0.88
TFW Tl 0.48 + 0.149 30.88 0.07 0.78
T2 0.35 + 0.135 38.05 0.05 0.59
TO 0.17 + 0.055 33.11 0.06 0.27
TDW Tl 0.14 + 0.043 32.23 0.02 0.2
T2 0.09 + 0.038 40.07 0.01 0.17
T0 0.72 + 0.095 13.08 0.53 0.93
SR Tl 0.48 + 0.122 25.45 0.27 0.87
T2 0.21 +0.186 86.65 0.07 0.8
TO 18.54 + 4.278 23.08 9 32
NSR Tl 14.29 + 5.419 37.93 4 35
T2 8.90 + 4.011 45.07 4 24
T0 6.14 + 0.793 12.93 4.4 8.1
RL Tl 5.60 + 1.495 26.68 39 11.2
T2 4.86 + 1.310 26.99 2.7 9.2
TO 8.27 + 1.039 12.57 6 4.4
SL Tl 731 +2.114 28.91 4.7 12.1
T2 5.87 + 1.601 27.29 34 7
To0 0.053 + 0.012 22.06 0.018 0.077
REW T1 0.046 + 0.017 37.53 0.014 0.096
T2 0.043 + 0.051 120.10 0.01 0.4
TO 0.75 + 0.074 9.98 0.58 0.88
R/S Tl 0.77 + 0.079 10.21 0.61 0.92
T2 0.83 + 0.082 9.83 0.67 0.98
TO 424 + 1.646 38.83 1.309 8.81
Chla Tl 5.14 + 1.422 27.67 2.124 8.024
T2 6.28 + 1.890 30.13 2.632 9.45
TO 3.09 + 1.803 58.23 0.44 7.71
Chlb Tl 3.79 + 1.461 38.45 1.14 7.73
T2 5.14 + 1.854 36.1 1.55 7.95
T0 7.34 + 3.084 42,03 1.75 15.24
TChl
Tl 8.94 + 2419 27.07 3.58 13
(Continued)
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TABLE 3 Continued

Trait Treatment Mean
T2 11.41 + 3.475
TO 1.94 + 0.959
CAR Tl 2.49 + 0.798
T2 3.12 + 1.080
TO 561 +0.611
Pro T1 17.65 + 4.542
T2 29.09 + 8.784
TO 2,07 + 0571
MDA
T2 8.55 + 2.070
TO 12.09 + 1.55
H,0,
T2 32.29 +7.25

10.3389/fpls.2025.1630935

Ccv Minimum Maximum
30.45 4.18 16.99
49.59 0.18 3.99
32.04 0.49 3.69
34,57 0.14 4.96
10.89 452 721
25.74 9.08 27.97
30.2 12.19 50.03
27.56 1.10 334
2420 5.60 13.68
12.88 9.67 15.74
2246 19.89 4652

DSG, Days to seed germination; NOL, Number of leaves; SL, Shoot length; TFW, Total fresh weight; TDW, Total dry weight; SR, Survival rate; NSR, Number of secondary roots; RL, Root length;
RFW, Root fresh weight; R/S, Root-to-shoot ratio; Chla, Chlorophyll a; Chlb, Chlorophyll b; TChl, Total Chlorophyll; CAR, Carotenoid; Pro, Proline; MDA, Malondialdehyde; H,0,,

Hydrogen peroxide.

STS, was categorized as moderately tolerant, while G19 and G49
with low performance in root traits, with comparatively low scores
and index values, were identified as susceptible. The physiological
validity of genotype classification was further supported by
oxidative stress markers. Genotypes like G45 and G6, identified as
drought-tolerant based on scoring and indices, also showed the
lowest MDA and H,0, accumulation under T2, indicating minimal
oxidative damage. In contrast, G19, classified as susceptible,
exhibited the highest levels of these markers, further confirming
its sensitivity to drought.

3.4 Field emission scanning electron
microscopy

Genotypes representing susceptible, moderately tolerant,
tolerant, and check categories were further validated for their
PRXVS (Figure 8) and SRXVS (Figure 9) using FESEM under
three treatment conditions. The susceptible genotype G19 showed a
15.32% increase in PRXVS under T1, followed by a 38.80% decrease
under T2 compared to T0. In SRXVS, reductions of 11.21% in T1
and 63.09% in T2 were recorded. The moderately tolerant genotype
G47 exhibited a slight decrease in PRXVS (2.64%) under T1,
followed by a 7.51% increase in T2. SRXVS, on the other hand,
increased markedly by 39.66% in T1 and marginally by 0.25% in T2.
In the tolerant genotype G45, PRXVS declined by 6.57% in T1 and
27.58% in T2, while SRXVS showed a substantial reduction of
55.81% in T1 and 50.36% in T2. For another tolerant genotype,
G51, PRXVS increased slightly by 3.55% in T1 and decreased by
0.59% in T2. SRXVS increased by 41.96% in T1 and then declined
by 3.43% in T2. The check genotype G54 showed a decrease in
PRXVS by 4.50% in T1 and 9.12% in T2. In contrast, SRXVS
decreased by 6.30% in T1 but increased significantly by 47.80% in
T2 (Figure 10). These observations indicate genotype-specific
responses in xylem vessel dimensions under water deficit

Frontiers in Plant Science

conditions, reflecting diverse drought tolerance mechanisms. To
further understand the anatomical basis of drought tolerance, a
correlation analysis was conducted between PRXVS, SRXVS, TDW,
and SR (Figure 10). Both PRXVS and SRXVS showed strong
positive correlations with TDW and SR, indicating the role of
xylem modifications in plant survival and biomass accumulation

under osmotic stress.

4 Discussion

Water deficit is a major abiotic stress that adversely affects okra
productivity by disrupting key morpho-physiological processes
such as plant growth, photosynthesis, and chlorophyll synthesis
(Razi et al,, 2021). While drought tolerance varies both across crops
and among genotypes within a species (Udpuay et al.,, 2024), this
study focused on assessing the effects of varying drought stress
levels on root plasticity and physio-biochemical traits in okra
(Figure 11). ANOVA revealed significant effects of genotype,
treatment, and their interaction, indicating substantial genetic
variability. Tukey’s test further confirmed the significant impact
of drought on growth, root, and biochemical traits among studied
genotypes. Drought stress notably reduced biomass and
morphological parameters, along with seed germination, likely
due to disrupted metabolism (Saha et al., 2022). Delayed
germination under stress may also serve as a survival mechanism
(Guo M. et al., 2024).

Growth-related parameters such as NOL, SL, TFW, TDW, and
SR were all significantly reduced under drought stress. These
reductions can be attributed to decreased water content, which
lowers turgor pressure and water potential, leading to stomatal
closure, inhibited cell elongation, and ultimately reduced biomass
accumulation (Zia et al., 2021). Among the root traits, NSR, RL, and
RFW declined significantly under drought, while the R/S increased.
This shift suggests a strategic allocation of resources toward root
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FIGURE 3

Frequency distribution curves of (A) Number of Secondary Roots (NSR), (B) Root Length (RL), (C) Shoot Length (SL), (D) Root Fresh Weight (RFW),
and (E) Root-to-Shoot Ratio (R/S) across okra genotypes under three drought stress treatments: control (T0), 10% PEG 6000 (T1), and 20% PEG
6000 (T2). The three curves- blue, red, and green, represent the trait distributions under TO, T1, and T2 treatments, respectively, with their

corresponding mean and standard deviation values indicated in the legend.

development, enabling plants to access deeper soil moisture. A
similar trend was observed by Bukan et al. (2024) in soybean, where
root traits declined under drought, yet the R/S ratio increased as
plants prioritized water uptake. Metabolic adjustments under stress
likely promote root growth over shoot growth, thereby sustaining
root length despite significant shoot reduction (Kalra et al., 2024).

Chlorophyll content, typically reduced under drought due to
oxidative damage (Ansari et al.,, 2019), showed a different trend in our
study. We observed an increase in chlorophyll a, b, and total
chlorophyll under drought stress, suggesting an adaptive response
wherein pigment production is enhanced to maintain photosynthetic
activity. This aligns with findings in Cyamopsis tetragonoloba, where
chlorophyll levels were elevated during early drought stages but
declined later (Shanthi et al., 2023). The maintenance of
chlorophyll may also be supported by the accumulation of
osmolytes and antioxidants, which protect against ROS and help
stabilize photosynthetic pigments (Yang et al, 2021). Increased
carotenoid levels, observed in our study, further indicate
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photoprotective adaptation under drought. Carotenoids safeguard
photosynthetic machinery from oxidative damage and have been
reported to increase under drought in various plant species (Sherin
et al,, 2022; Kuru et al,, 2021; Cai et al,, 2005; Yang et al.,, 2015).
Additionally, we recorded a significant rise in proline content under
drought conditions. Proline functions as a vital osmoprotectant and
ROS scavenger, contributing to cellular water balance, protein
stabilization, and oxidative stress mitigation (Hosseinifard et al,
2022). The elevated proline levels in the T2 treatment indicate a
strong biochemical defense response, underscoring its clearrole in
drought tolerance mechanisms.

While the majority of traits in this study were evaluated across all
three PEG-induced regimes (TO, T1, and T2), MDA and H,0,
measurements were restricted to TO and T2 to focus on the
oxidative stress extremes under control and severe drought
conditions. This approach allowed for a high-resolution contrast,
effectively capturing drought-induced lipid peroxidation and ROS
accumulation without redundancy (Farooq et al., 2010; Mihaljevic
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Frequency distribution curves of (A) Chlorophyll a (Chla), (B) Chlorophyll b (Chlb), (C) Total Chlorophyll (TChl), (D) Carotenoid (CAR), and (E) Proline

(Pro) content across okra genotypes under three drought stress treatments: control (TO), 10% PEG 6000 (T1), and 20% PEG 6000 (T2).The three
curves- blue, red, and green, represent the trait distributions under TO, T1, and T2 treatments, respectively, with their corresponding mean and

standard deviation values indicated in the legend.
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Heat maps of Pearson’s correlation coefficients among root architectural and biochemical parameters under three varying PEG 6000 concentrations
as control (T0), 10% PEG-induced stress (T1), and 20% PEG-induced stress (T2). The colour scale on the right from darker red to darker blue
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et al, 2021). Despite being limited to two treatments, the trends
observed in MDA and H,0; levels strongly aligned with reductions
in biomass, survival rate, and root traits under T2, supporting their
relevance as physiological markers of drought damage. Notably,
genotypes like G6 and G45 exhibited lower MDA and H,O, levels
under T2, consistent with their superior performance in growth,
survival, and xylem plasticity. This coherence underscores the
potential of integrating oxidative stress markers into drought
tolerance screening, particularly as a validation layer for phenotypic
classifications derived from morphological and anatomical traits.

4.1 Drought stress delays germination and
triggers adaptive responses

Drought stress disrupts metabolic processes, delaying seed
germination and establishment. Mustamu et al. (2023) reported a
49.14% decrease in germination speed with a 50% increase in PEG
concentration. Consistent with this finding, our study revealed that
DSG increased significantly with higher concentrations of
PEG6000, indicating that drought prolongs the germination
process. Furthermore, correlation analysis demonstrated that as
drought intensity escalated, the normally positive correlations
among growth and root traits weakened. This decline in the
coordinated response among traits under water scarcity aligns
with the observations of Alshammari et al. (2024) and is further
supported by the studies of Rida et al. (2021); Zhao et al. (2021), and
Verma and Sarma (2021), all of which underscore the profound
impact of limited water availability on plant development.
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Biomass allocation also shifted under drought stress. Our
findings showed that the R/Sratio increased with higher PEG6000
concentrations, suggesting that shoot growth was more adversely
affected than root growth. This adaptive response, aimed at
enhancing water uptake by favoring root development, is in
agreement with Beyaz and Uslu (2025) and highlights the critical
role of the R/S ratio in plant stress adaptation (Tavares et al., 2021).
Biochemical parameters, which are essential for mitigating
oxidative damage and maintaining physiological functions, also
responded to drought. Under control conditions, these
parameters were weakly correlated; however, under mild drought
stress (T1), a moderate positive correlation emerged, and under
severe drought stress (T2), the correlation became strong. This
trend is in line with the findings of Shanthi et al. (2023), who
reported increases in chlorophyll and carotenoid levels during the
early stages of drought stress. Together, these results illustrate how
drought stress not only delays germination but also triggers
adaptive changes in growth, biomass allocation, and biochemical
defense mechanisms, reflecting a multifaceted plant response to
water scarcity.

4.2 Integrative assessment of phenotypic
traits and xylem adaptations enables
effective selection of drought-tolerant okra
genotypes

The success of a breeding program depends on selecting
genotypes that perform well under both normal and stressful
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TABLE 4 Categorization of studied genotypes into efficient (E), medium (M), and inefficient (I) types based on 15 estimated growth, root and
biochemical parameters under three varying polyethylene glycol (PEG) concentrations in okra.

Genotypes TO Total (out of 45) Total (out of 45) Total (out of 45) Overall (out of 135)
G6 E 36 E 35 E 37 108
G7 M 31 M 33 E 34 98
G8 I 27 I 26 M 29 82
G9 M 32 M 29 E 34 95
G10 E 38 E 35 M 33 106
Gl1 M 30 M 31 M 28 89
G12 M 28 I 26 I 26 80
G13 M 30 M 32 M 31 93
Gl4 M 31 M 28 M 29 88
Gl5 M 28 M 31 M 28 87
G16 M 31 M 28 1 25 84
G17 M 28 M 29 M 29 86
G18 M 31 M 30 M 31 92
G19 M 28 M 28 M 33 89
G20 M 29 M 29 M 29 87
G21 M 30 M 27 M 30 87
G22 M 30 M 27 M 31 88
G23 M 28 M 33 E 35 96
G24 M 30 M 31 M 31 92
G25 M 29 M 30 M 29 88
G42 M 30 M 29 M 28 87
G43 E 35 M 30 M 29 94
G44 M 32 M 33 M 32 97
G45 M 31 E 37 E 34 102
G46 M 32 M 30 M 30 92
G47 M 28 I 26 1 26 80
G48 M 28 M 30 M 28 86
G49 I 27 M 30 M 31 88
G51 E 35 E 38 E 35 108
G53 M 29 1 25 M 29 83
G54 M 30 E 34 E 34 98
G55 I 27 I 24 M 29 80
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TABLE 5 Drought Stress tolerance indices of okra genotypes identified under 10% polyethylene glycol (PEG) concentration.

Genotypes SSI MPI GMPI HMI STI Tl Sl STS
Gl 0.842 0.173 0.030 0.173 1.079 0.020 0.891 3.208
G2 0.874 0.170 0.029 0.170 1.040 0.013 0.925 3.220
G3 0.799 0.178 0.032 0.177 1.138 0.030 0.845 3.198
G4 0.663 0.202 0.040 0.198 1.437 0.057 0.754 3.350
G5 0.652 0.200 0.039 0.193 1.393 0.073 0.690 3.241
G6 0.682 0.203 0.041 0.202 1.480 0.033 0.848 3.490
G7 0.723 0.193 0.037 0.192 1.337 0.033 0.841 3.357
G8 1.051 0.140 0.019 0.139 0.700 0.027 0.826 2.902
G9 1.013 0.163 0.027 0.162 0.955 -0.027 1.178 3471
GI10 0.653 0.208 0.043 0.206 1.547 0.043 0.812 3.512
Gl11 0.721 0.195 0.038 0.194 1.362 0.030 0.857 3.397
GI2 0.733 0.173 0.028 0.161 1.004 0.093 0.576 2.768
GI3 0.775 0.180 0.032 0.178 1.153 0.040 0.800 3.158
Gl4 0.575 0.225 0.049 0.220 1.780 0.070 0.731 3.650
GI15 0.679 0.192 0.035 0.184 1.271 0.077 0.667 3.105
Gl16 0.882 0.160 0.025 0.158 0.908 0.040 0.778 2.950
G17 0.952 0.147 0.021 0.143 0.756 0.047 0.725 2.790
GI8 0.766 0.185 0.034 0.184 1.225 0.030 0.850 3.274
GI19 0.618 0.207 0.041 0.198 1.472 0.087 0.653 3.274
G20 0.864 0.150 0.021 0.139 0.753 0.080 0.579 2.587
G21 1.206 0.122 0.015 0.120 0.525 0.030 0.780 2.798
G22 1.287 0.112 0.012 0.109 0.437 0.037 0.718 2.711
G23 0.994 0.142 0.020 0.138 0.706 0.043 0.735 2.778
G24 1.173 0.125 0.015 0.123 0.555 0.030 0.786 2.807
G25 0.702 0.192 0.036 0.187 1.295 0.057 0.742 3.211
G42 1.819 0.087 0.007 0.086 0.269 0.013 0.857 3.139
G43 1.680 0.108 0.012 0.107 0.418 -0.023 1.241 3.543
G44 1.487 0.100 0.010 0.098 0.354 0.027 0.765 2.841
G45 1.601 0.142 0.018 0.125 0.639 -0.097 2.036 4.464
G46 1.306 0.115 0.013 0.114 0.472 0.023 0.816 2.859
G47 1.832 0.083 0.007 0.082 0.247 0.020 0.786 3.057
G438 1.625 0.097 0.009 0.096 0.335 0.013 0.871 3.047
G49 0.810 0.150 0.019 0.129 0.695 0.113 0.452 2.368
G51 1.353 0.152 0.021 0.140 0.766 -0.083 1.758 4.107
G53 2214 0.060 0.003 0.053 0.115 0.040 0.500 2.986
G54 1.686 0.107 0.011 0.106 0.406 -0.020 1.207 3.503
G55 2.694 0.047 0.002 0.038 0.064 0.040 0.400 3.285

SSI, stress susceptibility index; MPI, mean productivity index; GMPI, geometric mean productivity index; HMI, harmonic mean index; STI, stress tolerance index; TI, tolerance index; SI, stress
index; STS, Stress tolerance score.
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TABLE 6 Drought stress tolerance indices of okra genotypes identified under 20% polyethylene glycol (PEG) 6000 concentration.

10.3389/fpls.2025.1630935

Genotypes SSI MPI GMPI HMI STI Tl Sl STS
Gl 0.859 0.165 0.027 0.163 0.969 0.037 0.800 3.019
G2 0.909 0.153 0.023 0.150 0.828 0.047 0.736 2.845
G3 0.824 0.165 0.026 0.160 0.952 0.057 0.707 2.891
G4 0.695 0.182 0.031 0.169 1.105 0.097 0.580 2.858
G5 0.668 0.190 0.034 0.179 1.223 0.093 0.606 2.992
G6 0.713 0.185 0.033 0.178 1.189 0.070 0.682 3.050
G7 0.756 0.175 0.029 0.168 1.060 0.070 0.667 2.924
G8 1.079 0.128 0.016 0.123 0.571 0.050 0.674 2.642
G9 1.078 0.137 0.019 0.135 0.667 0.027 0.822 2.885
GI10 0.674 0.195 0.037 0.189 1.326 0.070 0.696 3.186
Gl11 0.773 0.165 0.025 0.153 0.908 0.090 0.571 2.686
GI2 0.772 0.150 0.018 0.117 0.634 0.140 0.364 2.195
GI3 0.803 0.165 0.026 0.158 0.937 0.070 0.650 2.808
Gl4 0.610 0.200 0.036 0.182 1312 0.120 0.538 2.999
GI15 0.730 0.160 0.021 0.129 0.746 0.140 0.391 2.317
Gl16 0.919 0.142 0.019 0.131 0.670 0.077 0.574 2.532
G17 0.999 0.125 0.014 0.109 0.490 0.090 0.471 2.297
GI8 0.812 0.160 0.024 0.150 0.865 0.080 0.600 2.691
GI19 0.679 0.165 0.020 0.121 0.721 0.170 0.320 2.196
G20 0.903 0.130 0.013 0.102 0.479 0.120 0.368 2117
G21 1.242 0.108 0.011 0.101 0.394 0.057 0.585 2.498
G22 1.348 0.090 0.007 0.072 0.234 0.080 0.385 2.216
G23 1.028 0.127 0.015 0.116 0.530 0.073 0.551 2.440
G24 1.213 0.110 0.011 0.102 0.404 0.060 0.571 2471
G25 0.738 0.170 0.026 0.155 0.951 0.100 0.545 2.687
G42 1.832 0.083 0.007 0.082 0.247 0.020 0.786 3.057
G43 1.737 0.093 0.009 0.093 0.314 0.007 0.931 3.184
G44 1.531 0.087 0.007 0.078 0.245 0.053 0.529 2.530
G45 1.694 0.118 0.013 0.113 0.482 -0.050 1.536 3.906
G46 1.340 0.103 0.010 0.098 0.365 0.047 0.632 2.595
G47 1918 0.062 0.003 0.045 0.101 0.063 0.321 2.513
G438 1.714 0.072 0.004 0.058 0.149 0.063 0.387 2.447
G49 0.845 0.130 0.011 0.085 0.397 0.153 0.258 1.880
G51 1.504 0.107 0.011 0.107 0.410 0.007 0.939 3.085
G53 2.253 0.052 0.002 0.036 0.067 0.057 0.292 2.758
G54 1.743 0.092 0.008 0.091 0.302 0.010 0.897 3.143
G55 2.722 0.042 0.001 0.027 0.040 0.050 0.250 3.131

SSI, stress susceptibility index; MPI, mean productivity index; GMPI, geometric mean productivity index; HMI, harmonic mean index; STI, stress tolerance index; TI, tolerance index; SI, stress
index; STS, Stress tolerance score.
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FIGURE 7

Principal component analysis (PCA) of stress tolerance indexes calculated for the total dry weight of studied genotypes. Scree plots of eigenvalues
under (A) 10% and (B) 20% PEG 6000 stress respectively; PCA biplots showing variable contributions under (C) 10% and (D) 20% PEG stress

respectively.

conditions. Previous research has employed various selection
criteria, for instance, standard deviation-based methods, biplot-
based classification, bivariate classification methods, and stress
tolerance index-based classification, in wheat, mungbean, and
brassica, respectively, for genotype classification (Gill et al., 2004;
Kosar et al, 2003; Gunes et al, 2006). In the present study,
genotypes were classified as efficient, medium, or inefficient based
on cumulative scores derived from growth, root, and biochemical
traits under three conditions (T0, T1, T2), following a scoring
approach adopted from Reddy et al. (2021). Similar methodologies
applied in wheat and Brassica (Bilal et al., 2018; Aziz et al,, 2011)
emphasize that superior performance under control conditions may
not necessarily indicate stress tolerance (Manske et al., 2000;
Hammond and White, 2008). Genotypes G6 and G51 showed the
highest drought tolerance, followed by G10 and G45, attributed to
strong root traits and biomass. In contrast, G12, G47, and G55 had
the lowest scores due to poor root development and dry weight.
Thiry et al. (2016) and Grzesiak et al. (2019) classified genotypes
using stress tolerance indices based on total dry weight under
control and stress conditions. A similar approach was applied in
this study to assess genotype adaptability, as it allows for the
identification of genotypes that maintain higher biomass
production despite stress. The indices SSI, TI, and SI are
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susceptibility indicators that show a negative correlation with
biomass and effectively distinguish between drought-tolerant and
susceptible genotypes (Sareen et al., 2012), while MPI, GMPI, HMI,
and STI are tolerance indices positively associated with biomass,
thereby identifying genotypes with both high biomass production
and stress tolerance (Khodarahmpour et al, 2011). In the present
study, PCA analysis indicated that two indices, MPI and TI,
explained the greatest percentage of variation among the studied
indices. Although individual tolerance and susceptibility indices
alone may fail to identify stress-tolerant genotypes with high
biomass under both control and stress conditions (Khayatnezhad
et al, 2010), our findings, as suggested by Thiry et al. (2016),
highlight that integrating both sets of indices offers a robust
approach for identifying stable, drought-tolerant genotypes. In
our study, genotype G45 showed the highest STC score at both
levels of stress (T1 and T2), indicating its high efficiency under
varied drought stress conditions.

FESEM is a powerful imaging technique that provides high-
resolution visualization of cellular structures, allowing detailed
analysis of xylem vessel morphology. Previous studies have used
this technique to investigate root plasticity under drought
conditions in maize (Sandhu et al., 2023) and wheat (Licaj et al.,
2023). In the present study, FESEM analysis revealed significant
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FIGURE 8

Field Emission Scanning Electron Microscopy (FESEM) images illustrating cross sectional areas of primary root xylem vessel at magnification of x 600
and scale bar 10 ym across five okra genotypes: susceptible (19), moderately tolerant (47), tolerant (45 and 51), and check (54) under three PEG

concentrations: control (T0), 10% (T1), and 20% (T2). The image shows genotypic specific structural modifications in response to drought stress, with
susceptible genotype displaying reduced vessel diameter at higher stress level, while tolerant genotypes maintain stable xylem structure by adapting

to the stress conditions.

variations in primary and secondary xylem vessel diameter among
genotypes, highlighting the impact of stress responses on vascular
development. For example, the susceptible genotype G19 initially
showed increased PRXVS, likely due to delayed stress perception,
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which led to larger vessels vulnerable to embolism. In contrast, as
drought stress intensified, PRXVS shrank, limiting growth and
leading to mortality, while SRXVS decreased progressively,
indicating an earlier defensive response. This is in line with
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FIGURE 9

Field Emission Scanning Electron microscopy (FESEM) images illustrating cross sectional areas of secondary root xylem vessel at magnification of x
1500 and scale bar 10 um across five okra genotypes: susceptible (19), moderately tolerant (47), tolerant (45 and 51), and check (54) under three PEG
concentrations: control (T0), 10% (T1), and 20% (T2). Genotypes exhibited distinct anatomical responses to drought stress, with susceptible genotype
showing progressive vessel diameter reduction, while other genotypes maintaining structural stability in response to increasing stress indicating an
adaptative response.

findings that secondary root tracheid diameters decline significantly et al., 2022). The moderately tolerant genotype G47 initially
under prolonged drought across various stress levels (Li et al., 2024),  decreased PRXVS, likely as an adaptive strategy to minimize
highlighting distinct adaptation strategies for primary and  embolism risk under mild drought; however, under extreme
secondary roots in drought resilience (Irshad et al., 2024; Ranjan stress, PRXVS increased to maximize water flow even at the risk
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FIGURE 10

Variation in root xylem vessel diameter across drought stress treatments in okra genotypes classified as susceptible (G19), moderately tolerant (G47),
tolerant (G45 and G51), and check (G54). Bar plots represent primary root xylem vessel size (PRXVS, dark blue) and secondary root xylem vessel size
(SRXVS, light blue) under three PEG-induced stress levels: control (TO), moderate (T1), and severe (T2). Error bars denote standard error of the mean.
Correlation matrix depicts relationships among PRXVS, SRXVS, total dry weight (TDW), and survival rate (SR), with circle size and color (dark blue =

strong positive) reflecting correlation strength and direction.

of embolism (Flor et al., 2025). In secondary roots, xylem vessels
expanded to access moisture from deeper soil layers as a key
drought mechanism (Kumar et al, 2017). Under mild stress,
PRXVS decreased to prevent embolism, while SRXVS expanded
for better water uptake. Under severe stress, PRXVS increased to
maintain flow despite the risk, whereas SRXVS stabilized, indicating
a shift in drought adaptation.

The tolerant genotype G45 reduced PRXVS under mild drought
to minimize embolism risk, consistent with the idea that smaller
vessels enhance drought resistance (Olson, 2023). As drought stress
increased, PRXVS further reduced to protect the vascular system
from permanent damage (Qaderi et al., 2019). The study aligns with
findings that narrower xylem vessels are advantageous under
drought, while larger vessels promote growth in water-abundant
conditions (Priatama et al., 2022). SRXVS declined sharply,
suggesting a hydraulic segmentation strategy where water flow in
secondary roots is restricted to safeguard the primary root system.
This strategy prioritizes deeper water access through primary roots
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while limiting water loss from secondary roots in the surface soil
(Kang et al., 2022).

The tolerant genotype G51 showed a moderate decrease in
PRXVS under mild stress to balance water conductivity with
embolism risk (Lovisolo and Schubert, 1998; Haworth et al., 2018;
Dolezal et al,, 2019), while maintaining stability in severe drought,
thereby preserving hydraulic conductivity. SRXVS initially
increased, indicating enhanced surface water uptake, but later
declined under severe drought, suggesting that primary roots
prioritize long-term stability while secondary roots adjust
dynamically to water availability (Shoaib et al., 2022). The check
genotype G54 exhibited a decrease in PRXVS in T1 to conserve
water and maintain stable flow, with a further reduction in T2
signifying an adaptive response to prolonged drought. Initially,
SRXVS decreased in T1 to limit water loss under mild stress, but in
T2, SRXVS sharply increased, suggesting a delayed compensation
mechanism where secondary roots become active for water uptake
under severe drought. This response aligns with findings that
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Schematic representation of experimental setup for screening 55 okra genotypes at seedling stage under three polyethylene glycol (PEG) 600
regimes: control (TO, without PEG)), 10% PEG (T1), 20% PEG (T2). Figure shows the effect of increasing PEG induced drought stress on growth, root,

and biochemical parameters, and root xylem plasticity.

drought stress modulates hormonal interactions, resulting in initial
xylem restriction followed by increased differentiation in secondary
roots as drought stress persists (Jang and Choi, 2018). The
correlation among root xylem vessel size, dry biomass
accumulation, and survival rate revealed a strong positive
association between root anatomical traits and key indicators of
drought tolerance (TDW and SR) under stress conditions. This
highlights the critical role of root xylem vessel plasticity in
enhancing both plant survival and productivity under limited
water availability (Prince et al., 2017).

In summary, this study demonstrates that an integrative
approach, combining cumulative performance scoring across
multiple growth and biochemical traits with stress tolerance
indices and FESEM-based vascular analysis, offers a robust
framework for identifying and breeding drought-tolerant okra
genotypes. While this study provides valuable insights into the
morphological, anatomical,and biochemical mechanisms
underlying drought tolerance in okra, future research should
expand on these findings by incorporating root metabolic
profiling. Specifically, analyzing the dynamics of sugars, organic
acids, and other key metabolites will offer a more comprehensive
understanding of root plasticity and its role in drought adaptation.
Integrating these metabolic traits with anatomical and physiological
data will not only deepen our mechanistic understanding but also
enhance the precision of breeding strategies aimed at developing
resilient okra cultivars for water-limited environments.

Frontiers in Plant Science

Furthermore, the contrasting genotypes identified in this study
offer a strong foundation for developing trait-focused mapping
populations to dissect the genetic basis of drought resilience.
Crosses between tolerant (e.g., G6, G51) and susceptible (e.g.,
G12, G47) lines can vyield segregating progenies for mapping
QTLs related to root plasticity, antioxidant defense, and biomass
stability under stress. Their inclusion in GWAS panels will improve
allelic diversity and mapping resolution, aiding the identification of
candidate genes and markers for selection. Additionally, these
genotypes can be used as training sets in genomic prediction
models to accelerate breeding of drought-tolerant okra cultivars.

5 Conclusion

Current study highlights the critical role of root plasticity, xylem
traits, and biochemical responses in enhancing drought tolerance in
okra. Based on overall performance, genotypes G51 (Sonam), G6
(HAU-480), G10 (Bhindi Champion), and G45 (Pooja-01) emerged
as the most drought-tolerant, exhibiting superior root development
and biomass accumulation under PEG-induced stress condition.
Increased root-to-shoot ratio and proline accumulation reflected
adaptive responses. PCA emphasized the importance of mean
productivity and tolerance indices in selection. These insights
provide a strong basis for breeding drought-resilient okra suited
to arid and semi-arid regions.
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SUPPLEMENTARY FIGURE 1

Genotypic variation in growth parameters of okra under three levels of
polyethylene glycol (PEG)-induced drought stress: control (TO, without
PEG), moderate stress (T1), and severe stress (T2). Line plots represent
treatment-wise mean values of (A) Days to Seed Germination (DSG), (C)
Number of Leaves (NOL), (E) Total Fresh Weight (TFW), (G) Total Dry Weight
(TDW), and (I) Survival Rate (SR) across 55 genotypes. Values above each point
indicate trait means for individual genotypes. Corresponding regression plots
(B, D, F, H, J) illustrate linear relationships among treatment levels with
corresponding R? values.

SUPPLEMENTARY FIGURE 2

Genotypic variation in root traits of okra under three levels of polyethylene
glycol (PEG)-induced drought stress: control (T0), moderate stress (T1), and
severe stress (T2). Line plots represent treatment-wise mean values of (A)
Number of secondary roots (NSR), (C) Root length (RL), (E) Shoot length (SL),
(G) Root fresh weight (RFW), (I) Root-to-shoot-ratio (R/S) across 55
genotypes. Values above each point indicate trait means for individual
genotypes. Corresponding regression plots (B, D, F, H, J) illustrate linear
relationships among treatment levels with corresponding R? values.

SUPPLEMENTARY FIGURE 3

Genotypic variation in biochemical parameters of okra under three levels of
polyethylene glycol (PEG)-induced drought stress: control (TO), moderate
stress (T1), and severe stress (T2). Line plots represent treatment-wise mean
values of (A) Chlorophyll a (Chla), (C) Chlorophyll b (Chlb), (E) Total
Chlorophyll (TChl), (G) Carotenoid (CAR), (I) Proline (Pro) across 55
genotypes. Values above each point indicate trait means for individual
genotypes. Corresponding regression plots (B, D, F, H, J) illustrate linear
relationships among treatment levels with corresponding R? values.

SUPPLEMENTARY FIGURE 4

Genotypic variation in (A) Malondialdehyde (MDA), (C) Hydrogen peroxide
(H205,) under control (TO) and severe stress (T2) induced by different levels of
polyethylene glycol (PEG) 6000. Line plots represent treatment-wise mean
values across 55 genotypes. Values above each point indicate trait means for
individual genotypes. Corresponding regression plots (B, D) illustrate linear
relationships among treatment levels with corresponding R? values.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1630935/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1630935/full#supplementary-material
https://doi.org/10.3389/fpls.2025.1630935
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Kaur et al.

References

Abbas, K, Li, J., Gong, B., Lu, Y., Wu, X, Lii, G, et al. (2023). Drought stress
tolerance in vegetables: the functional role of structural features, key gene pathways,
and exogenous hormones. Int. J. Mol. Sci. 24, 13876. doi: 10.3390/ijms241813876

Alshammari, W. B., Alshammery, K., Lotfi, S., Altamimi, H., Alshammari, A., Al-
Harbi, N. A,, et al. (2024). Improvement of morphophysiological and anatomical
attributes of plants under abiotic stress conditions using plant growth-promoting
bacteria and safety treatments. Peer] 12, €17286. doi: 10.7717/peerj.17286

Ansari, W. A, Atri, N., Pandey, M,, Singh, A. K,, Singh, B, and Pandey, S. (2019).
Influence of drought stress on morphological, physiological and biochemical attributes
of plants: a review. Biosci. Biotechnol. Res. Asia. 16, 697-709. doi: 10.13005/bbra/2785

Arnon, D. 1. (1949). Copper enzymes in isolated chloroplasts. Polyphenoloxidase in
Beta vulgaris. Plant Physiol. 24, 1. doi: 10.1104/pp.24.1.1

Ayub, Q., Hussain, I, Naveed, K., Ali, S, Mehmood, A., MJ, K, et al. (2021).
Responses of different okra (Abelmoschus esculentus) cultivars to water deficit
conditions. J. Hortic. Sci. 16, 53-63. doi: 10.24154/jhs.v16i1.1099

Aziz, T., Rahmatullah,, Magsood, M. A., Sabir, M., and Kanwal, S. (2011).
Categorization of Brassica cultivars for phosphorus acquisition from phosphate rock
on basis of growth and ionic parameters. J. Plant Nutr. 34, 522-533. doi: 10.1080/
01904167.2011.538114

Bates, L. S., Waldren, R. P. A,, and Teare, I. D. (1973). Rapid determination of free
proline for water-stress studies. Plant Soil 39, 205-207. doi: 10.1007/BF00018060

Beyaz, R., and Uslu, V. V. (2025). The impact of PEG-induced drought stress on seed
germination and initial seedling growth of Lupinus albus L. Turk. ]. Agric. Food Sci.
Technol. 13, 635-641. doi: 10.24925/turjaf.v13i3.635-641.7360

Bilal, H. M., Aziz, T., Magsood, M. A., Farooq, M., and Yan, G. (2018).
Categorization of wheat genotypes for phosphorus efficiency. PloS One 13, €0205471.
doi: 10.1371/journal.pone.0205471

Bray, E. A. (2001). Plant response to water-deficit stress. Encycl. Life Sci. 5, 1-7.
doi: 10.1038/npg.els.0001298

Bukan, M., Keresa, S., Pejic, I, Sudaric, A., Lovri¢, A., and Sarevi¢, H. (2024).
Variability of root and shoot traits under PEG-induced drought stress at an early
vegetative growth stage of soybean. Agron 14, 1188. doi: 10.3390/agronomy14061188

Cai, Z. Q., Chen, Y. J., Guo, Y. H,, and Cao, K. F. (2005). Responses of two field-
grown coffee species to drought and re-hydration. Photosynthetica 43, 187-193.
doi: 10.1007/s11099-005-0032-z

Contreras-Soto, R. I, Zacarias Rafael, D., Domingos Moiana, L., Maldonado, C., and
Mora-Poblete, F. (2022). Variation in root-related traits is associated with water uptake
in Lagenaria siceraria genotypes under water-deficit conditions. Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.897256

Dolezal, J., Klimes, A., Dvorsky, M., Riha, P., Klimesova, J., and Schweingruber, F.
(2019). Disentangling evolutionary, environmental and morphological drivers of plant
anatomical adaptations to drought and cold in Himalayan graminoids. Oikos 128,
1576-1587. doi: 10.1111/0ik.06451

Faroog, M., Wahid, A, Lee, D.J., Cheema, S. A, and Aziz, T. (2010). Drought stress:
comparative time course action of the foliar applied glycinebetaine, salicylic acid,
nitrous oxide, brassinosteroids and spermine in improving drought resistance of rice. J.
Agron. Crop Sci. 196, 336-345. doi: 10.1111/j.1439-037X.2010.00422.x

Flor, L., Toro, G., Carriqui, M., Buesa, I, Sabater, A., Medrano, H., et al. (2025).
Impact of severe water stress on drought resistance mechanisms and hydraulic
vulnerability segmentation in grapevine: the role of rootstock. J. Exp. Bot., eraf044.
doi: 10.1093/jxb/eraf044

Gao, S., Fan, Y. C, Yu, M. Y,, Zhang, ]. W., and Wang, J. F. (2023). Effects of drought
stress on seed germination and seedling growth of alfalfa with different seed coat colors.
Legume Res. 46, 1339-1344. doi: 10.18805/LRF-747

Gill, H. S., Singh, A., Sethi, S. K., and Behl, R. K. (2004). Phosphorus uptake and use
efficiency in different varieties of bread wheat (Triticum aestivum L). Arch. Agron. Soil
Sci. 50, 563-572. doi: 10.1080/03650340410001729708

Gowtham, H. G,, Singh, S. B,, Shilpa, N., Aiyaz, M., Nataraj, K., Udayashankar, A. C,,
et al. (2022). Insight into recent progress and perspectives in improvement of
antioxidant machinery upon PGPR augmentation in plants under drought stress: a
review. Antioxidants 11, 1763. doi: 10.3390/antiox11091763

Grzesiak, S., Hordynska, N., Szczyrek, P., Grzesiak, M. T., Noga, A., and Szechynska-
Hebda, M. (2019). Variation among wheat (Triticum aestivum L.) genotypes in
response to drought stress: I-selection approaches. J. Plant Interact. 14, 30-44.
doi: 10.1080/17429145.2018.1550817

Gunes, A., Inal, A., Alpaslan, M., and Cakmak, I. (2006). Genotypic variation in
phosphorus efficiency between wheat cultivars grown under greenhouse and field
conditions. Soil Sci. Plant Nutr. 52, 470-478. doi: 10.1111/j.1747-0765.2006.00068.x

Guo, M., Zong, J., Zhang, J., Wei, L., Wei, W,, Fan, R, et al. (2024). Effects of
temperature and drought stress on the seed germination of a peatland lily (Lilium
concolor var. megalanthum). Front. Plant Sci. 15. doi: 10.3389/fpls.2024.1462655

Hammond, J. P., and White, P. J. (2008). Sucrose transport in the phloem: integrating
root responses to phosphorus starvation. J. Exp. Bot. 59, 93-109. doi: 10.1093/jxb/
erm221

Frontiers in Plant Science

10.3389/fpls.2025.1630935

Haworth, M., Marino, G., Brunetti, C., Killi, D., De Carlo, A., and Centritto, M.
(2018). The impact of heat stress and water deficit on the photosynthetic and stomatal
physiology of olive (Olea europaea L.)—A case study of the 2017 heat wave. Plants 7, 76.
doi: 10.3390/plants7040076

Hosseinifard, M., Stefaniak, S., Ghorbani Javid, M., Soltani, E., Wojtyla, L., and
Garnczarska, M. (2022). Contribution of exogenous proline to abiotic stresses tolerance
in plants: A review. Int. J. Mol. Sci. 23, 5186. doi: 10.3390/ijms23095186

Ibitoye, D. O., and Kolawole, A. O. (2022). Farmers’ appraisal on okra [Abelmoschus
esculentus (L.)] production and phenotypic characterization: a synergistic approach for
improvement. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.787577

Irshad, A., Ahmad, H., Muhammad, I., Khan, S. U, and Raza, S. (2024). The role of
water stress and soil texture on plant roots anatomy, architecture, and senescence.
Front. Plant Sci. 15. doi: 10.3389/fpls.2024.1490001

Jang, G., and Choi, Y. D. (2018). Drought stress promotes xylem differentiation by
modulating the interaction between cytokinin and jasmonic acid. Plant Signal. Behav.
13, €1451707. doi: 10.1080/15592324.2018.1451707

Kalra, A., Goel, S., and Elias, A. A. (2024). Understanding role of roots in plant
response to drought: Way forward to climate-resilient crops. Plant Genome 17, €20395.
doi: 10.1002/tpg2.20395

Kang, J., Peng, Y., and Xu, W. (2022). Crop root responses to drought stress:
molecular mechanisms, nutrient regulations, and interactions with microorganisms in
the rhizosphere. Int. J. Mol. Sci. 23, 9310. doi: 10.3390/ijms23169310

Kettani, R., El Fechtali, M., and Nabloussi, A. (2024). Exploring mechanisms of
drought-tolerance and adaptation of selected sesame mutant lines. J. Agric. Food Res.
15, 100911. doi: 10.1016/.jafr.2023.100911

Khaleghi, A., Naderi, R., Brunetti, C., Maserti, B. E., Salami, S. A., and Babalar, M.
(2019). Morphological, physiochemical and antioxidant responses of Maclurapomifera
to drought stress. Sci. Rep. 9, 19250. doi: 10.1038/541598-019-55889-y

Khanna, S. M. (2024). Plant metabolism during water deficit stress: A review. Agric.
Rev. 45, 448-455. doi: 10.18805/ag.R-2381

Khayatnezhad, M., Zaeifizadeh, M., and Gholamin, R. (2010). Investigation and
selection index for drought stress. Aust. J. Basic. Appl. Sci. 4, 4815-4822.

Khodarahmpour, Z., Choukan, R., Bihamta, M. R,, and Majidi Hervan, E. (2011).
Determination of the best heat stress tolerance indices in maize (Zea mays L.) inbred
lines and hybrids under Khuzestan province conditions. J. Agric. Sci. Technol. 13, 111-
121.

Kong, L., Song, Q., Wei, H., Wang, Y., Lin, M., Sun, K,, et al. (2023). The AP2/ERF
transcription factor PtoERF15 confers drought tolerance via JA-mediated signaling in
Populus. New Phytol. 240, 1848-1867. doi: 10.1111/nph.19251

Kosar, H. S., Gill, M. A., Aziz, T., Rahmatullah,, and Tahir, M. A. (2003). Relative
phosphorus utilization efficiency of wheat genotypes in hydroponics [Institutional
report] (University of Agriculture, Faisalabad. AGRIS). Available online at: https:/
agris.fao.org.

Kumar, P., Rouphael, Y., Cardarelli, M., and Colla, G. (2017). Vegetable grafting as a
tool to improve drought resistance and water use efficiency. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.01130

Kuru, I. S, Isikalan, C., and Akbas, F. (2021). Physiological and biochemical
responses of rice (Oryza sativa L.) varieties against drought stress. Bangladesh. J. Bot.
50, 335-342. doi: 10.3329/bjb.v50i2.54090

Li, S, Huang, X, Zheng, R, Zhang, M., Zou, Z., Heal, K. V,, et al. (2024). Xylem
plasticity of root, stem, and branch in Cunninghamia lanceolata under drought stress:
implications for whole-plant hydraulic integrity. Front. Plant Sci. 15. doi: 10.3389/
1pls.2024.1308360

Licaj, L, Felice, D., Germinario, C., Zanotti, C., Fiorillo, A., Marra, M., et al. (2023).
An artificial intelligence-integrated analysis of the effect of drought stress on root traits
of “modern” and “ancient” wheat varieties. Front. Plant Sci. 14. doi: 10.3389/
fpls.2023.1241281

Liu, X, Liu, W., Tang, Q, Liu, B., Wada, Y., and Yang, H. (2022). Global agricultural
water scarcity assessment incorporating blue and green water availability under future
climate change. Earth’s. Future 10, e2021EF002567. doi: 10.1029/2021EF002567

Lovisolo, C., and Schubert, A. (1998). Effects of water stress on vessel size and xylem
hydraulic conductivity in Vitis vinifera L. J. Exp. Bot. 49, 693-700. doi: 10.1093/jxb/
49.321.693

Mahmood, K., Hussain, A., Ahmad, M., Dar, A., Zaman, M. F. U,, Akhtar, R. L, et al.
(2024). Enhancing drought resilience in okra (Abelmoschus esculentus) through
synergistic application of drought-tolerant rhizobacteria and brassinosteroids under
drought stress. Global NEST. ]. 26, €05730. doi: 10.30955/gnj.005730

Manske, G. G. B., Ortiz-Monasterio, J. I., Van Ginkel, M., Gonzalez, R. M., Rajaram,
S., Molina, E., et al. (2000). Traits associated with improved P-uptake efficiency in
CIMMYT’s semidwarf spring bread wheat grown on an acid Andisol in Mexico. Plant
Soil 221, 189-204. doi: 10.1023/A:1004727201568

Mansoor, S., Khan, T., Farooq, I, Shah, L. R., Sharma, V., Sonne, C,, et al. (2022).
Drought and global hunger: biotechnological interventions in sustainability and
management. Planta 256, 97. doi: 10.1007/s00425-022-04006-x

frontiersin.org


https://doi.org/10.3390/ijms241813876
https://doi.org/10.7717/peerj.17286
https://doi.org/10.13005/bbra/2785
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.24154/jhs.v16i1.1099
https://doi.org/10.1080/01904167.2011.538114
https://doi.org/10.1080/01904167.2011.538114
https://doi.org/10.1007/BF00018060
https://doi.org/10.24925/turjaf.v13i3.635-641.7360
https://doi.org/10.1371/journal.pone.0205471
https://doi.org/10.1038/npg.els.0001298
https://doi.org/10.3390/agronomy14061188
https://doi.org/10.1007/s11099-005-0032-z
https://doi.org/10.3389/fpls.2022.897256
https://doi.org/10.1111/oik.06451
https://doi.org/10.1111/j.1439-037X.2010.00422.x
https://doi.org/10.1093/jxb/eraf044
https://doi.org/10.18805/LRF-747
https://doi.org/10.1080/03650340410001729708
https://doi.org/10.3390/antiox11091763
https://doi.org/10.1080/17429145.2018.1550817
https://doi.org/10.1111/j.1747-0765.2006.00068.x
https://doi.org/10.3389/fpls.2024.1462655
https://doi.org/10.1093/jxb/erm221
https://doi.org/10.1093/jxb/erm221
https://doi.org/10.3390/plants7040076
https://doi.org/10.3390/ijms23095186
https://doi.org/10.3389/fpls.2022.787577
https://doi.org/10.3389/fpls.2024.1490001
https://doi.org/10.1080/15592324.2018.1451707
https://doi.org/10.1002/tpg2.20395
https://doi.org/10.3390/ijms23169310
https://doi.org/10.1016/j.jafr.2023.100911
https://doi.org/10.1038/s41598-019-55889-y
https://doi.org/10.18805/ag.R-2381
https://doi.org/10.1111/nph.19251
https://agris.fao.org
https://agris.fao.org
https://doi.org/10.3389/fpls.2017.01130
https://doi.org/10.3329/bjb.v50i2.54090
https://doi.org/10.3389/fpls.2024.1308360
https://doi.org/10.3389/fpls.2024.1308360
https://doi.org/10.3389/fpls.2023.1241281
https://doi.org/10.3389/fpls.2023.1241281
https://doi.org/10.1029/2021EF002567
https://doi.org/10.1093/jxb/49.321.693
https://doi.org/10.1093/jxb/49.321.693
https://doi.org/10.30955/gnj.005730
https://doi.org/10.1023/A:1004727201568
https://doi.org/10.1007/s00425-022-04006-x
https://doi.org/10.3389/fpls.2025.1630935
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Kaur et al.

Mihaljevic, I, Viljevac Vuletic, M., Simic, D., Toma, V., Horvat, D., Josipovic, M.,
et al. (2021). Comparative study of drought stress effects on traditional and modern
apple cultivars. Plants 10, 561. doi: 10.3390/plants10030561

Mkhabela, S. S., Shimelis, H., Gerrano, A. S., and Mashilo, J. (2023). Drought
tolerance assessment of okra (Abelmoschus esculentus [L.] Moench) accessions based
on leaf gas exchange and chlorophyll fluorescence. Life 13, 682. doi: 10.3390/
life13030682

Mustamu, N. E., Tampubolon, K., Basyuni, M., Al-Taey, D. K., Janabi, H. J. K. A., and
Mehdizadeh, M. (2023). Drought stress induced by polyethylene glycol (PEG) in
local maize at the early seedling stage. Heliyon 9, €20209. doi: 10.1016/j.heliyon.2023.
€20209

Negarestani, M., Tohidi-Nejad, E., Khajoei-Nejad, G., Nakhoda, B., and
Mohammadi-Nejad, G. (2019). Comparison of different multivariate statistical
methods for screening the drought tolerant genotypes of pearl millet (Pennisetum
americanum L.) and sorghum (Sorghum bicolor L.). Agronomy 9, 645. doi: 10.3390/
agronomy9100645

Noctor, G., Mhamdi, A., and Foyer, C. H. (2014). The roles of reactive oxygen
metabolism in drought: not so cut and dried. Plant Physiol. 164, 1636-1648.
doi: 10.1104/pp.113.233478

Olson, M. E. (2023). Imperforate tracheary element classification for studies of
xylem structure-function relations. JAWA. J. 44, 439-464. doi: 10.1163/22941932-
bjal0125

Osakabe, Y., Osakabe, K., Shinozaki, K., and Tran, L. S. P. (2014). Response of plants
to water stress. Front. Plant Sci. 5. doi: 10.3389/fpls.2014.00086

Osborne, L. D., and Rengel, Z. (2002). Screening cereals for genotypic variation in
efficiency of phosphorus uptake and utilisation. Aust. J. Agric. Res. 53, 295-303.
doi: 10.1071/AR01080

Oshunsanya, S. O., Nwosu, N. J., and Li, Y. (2019). Abiotic stress in agricultural crops
under climatic conditions. Sustain. Agric. For. Environ. Manag., 71-100. doi: 10.1007/
978-981-13-6830-1_3

Pravisya, P., Jayaram, K. M., and Yusuf, A. (2019). Biotic priming with Pseudomonas
fluorescens induce drought stress tolerance in Abelmoschus esculentus (L.) Moench
(Okra). Physiol. Mol. Biol. Plants. 25, 101-112. doi: 10.1007/s12298-018-0621-5

Priatama, R. A., Heo, ], Kim, S. H,, Rajendran, S., Yoon, S., Jeong, D. H., et al. (2022).
Narrow lpal metaxylems enhance drought tolerance and optimize water use for grain
filling in dwarf rice. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.894545

Prince, S. J., Murphy, M., Mutava, R. N., Durnell, L. A., Valliyodan, B., Shannon, J.
G,, et al. (2017). Root xylem plasticity to improve water use and yield in water-stressed
soybean. J. Exp. Bot. 68, 2027-2036. doi: 10.1093/jxb/erw472

Qaderi, M. M., Martel, A. B., and Dixon, S. L. (2019). Environmental factors
influence plant vascular system and water regulation. Plants 8, 65. doi: 10.3390/
plants8030065

R Core Team,. (2022). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available online at: https://
www.R-project.org/.

RStudio Team,. (2022). RStudio: Integrated Development for R. RStudio, PBC,
Boston, MA, USA. Available online at: http://www.rstudio.com/

Ranjan, A., Sinha, R., Singla-Pareek, S. L., Pareek, A., and Singh, A. K. (2022).
Shaping the root system architecture in plants for adaptation to drought stress. Physiol.
Plant 174, €13651. doi: 10.1111/ppl.13651

Rao, M. J., Duan, M., Zhou, C,, Jiao, J., Cheng, P., Yang, L, et al. (2025). Antioxidant
defense system in plants: reactive oxygen species production, signaling, and scavenging
during abiotic stress-induced oxidative damage. Horticulturae 11, 477. doi: 10.3390/
horticulturae11050477

Razi, K., Bae, D. W., and Muneer, S. (2021). Target-based physiological
modulations and chloroplast proteome reveals a drought resilient rootstock in okra
(Abelmoschus esculentus) genotypes. Int. J. Mol. Sci. 22, 12996. doi: 10.3390/
ijms222312996

Razi, K., and Muneer, S. (2023). Grafting enhances drought tolerance by regulating
and mobilizing proteome, transcriptome and molecular physiology in okra genotypes.
Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1178935

Reddy, V. R. P, Dikshit, H. K., Mishra, G. P., Aski, M., Singh, A,, Bansal, R,, et al.
(2021). Comparison of different selection traits for identification of phosphorus use
efficient lines in mungbean. Peer] 9, e12156. doi: 10.7717/peerj.12156

Rida, S., Maafi, O., Lopez-Malvar, A., Revilla, P., Riache, M., and Djemel, A. (2021).
Genetics of germination and seedling traits under drought stress in a MAGIC
population of maize. Plants 10, 1786. doi: 10.3390/plants10091786

Saha, D., Choyal, P., Mishra, U. N, Dey, P., Bose, B., Gupta, N. K,, et al. (2022).
Drought stress responses and inducing tolerance by seed priming approach in plants.
Plant Stress 4, 100066. doi: 10.1016/j.stress.2022.100066

Frontiers in Plant Science

23

10.3389/fpls.2025.1630935

Sandhu, S., Ranjan, R,, and Sharda, R. (2023). Root plasticity: an effective selection
technique for identification of drought tolerant maize (Zea mays L.) inbred lines. Sci.
Rep. 13, 5501. doi: 10.1038/s41598-023-31523-w

Sareen, S., Tyagi, B. S., Tiwari, V., and Sharma, I. (2012). Response estimation of
wheat synthetic lines to terminal heat stress using stress indices. J. Agric. Sci. 4, 97.
doi: 10.5539/jas.v4n10p97

Seleiman, M. F., Al-Suhaibani, N., Ali, N., Akmal, M., Alotaibi, M., Refay, Y., et al.
(2021). Drought stress impacts on plants and different approaches to alleviate its
adverse effects. Plants 10, 259. doi: 10.3390/plants10020259

Shanthi, N., Al-Hugail, A. A, Perveen, K., Vaidya, G., Bhaskar, K., Khan, F., et al.
(2023). Drought stress alleviation through nutrient management in Cyamopsis
tetrogonoloba L. J. King. Saud. Univ. Sci. 35, 102842. doi: 10.1016/j.jksus.2023.102842

Sherin, G., Aswathi, K. R., and Puthur, J. T. (2022). Photosynthetic functions in
plants subjected to stresses are positively influenced by priming. Plant Stress 4, 100079.
doi: 10.1016/j.stress.2022.100079

Shoaib, M., Banerjee, B. P., Hayden, M., and Kant, S. (2022). Roots’ drought adaptive
traits in crop improvement. Plants 11, 2256. doi: 10.3390/plants11172256

Talbot, M. J., and White, R. G. (2013). Methanol fixation of plant tissue for scanning
electron microscopy improves preservation of tissue morphology and dimensions.
Plant Methods 9, 1-7. doi: 10.1186/1746-4811-9-36

Tavares, D. S., Fernandes, T. E. K., Rita, Y. L., Rocha, D. C., Sant’Anna-Santos, B. F.,
and Gomes, M. P. (2021). Germinative metabolism and seedling growth of cowpea
(Vigna unguiculata) under salt and osmotic stress. S. Afr. J. Bot. 139, 399-408.
doi: 10.1016/j.sajb.2021.03.019

Thiry, A. A., Chavez Dulanto, P. N., Reynolds, M. P., and Davies, W. J. (2016). How
can we improve crop genotypes to increase stress resilience and productivity in a future
climate? A new crop screening method based on productivity and resistance to abiotic
stress. J. Exp. Bot. 67, 5593-5603. doi: 10.1093/jxb/erw330

Torun, U., Yildirim, E., and Ekinci, M. (2023). Effect of drought acclimation on
drought stress resistance in okra seedlings. Erzincan. Univ. J. Sci. Technol. 16, 800-810.
doi: 10.18185/erzifbed.1293492

Udpuay, S., Ullah, H., Himanshu, S. K,, Tisarum, R., Cha-um, S., and Datta, A.
(2024). Drought tolerance screening of okra genotypes in relation to growth and
physio-biochemical traits at the vegetative stage. Genet. Resour. Crop Evol. 71, 1271—
1290. doi: 10.1007/s10722-023-01689-3

Velikova, V., Yordanov, L., and Edreva, A. J. P. S. (2000). Oxidative stress and some
antioxidant systems in acid rain-treated bean plants: protective role of exogenous
polyamines. Plant Sci. 151, 59-66. doi: 10.1016/S0168-9452(99)00197-1

Verma, S., and Dubey, R. S. (2003). Lead toxicity induces lipid peroxidation and
alters the activities of antioxidant enzymes in growing rice plants. Plant Sci. 164, 645-
655. doi: 10.1016/S0168-9452(03)00022-0

Verma, H., and Sarma, R. N. (2021). Identification of markers for root traits related
to drought tolerance using traditional rice germplasm. Mol. Biotechnol. 63, 1280-1292.
doi: 10.1007/s12033-021-00380-1

Wang, Z., Li, G, Sun, H., Ma, L., Guo, Y., Zhao, Z,, et al. (2018). Effects of drought
stress on photosynthesis and photosynthetic electron transport chain in young apple
tree leaves. Biol. Open 7, bio035279. doi: 10.1242/bi0.035279

Wang, S., Zhou, H., He, Z., Ma, D., Sun, W., Xu, X,, et al. (2024). Effects of drought
stress on leaf functional traits and biomass characteristics of Atriplex canescens. Plants
13, 2006. doi: 10.3390/plants13142006

World Resources Institute (2024). One-Quarter of World’s Crops Threatened by
Water Risks. Available online at: https://www.wri.org/insights/growing-water-risks-
food-crops (Accessed April 17, 2025).

Yang, X, Lu, M., Wang, Y., Wang, Y., Liu, Z., and Chen, S. (2021). Response mechanism
of plants to drought stress. Horticulturae 7, 50. doi: 10.3390/horticulturae7030050

Yang, H. Y., Zhang, C. H., Wu, W. L, Li, W. L., Wei, Y. L., and Dong, S. S. (2015).
Physiological responses of blackberry cultivar ‘Ningzhi 1’ to drought stress. Russ. J.
Plant Physiol. 62, 472-479. doi: 10.1134/S1021443715040184

. Zareyan, M., Mockeviciate, R., Jurkoniene, S., Gaveliene, V., Paskevicius, A., and
Sveikauskas, V. (2025). Physiological, biochemical, and genetic reactions of winter
wheat to drought under the influence of plant growth promoting microorganisms and
calcium. Microorganisms 13, 1042. doi: 10.3390/microorganisms13051042

Zhao, Y., Yin, Z., Wang, X,, Jiang, C., Aslam, M. M., Gao, F,, et al. (2021). Genetic
basis and network underlying synergistic roots and shoots biomass accumulation

revealed by genome-wide association studies in rice. Sci. Rep. 11, 13769. doi: 10.1038/
541598-021-93170-3

Zia, R., Nawaz, M. S,, Siddique, M. J., Hakim, S., and Imran, A. (2021). Plant survival
under drought stress: Implications, adaptive responses, and integrated rhizosphere
management strategy for stress mitigation. Microbiol. Res. 242, 126626. doi: 10.1016/
j.micres.2020.126626

frontiersin.org


https://doi.org/10.3390/plants10030561
https://doi.org/10.3390/life13030682
https://doi.org/10.3390/life13030682
https://doi.org/10.1016/j.heliyon.2023.e20209
https://doi.org/10.1016/j.heliyon.2023.e20209
https://doi.org/10.3390/agronomy9100645
https://doi.org/10.3390/agronomy9100645
https://doi.org/10.1104/pp.113.233478
https://doi.org/10.1163/22941932-bja10125
https://doi.org/10.1163/22941932-bja10125
https://doi.org/10.3389/fpls.2014.00086
https://doi.org/10.1071/AR01080
https://doi.org/10.1007/978-981-13-6830-1_3
https://doi.org/10.1007/978-981-13-6830-1_3
https://doi.org/10.1007/s12298-018-0621-5
https://doi.org/10.3389/fpls.2022.894545
https://doi.org/10.1093/jxb/erw472
https://doi.org/10.3390/plants8030065
https://doi.org/10.3390/plants8030065
https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/
https://doi.org/10.1111/ppl.13651
https://doi.org/10.3390/horticulturae11050477
https://doi.org/10.3390/horticulturae11050477
https://doi.org/10.3390/ijms222312996
https://doi.org/10.3390/ijms222312996
https://doi.org/10.3389/fpls.2023.1178935
https://doi.org/10.7717/peerj.12156
https://doi.org/10.3390/plants10091786
https://doi.org/10.1016/j.stress.2022.100066
https://doi.org/10.1038/s41598-023-31523-w
https://doi.org/10.5539/jas.v4n10p97
https://doi.org/10.3390/plants10020259
https://doi.org/10.1016/j.jksus.2023.102842
https://doi.org/10.1016/j.stress.2022.100079
https://doi.org/10.3390/plants11172256
https://doi.org/10.1186/1746-4811-9-36
https://doi.org/10.1016/j.sajb.2021.03.019
https://doi.org/10.1093/jxb/erw330
https://doi.org/10.18185/erzifbed.1293492
https://doi.org/10.1007/s10722-023-01689-3
https://doi.org/10.1016/S0168-9452(99)00197-1
https://doi.org/10.1016/S0168-9452(03)00022-0
https://doi.org/10.1007/s12033-021-00380-1
https://doi.org/10.1242/bio.035279
https://doi.org/10.3390/plants13142006
https://www.wri.org/insights/growing-water-risks-food-crops
https://www.wri.org/insights/growing-water-risks-food-crops
https://doi.org/10.3390/horticulturae7030050
https://doi.org/10.1134/S1021443715040184
https://doi.org/10.3390/microorganisms13051042
https://doi.org/10.1038/s41598-021-93170-3
https://doi.org/10.1038/s41598-021-93170-3
https://doi.org/10.1016/j.micres.2020.126626
https://doi.org/10.1016/j.micres.2020.126626
https://doi.org/10.3389/fpls.2025.1630935
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Root plasticity and xylem modifications drive drought resilience in okra [Abelmoschus esculentus (L.) Moench] at the seedling stage
	1 Introduction
	2 Materials and methods
	2.1 Evaluation of growth, root, biochemical, and anatomical traits under three PEG 6000 regimes
	2.1.1 Growth and root traits
	2.1.2 Biochemical traits
	2.1.2.1 Assessment of lipid peroxidation and hydrogen peroxide

	2.1.3 Field emission scanning electron microscopy analysis

	2.2 Statistical analysis

	3 Results
	3.1 Trait-specific responses of okra genotypes under three PEG 6000 levels
	3.1.1 The effects of PEG-induced drought stress on seedling growth traits
	3.1.2 The effects of PEG-induced drought stress on root traits
	3.1.3 The effects of PEG-induced drought stress on biochemical traits

	3.2 Correlation pattern among estimated parameters under three varying PEG 6000 regimes
	3.3 Performance-based categorization of okra genotypes
	3.3.1 Score-based classification approach
	3.3.2 Index-based drought tolerance approach

	3.4 Field emission scanning electron microscopy

	4 Discussion
	4.1 Drought stress delays germination and triggers adaptive responses
	4.2 Integrative assessment of phenotypic traits and xylem adaptations enables effective selection of drought-tolerant okra genotypes

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


