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Water deficit stress poses a significant challenge to wheat cultivation worldwide, necessitating the identification of 
indicator traits for plant productivity under such conditions. This study investigated the physiological and biochemical 
responses of four wheat varieties (C-306, DBW 110, DBW 136, and GW 451)under varying levels of water deficit stress 
(100%, 75%, and 35% FC). The results indicated that increasing water deficit stress resulted in notable decreases in 
physiological parameters such as the relative water content (RWC), chlorophyll content, chlorophyll stability index (CSI) 
and membrane stability index (MSI) at both the booting and grain filling stages. In response to water deficit stress, the plants 
increased their levels of proline, total soluble sugars (TSS), total phenol and free amino acids (FAA). Furthermore. oxidative 
damage, indicating that parameters such as proline concentration and malondialdehyde (MDA) content increased. Water 
deficit conditions markedly promoted the activities of key antioxidant enzymes, including catalase and peroxidase. Among 
the varieties, C-306 and DBW 110 were less affected by water deficit stress, as shown by significant changes in their 
physiological and biochemical parameters. These results highlight the importance of assessing physio-biochemical traits 
related to phenotypic water deficit stress tolerance in wheat varieties, providing valuable insights for breeding programs 
aimed at developing and selecting drought-tolerant cultivars. 
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Wheat is an important crop in India that faces 
challenges from high temperatures and water scarcity, 
which often impede its growth and yield. Drought, in 
particular, significantly reduces wheat productivity, 
leading to potential yield losses ranging from 50% to 
90%1. Among various stressors, water scarcity is a 
primary limitation to crop productivity2. It disrupts the 
plant's life cycle and grain-filling period, reducing 
photosynthesis and accelerating senescence3. Water 
scarcity affects wheat plants in diverse ways, causing 
changes in protein composition, stimulating 
antioxidant production, facilitating osmotic 
adjustment, modulating hormone levels, influencing 
root morphology and depth, regulating stomatal 
conductance, and affecting chlorophyll content and 
transpiration rates4. The impact of water deficiency 
varies across different growth stages, altering yield 
components such as plant density, spike and grain 
numbers per plant or unit area, and individual grain 
weight, each assessed at various growth phases5. 
Notably, water stress during the spike-growing 

period, particularly around anthesis, significantly 
diminishes wheat yield potential6. Improving water 
deficit stress tolerance and productivity remains a 
challenging task for breeders. Understanding how 
plants respond to water deficit stress is essential for 
creating stress-tolerant crops that can meet the 
demand for food grains. Maintaining a greater yield 
throughout various stress and non-stress conditions is 
crucial for cultivars7,8. Under stressful conditions, 
plant survival depends on the ability of plants to 
perceive, transmit, and respond to stimuli, initiating 
various physiological and biochemical adaptations9. 
In this context, the current study aimed to evaluate 
and characterize the physio-biochemical responses of 
wheat to water deficit stress, contributing insights into 
the mechanisms essential for developing stress-
tolerant cultivars. 

Materials and Methods 
Plant material and water stress induction 

This study utilized four wheat genotypes, C-306, 
DBW 110, DBW 136, and GW 451, sourced from the 
Wheat Research Station at JAU, Junagadh. The 
experiment was performed in a completely randomized 
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design (CRD) with four replications in the net house of 
the Department of Genetics and Plant Breeding, JAU, 
Junagadh, during the Rabi season of 2019-20. Plastic 
bags (8×5 inch) filled with a soil mixture consisting of 
soil, sand, and vermicompost at a 1:1:1 ratio and NPK 
applied at a ratio of 4:2:1 were used to sow the seeds. 
All pots were initially kept wet until 30 days following 
seeding. After that, irrigation was adjusted to maintain 
three different levels of field capacity (FC): T1 Control 
(100% FC), T2 (75% FC), and T3 (35% FC). The field 
capacity of the soil was determined using the 
gravimetric method. Stress conditions were induced at 
the booting stage by withholding water to reach 75% 
and 35% of field capacity (FC). After one week of 
stress imposition, watering was resumed to facilitate 
recovery. Plant samples were randomly selected per 
treatment in each replicate to record observations of 
various traits, and their averages were utilized for 
statistical analysis. Physiological parameters, 
biochemical parameters, and antioxidant enzyme 
activities were measured in flag leaves at the booting 
stage, five days after stress induction. 
 

Physiological parameters 
 

Leaf relative water content (RWC) 
The leaf relative water content (RWC) was 

determined according to the method of Barrs10. Fully 
developed leaves from each pot were cut at the base 
of the leaf blade and then weighed immediately to 
obtain the fresh weight (FW). They were then placed 
in a Petri dish filled with distilled water. After 24 h, 
the leaves were removed from the Petri dish, placed 
on blotting paper to water from the surface, and then 
weighed to obtain the turgid weight (TW). The 
samples were finally placed in a hot air oven at 80°C 
for 48h and weighed to obtain the dry weight (DW). 
The leaf relative water content was calculated by the 
following formula according to Clark and Mac-
Caig11:  

RWC (%) = [(FW-DW)/(TW-DW)] x 100. 
 

Membrane Stability Index (MSI) 
For MSI determination, 0.5 g of leaf sample was 

weighed and placed in a test tube containing 50 mL of 
distilled water. One set of samples was placed in a 
water bath at 40°C for 30 min, and the conductivity 
(C1) for electrolytic leakage was measured using a 
conductivity meter. Another set was exposed to 
boiling water (100°C) for 10 min, followed by 
recording the conductivity (C2) after cooling to room 
temperature12. The MSI was calculated using the 
following formula: MSI = 1-(C1/C2) × 100. 

Chlorophyll and Carotenoid Contents 
Fresh leaf samples (0.2 g) were ground in a mortar 

and pestle using 80% acetone. The mixture was then 
filtered, and the resulting solution was centrifuged to 
remove any insoluble particles. The supernatant was 
carefully transferred to a fresh test tube. 
Subsequently, the concentration of chlorophyll in the 
extract was measured using a spectrophotometer at 
wavelengths of 645 nm, 663 nm and 470 nm. The 
concentrations of chlorophyll and carotenoids were 
calculated following the method described by 
Lichtenthaler (1987) and are expressed as mg g-1 FW. 
 
Chlorophyll Stability Index (CSI) 

The CSI was determined by subjecting leaf 
samples to a water bath at 56°C ± 1°C for 30 min, 
after which the samples were ground in 100 mL of 
80% acetone. The absorbance of the filtrate was 
measured using a spectrophotometer at wavelengths 
of 645 nm and 663 nm. The CSI was calculated by 
using the formula provided by Sairam14. 

 
Biochemical parameters 
 

Total Phenol 
Total phenol was measured by using the method 

outlined by Bray and Thorpe15. Leaf samples (0.2 g) 
were ground in a mortar and pestle with 5 mL of 80% 
methanol. From the methanol extract prepared for 
analysis, 0.1 mL of sample extract was removed and 
evaporated to dryness in a water bath. Subsequently,  
1 mL of distilled water and 0.5 mL of folin-Ciocaltu 
(F-C) assay (diluted 1:1 with water) were added to 
each test tube. The reaction mixture was left to stand 
for 3 min before adding 2 mL of 20% sodium 
carbonate and thorough mixing. The tubes were then 
placed in boiling water for exactly 1min and cooled in 
ice water. The absorbance of the filtrate was measured 
at 650 nm using a spectrophotometer against a reagent 
blank, and the amount was calculated in mg g-1 FW 
using a standard curve prepared with different 
concentrations of catechol. 

 
Free amino acids 

Leaf samples (0.25 g) were homogenized with  
5 mL of phosphate buffer (pH 7) and centrifuged for 
10 min at 14000 rpm. One milliliter of extract was 
mixed with 2% ninhydrin and 10% pyridine, and the 
final volume was adjusted to 15 mL. The mixture was 
heated in a water bath at 90°C for 30 min and then 
cooled. The absorbance of the solution was measured 
at 570 nm following the method described by 
Crampton et al.16. 
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Total soluble sugar content 
The soluble sugar content was determined 

spectrophotometrically from the soluble and residual 
fractions of ethanol-water extracts described by 
Dubois et al.17. First, 0.5 mL of soluble sugar extract 
and 4.5 mL of 80% ethanol were combined in test 
tubes. The test tubes were placed in an ice bath, and 
10 mL of anthrone reagent was slowly added. The test 
tubes were placed in a boiling water bath for 10 min 
and immediately cooled in an ice bath after the 
absorbance of the extract was measured at 630 nm 
after 1 hr. 

 
Malondialdehyde (MDA) Content 

The MDA content was determined by using the 
method described by Hodges et al.18 with some 
modifications. Leaf samples (0.5 g) were 
homogenized in 4 mL of 1% (w/v) trichloroacetic acid 
(TCA) and then centrifuged at 10,000 × g for 10 min. 
Then, 1.5 mL of the supernatant was mixed with  
1.5 mL of 0.5% (w/v) TBA in 20% (w/v) TCA. The 
mixture was heated at 95°C for 30 min and then 
quickly cooled in an ice bath. After centrifugation at 
10000 × g for 5 min, the absorbance of the 
supernatant was recorded at 440, 532 and 600 nm. 
The concentration of TBARS (µmole g-1 FW)  
was calculated by using an extinction coefficient of 
155 mM-1 cm-1, and the results are expressed as µmole 
MDA equivalents per gram. 

 
Proline Content 

The proline content was estimated by using the 
method described by Bates et al19. Free proline was 
extracted by using 100 mg of leaf samples at 3% 
sulfosalicylic acid and estimated by ninhydrin 
reagent. The absorbance of the extract with toluene 
aspirated from the liquid phase was read at 520 nm. 
The proline concentration was determined using a 
standard curve and was expressed as µmole g-1 FW. 

 
Enzyme Assay 

Five hundred milligrams of fresh leaf sample was 
crushed in 2 mL of extraction buffer containing  
50 mM sodium phosphate buffer (pH 7.0) and  
0.1 mM Na-EDTA through a mortar and pestle. The 
extract was centrifuged at 15000 × g for 15 min, and 
the collected supernatants were utilized for assessing 
various antioxidant enzymes. All steps involved in the 
preparation of the enzyme were carried out at 4°C. 

Peroxidase (EC 1.11.17) activity was estimated by 
using the method of Perur20 (1962). The reaction 
mixture for the estimation of peroxidase activity 

contained 2.99 mL of 0.03% H2O2 in 0.1 M phosphate 
buffer (pH 6.0) containing 0.01% Ortho dianisidine 
dye (freshly prepared and dissolved in methanol). The 
reaction was initiated by the addition of 10 μL  
of enzyme extract. The absorbance was measured at 
460 nm for up to 1 min at intervals of 15 sec when 
there was a change in the color of the oxidized dye. 
The blank was run without the addition of enzymes. 
The specific activity was expressed as the Δ OD. g-1 
protein. min-1. 

Catalase (EC 1.11.1.6) activity was estimated by 
using the method of Aebi21. The 3 mL reaction 
mixture for the catalase estimation contained 50 mM 
sodium phosphate buffer (pH 7.0), 30 mM H2O2 and 
50 μL of enzyme extract. The catalase activity was 
estimated by measuring the decrease in absorbance  
at 240 nm. The specific activity was measured as  
Δ O.D. g-1 protein. min-1. 

 
Statistical analysis 

The collected data were subjected to analysis of 
variance (ANOVA), and the mean differences were 
compared using the Duncan multiple range test 
(P≤ 0.05). The results are expressed as the means ± 
standard errors (SEs). Correlation analysis was 
performed to identify significant correlations among 
the studied attributes. Figures were plotted using 
Prism GraphPad 9.2 software (GraphPad Software 
Inc., CA, USA). 

 

Results 
 

Physiological parameters 
This study revealed significant impacts on 

physiological traits, including the relative water 
content (RWC), chlorophyll content, chlorophyll 
stability index, and membrane stability index (MSI), 
due to different water deficit stress levels at both the 
booting and grain filling stages (Table 1). Notably, 
the various water regimes significantly influenced the 
physiological traits of the wheat plants, especially 
compared to those of the control. Changes in RWC in 
wheat leaves as a result of increasing water deficit 
stress. Under irrigated conditions (100% FC), all 
varieties maintained high RWC levels at both the 
booting and grain filling stages. However, when 
exposed to progressively decreasing moisture levels, 
all varieties exhibited a reduction in RWC. The 
greatest percentage reduction in RWC was noted in 
GW 451 and DBW 136, which also exhibited the 
lowest RWC values relative to those of the other 
varieties under low moisture conditions (35% FC) at 
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both the booting and grain filling stages. On the other 
hand, at both the booting and grain filling stages, 
DBW 110 and C-306 maintained relatively high RWC  
values and exhibited a lower percentage reduction 
than did the other varieties under the same moisture 
level (35% FC). In the present study, there was an 
inverse relationship between the moisture stress level 
and total chlorophyll content for all the varieties at 
both stages. Differences in chlorophyll content were 
also observed among the varieties. Under irrigated 
conditions (100% FC), all varieties maintained a high 
total chlorophyll content at both the booting and grain 
filling stages. However, when exposed to 
progressively decreasing moisture levels, all varieties 
exhibited a reduction in total chlorophyll content. The 
greatest percentage reduction in total chlorophyll was 
noted in GW 451 and DBW 136, which also exhibited 
the lowest total chlorophyll content values relative to 
those of the other varieties under low moisture 
conditions (35% FC) at both the booting and grain 
filling stages. On the other hand, at both the booting 
and grain filling stages, DBW 110 and C-306 
maintained relatively high total chlorophyll contents 
and exhibited a lower percentage reduction than did 
the other varieties under the same moisture level 

(35% FC). The chlorophyll stability index was 
significantly influenced by different genotypes and 
moisture stress levels. The C-306 and DBW 110 
genotypes exhibited greater chlorophyll stability 
under low moisture (35% FC) conditions, while all 
the other genotypes experienced a decrease in 
chlorophyll stability under the same moisture levels. 
Among all the varieties examined, C-306 and DBW 
110 retained relatively high chlorophyll contents 
when exposed to low moisture stress at both the 
booting and grain filling stages. The sensitive 
varieties (DBW 136 and GW 451) had lower 
chlorophyll contents under low moisture stress. The 
low moisture stress-induced decrease in the total 
chlorophyll content signifies that moisture stress 
induced a significant decrease in the number of 
photosynthetic reaction centres. The membrane 
stability index (MSI) decreased with increasing water 
deficit stress compared to that of the control (100% 
FC) at both stages. However, when exposed to 
progressively decreasing moisture levels, all varieties 
exhibited a reduction in the MSI. The greatest 
percentage reduction in MSI was noted in GW 451 
and DBW 136, which also exhibited the lowest MSI 
values relative to those of the other varieties under 

Table 1 — Effect of different levels of drought stress on the relative water content (RWC), chlorophyll content, chlorophyll stability 
index (CSI) and membrane stability index (MSI) of different bread wheat cultivars at the booting and grain filling stages 

  
RWC (%)* 

Chlorophyll content 
(mg g-1 FW)* 

CSI (%)* MSI (%)* 

Genotypes Treatments Booting stage 
Grain filling 

stage 
Booting stage 

Grain filling 
stage 

Booting stage 
Grain filling 

stage 
Booting stage 

Grain filling 
stage 

C-306 T1: (100% FC) 89.19±4.48a 82.66±3.03a 3.00±0.12a 2.28±0.07a 28.03±1.53a 23.91±0.76a 33.92±1.21a 38.76±2.67a 

 T2: (75% FC) 74.21±3.01b 71.57±3.17b 2.00±0.09c 1.45±0.07b 19.91±1.24c 17.03±0.96b 25.73±3.31c 31.66±4.03c 

 T3: (35% FC) 56.06±3.24d 49.21±2.69c 1.04±0.12e 0.89±0.11de 10.50±0.98e 10.81±1.62c 17.44±0.74e 21.97±0.72e 

DBW 110 T1: (100% FC) 89.77±2.52a 83.02±3.03a 2.99±0.17a 2.16±0.08a 29.20±2.22a 24.14±1.32a 35.02±2.49a 39.25±2.19a 

 T2: (75% FC) 73.14±2.59bc 70.55±3.84b 1.87±0.11c 1.38±0.09b 19.15±2.14c 16.44±0.69b 24.17±1.76cd 27.97±1.64d 

 T3: (35% FC) 55.47±2.48d 50.59±4.12c 0.89±0.10f 0.94±0.11d 11.66±1.49e 10.01±1.10c 15.95±0.86ef 19.96±1.52ef 

DBW 136 T1: (100% FC) 86.55±2.67a 81.28±1.90a 2.85±0.06b 2.19±0.09a 25.34±0.74b 23.43±1.08a 32.44±2.51a 38.19±2.51a 

 T2: (75% FC) 67.77±3.90c 66.30±4.26b 1.64±0.05d 1.33±0.09bc 15.940.90d 16.37±0.49b 28.37±0.79b 33.11±0.94bc 

 T3: (35% FC) 35.97±7.47e 39.78±5.19d 0.55±0.05g 0.83±0.09de 8.42±1.03f 10.38±2.05c 14.02±1.25f 18.30±0.69f 

GW 451 T1: (100% FC) 84.15±3.63a 82.15±3.63a 2.84±0.05b 2.18±0.08a 24.70±0.77b 22.44±0.80a 29.81±1.86b 34.92±2.55b 

 T2: (75% FC) 70.29±1.07bc 70.11±3.59b 1.53±0.05d 1.23±0.04c 16.93±1.69d 16.53±0.63b 21.89±1.27d 27.51±1.31d 

 T3: (35% FC) 35.21±3.81e 41.09±2.90d 0.54±0.05g 0.81±0.07e 8.35±1.21f 10.27±0.70c 16.92±1.32e 20.87±1.50ef 

F value 

G 513.0** 464.5** 2134.2** 1027.1** 586.0** 563.0** 351.0** 285.3** 

T 27.0** 6.6** 45.5** 5.5** 19.9** 1.2NS 5.6** 4.6** 

G x T 8.4** 2.6* 3.7** 1.4** 0.8NS 0.7NS 6.4** 4.1** 

*Means (±SE) (n=4) followed by different letters in each column are significantly different (P≤ 0.05) according to DMRT 
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low moisture conditions (35% FC) at both the booting 
and grain filling stages. On the other hand, DBW 110 
and C-306 sustained relatively high MSI values and 
showed a lower percentage reduction than did the 
other varieties under the same moisture level (35% 
FC) at both the booting and grain filling stages. 
 
Biochemical parameters 

Biochemical traits, including free amino acid 
(FAA), total soluble sugar (TSS), total phenol, and 
carotenoid content, were significantly affected by 
both genotype and water deficit stress level at both the 
booting and grain-filling stages (Table 2). The 
minimum free amino acid content in leaves was 
recorded at field capacity (100% FC, Control), and it 
increased with decreasing moisture level in all the 
genotypes. The greatest FAA content was noted in 
DBW 110 and C-306 under low moisture conditions 
(35% FC) at both the booting and grain filling stages. 
On the other hand, DBW 136 and GW451 sustained 
relatively low FAA values and showed greater 
reductions than did the other varieties under the same 
moisture levels (35% FC) at both the booting and 
grain filling stages. The total sugar content increased 
significantly under the water stress treatments at both 
stages, irrespective of the genotype. The minimum 

TSS in leaves was recorded at field capacity (100% 
FC, Control), and it increased with decreasing 
moisture level in all the genotypes. Sugar content was 
highest at the booting stage. The increase was 
considerably greater in the tolerant genotype C 306, 
followed by DBW 110, under low moisture 
conditions (35% FC) at both the booting and grain 
filling stages. The water deficit stress-induced 
accumulation of soluble sugars decreased in DBW 
136 and GW 451. The total phenol content increased 
under water deficit stress compared to that under 
control conditions, with a greater increase observed 
under severe and moderate stress. Compared with the 
tolerant genotypes, the sensitive genotypes exhibited a 
lower increase in total phenol content. Under irrigated 
conditions (100% FC), all varieties had lower phenol 
contents at both the booting and grain filling stages. 
However, when exposed to progressively decreasing 
moisture levels, all varieties exhibited an increase in 
phenol content. The greatest increase in phenol 
content was noted in C-306 and DBW 110 relative to 
the other varieties under low moisture conditions 
(35% FC) at both the booting and grain filling stages. 
On the other hand, DBW 136 and GW 451 sustained 
relatively lower phenol contents under the same 
moisture levels (35% FC) at both the booting and 

Table 2 — Effect of different levels of drought stress on the free amino acid (FAA), total soluble sugar (TSS), total phenol, and 
carotenoid contents of different bread wheat cultivars at the booting and grain filling stages 

  FAA 
(mg g-1 FW)* 

TSS 
(mg g-1 FW)* 

Total phenol 
(mg g-1 FW)* 

Carotenoid 
(mg g-1 FW)* 

Genotypes Treatments 
Booting 

stage 
Grain filling 

stage 
Booting stage

Grain filling 
stage 

Booting stage
Grain filling 

stage 
Booting stage 

Grain filling 
stage 

C-306 T1: (100% FC) 0.75±0.05e 0.82±0.02ef 8.14±0.56ef 7.98±0.67d 1.35±0.10d 2.45±0.10d 0.64±0.07a 0.65±0.03a 

 T2: (75% FC) 0.99±0.01c 1.08±0.07cd 8.99±0.74abc 9.03±0.30ab 1.68±0.09bc 2.90±0.04b 0.50±0.06c 0.53±0.05de 

 T3: (35% FC) 1.26±0.18a 1.35±0.09a 9.67±0.23a 9.57±0.43a 2.17±0.08a 3.36±0.17a 0.46±0.03cd 0.45±0.03gh 

DBW 110 T1: (100% FC) 0.73±0.03e 0.88±0.02e 8.26±0.45def 8.29±0.24cd 1.27±0.24d 2.52±0.16cd 0.58±0.06b 0.60±0.04b 

 T2: (75% FC) 0.91±0.02cd 1.10±0.08bc 9.36±0.60ab 9.16±0.49ab 1.63±0.20c 2.91±0.09b 0.47±0.02cd 0.50±0.02ef 

 T3: (35% FC) 1.14±0.14b 1.34±0.07a 9.67±0.21a 9.60±0.13a 2.19±0.10a 3.40±0.11a 0.43±0.03de 0.45±0.03g 

DBW 136 T1: (100% FC) 0.67±0.00e 0.79±0.01ef 7.65±0.53f 7.91±0.94d 1.27±0.11d 2.33±0.26d 0.51±0.01c 0.58±0.03bc 

 T2: (75% FC) 0.87±0.00d 1.04±0.09cd 8.58±0.39cde 8.55±0.39bcd 1.79±0.12bc 2.89±0.11b 0.42±0.02def 0.47±0.01fg 

 T3: (35% FC) 1.01±0.02c 1.19±0.08b 9.49±0.35ab 9.52±0.41a 2.20±0.10a 3.16±0.40ab 0.37±0.01f 0.41±0.01hi 

GW 451 T1: (100% FC) 0.67±0.01e 0.75±0.05f 7.76±0.07f 7.92±12d 1.32±0.13d 2.44±26d 0.50±0.02c 0.56±0.02cd 

 T2: (75% FC) 0.87±0.00d 0.98±0.05d 8.91±0.09bcd 8.99±0.04ab 1.86±0.09b 2.92±0.08b 0.46±0.02cd 0.44±0.01gh 

 T3: (35% FC) 0.86±0.00d 1.13±0.09bc 9.01±0.52abc 8.79±0.29bc 2.23±0.17a 2.82±0.51bc 0.39±0.02ef 0.39±0.02i 

F value 
G 112.0** 175.5** 48.0** 38.6** 175.5** 41.7** 67.2** 166.4** 

T 19.0** 13.3** 4.4** 2.5NS 1.3NS 2.1NS 18.1** 19.2NS 

 G x T 4.9** 1.5NS 0.7NS 1.4NS 0.8NS 1.7NS 1.4NS 0.7NS 

*Means (±SE) (n=4) followed by different letters in each column are significantly different (P≤ 0.05) according to DMRT 
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grain filling stages. The carotenoid content decreased 
significantly in all the genotypes at both the booting 
and grain filling stages. The carotenoid content was 
greater at the booting stage than at the grain filling 
stage. The water stress-induced decrease in 
carotenoids was less pronounced in tolerant genotypes 
at both the booting and grain filling stages. The 
decreases in carotenoid content were greater in 
susceptible genotypes at the booting and grain filling 
stages. The maximum reduction in carotenoid content 
under water stress occurred in DBW 136 and GW 
451, and the minimum occurred in C-306 and DBW 
110 at both stages. These findings demonstrate the 
significant influence of different water deficit stress 
levels on physiological and biochemical traits in 
wheat genotypes, highlighting the importance of 
selecting tolerant varieties for improved stress 
resilience. 

The free proline content generally increased with 
increasing severity of stress compared to that of the 
control at both the booting and grain-filling stages 
(Fig. 1A and B). In response to water deficit stress, all 
varieties exhibited a steep increase in leaf proline 

content, and the rate of increase increased with 
increasing severity of water stress. The greatest 
proline accumulation was noted for genotypes C-306 
and DBW 110 relative to the other varieties under low 
moisture conditions (35% FC) at both the booting and 
grain filling stages. The lowest proline concentration 
was recorded for DBW 136 and GW 451 under the 
same moisture level (35% FC) at both the booting and 
grain filling stages. 

The level of lipid peroxidation, indicated by MDA 
accumulation, was assessed to determine the degree 
of oxidative damage caused by stress. Our findings 
indicated that MDA levels were significantly influenced 
by stress severity and variety (Fig. 1C and D). The 
MDA content was lower in the control (100% FC) 
treatment than in the water-stressed plants. Moreover, 
there was a progressive increase in lipid peroxidation 
levels with increasing stress severity. Under severe 
water deficit stress conditions (T3, 35% FC), GW 451 
and DBW 136 exhibited the maximum MDA content, 
while C-306 and DBW 110 showed the least MDA 
accumulation under similar conditions during both the 
booting and grain-filling stages. 

Fig. 1 — Effect of different levels of drought stress on the free proline content (µg-1 FW) at the (A) booting stage; (B) grain filling stage; 
the MDA content (µmol g-1 FW) at the; (C) booting stage; and (D) grain filling stage of different bread wheat cultivars. The data 
represent the means ± SEs of four separate measurements. The different letters on the top of the error bars indicate significantly different 
means between treatments at P≤ 0.05 
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Antioxidant enzyme assays 

During periods of water deficit stress, the activities 
of the enzymatic antioxidants catalase (CAT) and 
peroxidase (POD) tended to increase (Fig. 2A-D). This 
increase was particularly notable, peaking at 35% FC. 
Overall, the activities of antioxidant enzymes were 
significantly greater under severe stress conditions 
(35% FC) than under the control conditions, with a 
marked distinction between growth stages. Notably, 
enzyme activity was greater during the grain-filling 
stage than during the booting stage under water deficit 
stress. The C-306 cultivar displayed the highest catalase 
activity, which was statistically comparable to that of 
the DBW 110 genotype, while GW 451 exhibited the 
lowest catalase activity at both the booting and grain-
filling stages. Furthermore, C-306 and DBW 110 
demonstrated significantly greater catalase activity than 
DBW 136 and GW 451 across both growth stages (P≤ 
0.05). In terms of peroxidase activity, genotype GW 
451 exhibited the highest peroxidase activity, which 
was statistically comparable to that of DBW 136, while 
C-306 exhibited the lowest peroxidase activity at both 
the booting and grain-filling stages. 

Correlation analysis 
The correlations between different physio-

biochemical traits, such as the carotenoid content 
(CAR), membrane stability index (MSI), relative 
water content (RWC), chlorophyll content (CC), 
chlorophyll stability index (CSI), peroxidase activity 
(POX), malondialdehyde content (MDA), total phenol 
(PHE), proline content (PRO), free amino acid 
(FAA), total soluble sugar (TSS), and catalase activity 
(CAT), of wheat genotypes grown under water deficit 
stress conditions at the booting and grain-filling 
stages were assessed using Pearson correlation 
analysis (Fig. 3A and B). 

At the booting stage, oxidative stress factors, 
represented by MDA, exhibited a positive correlation 
(P< 0.01) and were negatively correlated with RWC, 
CC, carotenoid content, CSI, and MSI. The 
chlorophyll content was negatively correlated with the 
FAA content, TSS content, PRO content, and MDA 
content but positively correlated with the CSI and 
MSI. The total phenol content was positively 
correlated with the FAA content, TSS content, and 
proline content, while the carotenoid content was 

Fig. 2 — Effect of different levels of drought stress on the enzymatic activity of catalase (∆ O.D. min-1 g-1 FW) at the (A) booting stage;
(B) grain filling stage; peroxidase (∆ O.D. min-1 g-1 FW) activity at the; (C) booting stage; and (D) grain filling stage of different bread
wheat cultivars. The data represent the means ± SEs of four separate measurements. The different letters on the top of the error bars
indicate significantly different means between treatments at P≤ 0.05
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negatively correlated with the proline content. The 
proline concentration exhibited positive correlations 
(P< 0.01 and < 0.05) with the FAA content and TSS. 
Additionally, CAT and POX were positively 
correlated with FAA and TSS but negatively 
correlated with RWC, chlorophyll content, and CSI. 
Carotenoids were positively correlated with CC, CSI, 
and MSI but negatively correlated with TSS, MDA, 
PRO, CAT, PHE, and POX. The CSI exhibited 
positive correlations (P< 0.01 and <0.05) with the 
RWC, CC, and MSI. 

During the early grain-filling stage, similar 
correlations were observed, with MDA positively 
correlated (P< 0.01) and MDA negatively correlated 
with RWC, CC, CSI, and MSI. CAT and POX were 
positively correlated with FAA and TSS but 
negatively correlated with RWC, chlorophyll content, 
and CSI. The total phenol content exhibited positive 
correlations with the FAA content, TSS content, and 
proline content, while the carotenoid content showed 
negative correlations. The proline content was 
positively correlated (P< 0.01 and < 0.05) with the 

FAA content and TSS. The CSI was positively 
correlated (P< 0.01 and < 0.05) with the RWC, CC, 
and MSI. Additionally, MSI exhibited positive 
correlations with RWC, CC, and CSI, which were 
negatively correlated with FAA, TSS, PRO, and 
MDA. The RWC was positively correlated with the 
CC, CSI, and MSI and negatively correlated with the 
TSS, CAT, POX, PHE, PRO, MDA, and FAA. 

Discussion 
Water deficit stress is a significant environmental 

factor that adversely affects crop growth and yield22. 
Plants of different species and cultivars respond 
differently to water deficit stress due to variations in 
their physiology, genetics, and metabolism23. Plant 
responses to water deficit stress depend on various 
factors, such as the intensity of stress, different stress 
interactions, species and developmental stages of 
plants24. This study aimed to estimate the physio-
biochemical responses of wheat cultivars under 
different levels of water deficit stress. The results 
indicated a significant change in several physio-

Fig. 3 —Correlation plot for measuring associations between measured physio-biochemical traits of bread wheat (T. aestivum) cultivars 
grown under different levels of drought stress (A) at the booting stage; and (B) at the grain filling stage. CAR, Carotenoid; MSI,
Membrane stability index; RWC, Relative water content; CC, Chlorophyll content; CSI, Chlorophyll stability index; POX, Peroxidase 
activity; MDA, Malondialdehyde content; PHE, Total phenol; PRO, Proline content; FAA, Free amino acid; TSS, Total soluble sugar;
CAT, Catalase activity 
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biochemical parameters, including the relative water 
content (RWC), chlorophyll content, chlorophyll 
stability index, membrane stability index, lipid 
peroxidation, and proline content, during both the 
booting and early grain-filling stages under water 
deficit stress. 

The decrease in crop growth under water stress can 
be attributed to water shortage and its impact on 
metabolic processes25. In our experiment, we 
observed a decrease in the leaf relative water content 
(RWC) under water deficit stress, particularly at the 
most severe level of stress (35% FC), indicating a 
disrupted plant water balance26-28. Variations in RWC 
among cultivars may be linked to differences in their 
ability to absorb water from the soil, with sensitive 
varieties being more affected by reduced RWC than 
are tolerant varieties29. Moreover, reductions in the 
chlorophyll content and chlorophyll stability index 
(CSI) under water deficit stress were observed, 
indicating photoinhibition and photodegradation of 
pigments induced by drought30,31. High CSI and 
chlorophyll content are indicative of drought 
tolerance and can serve as selection criteria for 
screening tolerant cultivars32. 

The membrane stability index (MSI) is a commonly 
used criterion for evaluating agricultural drought 
tolerance because water deficit results in water loss 
from plant tissue, which adversely affects membrane 
structure and function33. Our study revealed a decrease 
in MSI under water deficit stress, with susceptible 
genotypes exhibiting more pronounced reductions than 
tolerant ones34-36. Plants commonly respond to water 
deficit stress by accumulating suitable solutes, 
including proline, carbohydrates, and free amino acids, 
which enable osmotic adjustment37. These solutes help 
maintain turgor pressure and cell volume under low 
water potential conditions, thereby preserving 
metabolic functions38. In particular, proline plays a 
crucial role in mitigating oxidative damage and 
stabilizing cell membranes39. 

Increased lipid peroxidation, as indicated by 
elevated malondialdehyde (MDA) levels, reflects 
oxidative damage to cellular membranes under stress 
conditions40,41. Our study revealed that the C-306 and 
DBW 110 cultivars had the lowest MDA levels, 
suggesting that these cultivars are more tolerant to 
desiccation stress. To reduce the damage caused by 
oxidative stress, antioxidant enzymes such as 
peroxidase and catalase are essential for scavenging 
reactive oxygen species (ROS)25. Under drought 

stress, an increase in enzymatic antioxidant activities 
was observed, particularly in tolerant cultivars, 
indicating their importance in drought and desiccation 
tolerance mechanisms38. In summary, water deficit 
stress detrimentally impacts a range of physiological 
and biochemical functions in wheat, albeit with 
discrepancies across cultivars. Compared with their 
vulnerable counterparts, tolerant varieties exhibit 
superior preservation of cellular function and 
antioxidant defense systems when faced with water 
stress. This finding underscores the significance of 
selecting appropriate cultivars to enhance drought 
resilience in wheat crops.  
 
Conclusion 

In conclusion, our study provides a broad analysis 
of the physiological and biochemical features of 
wheat plants under water deficit stress. In the present 
study, there were two tolerance mechanisms 
employed in response to drought stress: the first 
involved the upregulation of antioxidant enzyme 
(CAT and POX) activity, whereas the second 
involved the accumulation of soluble sugars, free 
amino acids, and proline to facilitate osmotic 
adjustment. The cultivars C-306 and DBW 110 could 
tolerate water deficit better than the other varieties, as 
indicated by significant decreases in relative water 
content, leaf total chlorophyll content, proline 
accumulation and lipid peroxidation. Moreover, 
drought stress during grain filling is crucial for wheat 
yield; hence, drought stress may be avoided during 
this growth stage. 
 

Acknowledgement 
We sincerely acknowledge the Professor and Head, 

Department of Genetics and Plant Breeding, Junagadh 
Agricultural University, Junagadh, Gujarat for 
providing necessary experimental place and 
laboratory facilities for conduction and execution of 
this study. 
 

Conflict of interest 
All authors declare no conflict of interest. 

 

References 
1 Olivares-Villegas JJ, Reynolds MP & McDonald GK, 

Drought-adaptive attributes in the Seri/Babax hexaploid 
wheat population. Funct Plant Biol, 34 (2007) 203. 

2 Fahad S, Bajwa AA, Nazir U, Anjum SA, Farooq A, Zohaib A, 
Sadia S, Nasim W, Adkins S, Saud S, Ihsan MZ, Alharby H, 
Wu C, Wang D & Huang J, Crop production under drought 
and heat stress: Plant responses and management options. 
Front Plant Sci, 8 (2017) 1147. 



INDIAN J. BIOCHEM. BIOPHYS., VOL. 61, SEPTEMBER 2024 
 
 

572

3 Chaves MM & Oliveira MM, Mechanisms underlying  
plant resilience to water deficits. J Exp Bot, 55 (2004)  
2365. 

4 Forni C, Duca D & Glick BR, Mechanisms of plant response 
to salt and drought stress and their alteration by 
rhizobacteria. Plant Soil, 410 (2017) 335. 

5 Farooq M, Wahid A, Kobayashi N, Fujita D & Basra SMA, 
Plant drought stress: effects, mechanisms and management. 
Agron Sustain Devel, 29 (2009) 185. 

6 Gupta NK, Gupta S & Kumar A, Effect of water stress on 
physiological attributes and their relationship with growth 
and yield in wheat cultivars at different growth stages.  
J Agron, 86 (2001) 1437. 

7 Rashid A, Saleem Q, Nazir A & Kazım HS, Yield potential 
and stability of nine wheat varieties under water stress 
conditions. Int J Agric Biol, 5 (2003) 7. 

8 Khan A, Khaliq I, Ahmad M, Ahmed H, Khan AG &  
Farooq MS, Comparative performance of spring wheat 
(Triticum aestivum L.) through heat stress indices. Pak J Bot, 
50 (2018) 481. 

9 Shao HB, Liang ZS & Shao MA, Changes of some 
antioxidative enzymes under soil water deficits among 10 
wheat genotypes at maturation stage. Colloids Surf B, 45 
(2005) 7. 

10 Barrs HD, Determination of water deficit in plant tissues. In: 
Water Deficit and Plant Growth, (Ed. by TT Kozlowski; 
Academic Press, New York), 1968, 235. 

11 Clarck JM & Mac-Caig TN, Excised leaf water relation 
capability as an indicator of drought resistance of Triticum 
genotypes. Can J Plant Sci, 62 (1982) 571. 

12 Sairam RK, Deshmukh PS & Shukla DS, Tolerance to 
drought and temperature stress in relation to increased 
antioxidant enzyme activity in wheat. J Agron Crop Sci, 178 
(1997) 171. 

13 Lichtenthaler HK, Chlorophyll and carotenoids, the pigments 
of photosynthetic biomembranes. Methods Enzymol, 148 
(1987) 350. 

14 Sairam RK, Effect of moisture stress on physiological 
activities of two contrasting wheat genotypes. Indian J Exp 
Biol, 32 (1994) 584. 

15 Bray HG & Thorpe WV, Analysis of phenolic compounds  
of interest in metabolism. Methods Biochem Anal, 52  
(1954) 1. 

16 Crampton CF, Stein WH & Moore S, Comparative studies on 
chromatographically purified histones. J Biol Chem, 225 
(1957) 363. 

17 DuBois M, Gilles K, Hamilton J, Rebers P & Smith F, 
Colorimetric method for determination of sugars and related 
substances. Anal Chem, 28 (1956) 350. 

18 Hodges DH, DeLong JM, Forney CF & Prange RK, 
Improving the thiobarbituric acid-reactive-substances assay 
for estimating lipid peroxidation in plant tissues containing 
anthocyanin and other interfering compounds. Planta, 207 
(1999) 604. 

19 Bates LS, Waldren RP, Teare ID, Rapid determination  
of free proline for water stress studies. Plant Soil, 39  
(1973) 205. 

20 Perur NG, Measurement of peroxidase activity in plant 
tissues. Curr Sci, 31 (1962) 71. 

21 Aebi H, Catalase in vitro. Meth Enzymol, 105 (1984) 121. 

22 Pour-Aboughadareh A, Yousefian M, Moradkhani H,  
Poczai P & Siddique KHM, STABILITYSOFT: a new  
online program to calculate parametric and non parametric 
stability statistics for crop traits. Appl Plant Sci, 7 (2019) 
1211. 

23 Caliz J, Montes-Borrego M, Triado-Margarit X,  
Metsis M, Landa BB & Casamayor EO, Influence of 
edaphic, climatic, and agronomic factors on the composition 
and abundance of nitrifying microorganisms in the 
rhizosphere of commercial olive crops. PLoS One, 10 (2015) 
125787. 

24 Demirevska K, Zasheva D, Dimitrov R, Simova-Stoilova L, 
Stamenova M & Feller U, Drought stress effects on Rubisco 
in wheat: changes in the Rubisco large subunit. Acta Physiol 
Plant, 31 (2009) 1129. 

25 Sattar A., Cheema MA, Sher A, Ijaz M, Ul-Allah S & Ali Q, 
Physiological and biochemical attributes of bread wheat 
(Triticum aestivum L.) seedlings are influenced by foliar 
application of silicon and selenium under water deficit. Acta 
Physiol Plant, 41 (2019) 146. 

26 Siddique MRB, Hamid A & Islam MS, Drought stress  
effects on water relations of wheat. Bot Bull Acad Sinica,  
41 (2000) 35. 

27 Wang JY, Xiong YC, Kadambot HM & Neil C, Effects of 
drought stress on morpho-physiological traits, biochemical 
characteristics, yield, and yield components in different 
ploidy wheat: a meta-analysis. Adv Agron, 143 (2017) 139. 

28 Clavel D, Drame NK, Roy-Macauley H, Braconnier S & 
Laffray D, Analysis of early variations in response to drought 
of Groundnut cultivars for using as breeding traits. Environ 
Exp Bot, 55 (2005) 2447. 

29 Rajamani G & Joshi A, Biochemical changes in membrane 
integrity and osmoregulation in wheat genotypes under water 
stress. Indian J Agric Biochem, 25 (2012) 71. 

30 Saeidi M & Abdoli M, Effect of drought stress during grain 
filling on yield and its components, gas exchange variables, 
and some physiological traits of wheat cultivars. J Agric Sci 
Tech, 17 (2015) 885. 

31 Nowsherwan I, Shabbir G, Malik SI, Ilyas M, Iqbal MS, & 
Musa M, Effect of drought stress on different physiological 
traits in bread wheat. SAARC J Agric, 16 (2018) 1. 

32 Beena R, Veena V, Jaslam MPK, Nithya N & Adarsh VS, 
Germplasm innovation for high temperature tolerance  
from traditional rice accessions of Kerala using genetic 
variability, genetic advance, path coefficient analysis and 
principal component analysis. J Crop Sci Biotechnol,  
24 (2021) 555. 

33 Rehman SU, Bilal M, Rana RM, Tahir MN, Shah MKN, 
Ayalew H & Yan G, Cell membrane stability and chlorophyll 
content variation in wheat (Triticum aestivum L.) genotypes 
under conditions of heat and drought. Crop Pasture Sci, 67 
(2016) 712. 

34 El-Tayeb MA, Differential response of two Vicia faba 
cultivars to drought: growth, pigments, lipid, peroxidation, 
organic solutes, catalase, and peroxidase activity. Acta Agron 
Hung, 54 (2006) 25. 

35 Hasheminasab H, Assad MT, Aliakbari A and Sahhafi SR, 
Influence of drought stress on oxidative damage and 
antioxidant defense system in tolerant and susceptible wheat 
genotypes. J Agric Sci, 4 (2012) 20. 



SINGH et al.: PHYSIO-BIOCHEMICAL RESPONSES OF WHEAT UNDER WATER DEFICIT STRESS 
 
 

573

36 Qaseem MF, Qureshi R & and Shaheen H, Effects of 
preanthesis drought, heat and their combination on the 
growth, yield and physiology of diverse wheat (Triticum 
aestivum L.) genotypes varying in sensitivity to heat and 
drought stress. Sci Rep, 9 (2019) 6955. 

37 Sharma A, Shahzad B, Kumar V, Kohli SK, Sidhu GPS,  
Bali AS, Handa N, Kapoor D, Bhardwaj R &  
Zheng B, Phytohormones regulate accumulation  
of osmolytes under abiotic stress. Biomolecules, 9  
(2019) 285. 

38 Abid M, Ali S, Qi LK, Zahoor R, Tian Z, Jiang D, Snider JL 
& Dai T, Physiological and biochemical changes  
during drought and recovery periods at tillering and jointing 

stages in wheat (Triticum aestivum L.). Sci Rep, 8 (2018) 
4615. 

39 Anjum SA, Farooq M, Xie XY, Liu XJ & Ijaz MF, 
Antioxidant defense system and proline accumulation 
enables hot pepper to perform better under drought. Sci 
Horti, 140 (2012) 66. 

40 Chipilski RR, Kocheva KV, Nenova VR & Georgiev GI, 
Physiological responses of two wheat cultivars to soil 
drought. Z Naturforsch C, 67 (2012) 181. 

41 Bansal R, Dikshi HK, Singh AK, Kumar S &Kumar A, 
Effect of waterlogging on physiological traits and yield in 
black gram  (Vigna mungo L.) in field condition. Indian  
J Biochem Biophys, 59 (2022) 585. 

 


