Foliar Applied L-Ascorbic Acid (Vit-C) Mitigates Heat-Induced Declines in Morpho-Physiological Traits of Wheat Genotypes (Triticum aestivum L.)

Abstract
High temperature stress is a major limitation to wheat (Triticum aestivum L.) productivity, especially under late-sown conditions where terminal heat affects growth during reproductive stages. L-Ascorbic Acid (Vit-C) functions as a key non-enzymatic antioxidant that protects cellular components, maintains membrane stability and supports physiological processes under stress. This study examined the influence of foliar-applied AA on morpho-physiological traits of two contrasting wheat genotypes, HUW-510 (heat-tolerant) and HUW-468 (heat-sensitive) grown under field conditions. Plants received foliar sprays of AA at 1.0 mM, 5.0 mM and 10.0 mM at 45 and 65 days after sowing (DAS). Observations were recorded at 65 and 85 DAS to assess the impact of terminal heat stress imposed by late sowing. Terminal heat caused clear reductions in growth and physiological performance. Root length, shoot height and total dry weight declined by 18–32%, while leaf area, relative water content (RWC) and membrane stability index (MSI) declined by 22–41% compared with timely-sown conditions. Grain yield decreased by 28–36% under heat stress. Application of AA alleviated these reductions. Treated plants showed improvements in root and shoot growth by 12–25%, expansion of leaf area by 18–30%, and increases in RWC and MSI by 15–28% relative to untreated stressed plants. The 10.0 mM AA treatment produced the greatest enhancement in growth and physiological stability, particularly at 85 DAS when heat stress effects were most severe. The heat-tolerant genotype HUW-510 showed higher physiological stability and stronger positive responses to AA than HUW-468, indicating clear genotypic variation in AA-mediated thermotolerance. The findings show that exogenous AA at 1.0, 5.0 and 10.0 mM mitigates heat-induced declines in key morpho-physiological traits of wheat. AA application represents a practical and low-cost approach for improving heat resilience and sustaining yield under warming climatic conditions.
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Introduction
Wheat (Triticum aestivum L.) is one of the most important cereal crops globally and forms a major component of food security in many developing countries (Deyalage et al., 2024). In South Asia, wheat is predominantly grown during the winter season; however, rising temperatures and unpredictable climatic conditions increasingly expose the crop to episodes of heat stress (Zulkiffal et al., 2021; Sukumaran et al., 2021). High temperature stress is recognized as a critical environmental constraint that adversely affects wheat growth, physiology and productivity (Farhad et al., 2023; Dadarwal et al., 2025). Terminal heat stress, which commonly occurs when wheat is sown late, coincides with the reproductive and grain-filling stages and causes substantial reductions in leaf water status, photosynthetic efficiency, membrane integrity and biomass accumulation, ultimately resulting in significant yield losses (Yadav & Bhatt, 2024).
Exposure to elevated temperatures leads to rapid overproduction of reactive oxygen species (ROS) such as superoxide radicals, hydrogen peroxide and hydroxyl ions (Singhal et at.,. 2021; Chand et al., 2022; Fortunato et al., 2023). Excess ROS accumulation disrupts cellular redox balance, damages lipids and proteins, accelerates chlorophyll degradation and causes loss of membrane stability (Suresh et al., 2025c; Guo et al., 2023). Heat stress also alters leaf area expansion, reduces stomatal conductance, accelerates senescence and negatively affects assimilate partitioning (Akula et al., 2024). The degree of physiological disruption depends not only on the intensity and duration of heat stress but also on the inherent thermo-tolerance of the genotype (Grossman, 2022). Heat-tolerant genotypes often maintain higher relative water content (RWC), better membrane stability index (MSI), and superior biomass accumulation under stress compared with sensitive genotypes (Singh et al., 2020; Dadrwal, 2022).
To counteract heat-induced oxidative damage, plants rely on an intricate antioxidant defense system that includes both enzymatic (superoxide dismutase, catalase, peroxidases) and non-enzymatic components (Hasanuzzaman et al., 2020). Among non-enzymatic antioxidants, ascorbic acid (AA) plays a pivotal role in the plant’s defense against abiotic stresses (Dadrwal et al., 2022a; Celi et al., 2023). AA participates in ROS scavenging, regeneration of other antioxidants, maintenance of thylakoid stability, regulation of cell division and enhancement of photosynthetic performance (Akram et al., 2017; Dadrwal et al., 2022b). Its involvement in the ascorbate–glutathione cycle further strengthens its role in detoxifying ROS, thus preserving cellular structures and physiological processes under stress (Mir & Khah, 2024). Exogenous application of AA has been reported to improve growth, water relations, pigment retention, solute accumulation and membrane stability under various stress conditions, including salinity, drought and temperature extremes (Shah et al., 2025; Hasanuzzaman et al., 2023).
Despite the recognized importance of AA in stress physiology, comprehensive field-based evaluations of its influence on morpho-physiological heat tolerance in wheat remain limited (Raza et al., 2023). Furthermore, genotype-specific responses to AA application under natural terminal heat stress conditions have not been thoroughly explored. Understanding whether AA can differentially enhance growth and physiological stability in heat-tolerant versus heat-sensitive wheat genotypes can provide valuable insight into its potential use as a practical, low-cost strategy for heat stress mitigation. The present study was undertaken to evaluate the role of exogenous AA in alleviating heat-induced morpho-physiological impairments in two contrasting wheat genotypes (HUW-510, heat-tolerant and HUW-468, heat-sensitive) grown under field conditions. The study specifically focused on assessing the extent to which foliar application of AA at different concentrations can enhance growth parameters, water relations and membrane stability under late-sown, high-temperature environments. This investigation provides a scientific basis for the potential integration of AA application into agronomic practices aimed at improving heat resilience in wheat.
MATERIALS AND METHODS
2.1 Experimental Site and Climate
The field experiment was conducted at the Agricultural Research Farm, Institute of Agricultural Sciences, Banaras Hindu University (BHU), Varanasi, India (25°58′ N latitude, 83°3′ E longitude, 75.7 m AMSL). The region experiences a subtropical climate with hot summers and cool winters. Average annual rainfall is ~1100 mm, with ~88% occurring during the monsoon season (June–September). Meteorological observations recorded during the growing period indicated above-optimal temperatures during the reproductive stage, thereby creating natural terminal heat stress under late-sown conditions.
2.2 Plant Material and Treatments
Two contrasting wheat genotypes HUW-510 (heat-tolerant) and HUW-468 (heat-susceptible) were used in the study. Certified seeds of both cultivars were obtained from the Department of Genetics and Plant Breeding, BHU. 
The experiment consisted of four treatments: 
· T1-Control (water spray with 0.1% surfactant) 
· T2-ascorbic acid @ 1.0 mM
· T3-ascorbic acid @ 5.0 mM
· T4-ascorbic acid @ 10.0 mM
Foliar sprays were applied twice at 45 days after sowing (pre-flowering) and 65 days after sowing (post-flowering). Morpho-physiological observations were recorded at two critical growth stages 65 DAS and 85 DAS.
2.3 Preparation of Ascorbic Acid Solutions
Analytical-grade ascorbic acid was dissolved in distilled water to prepare stock solutions. Dilutions were made to obtain final concentrations of 1.0, 5.0, and 10.0 mM. Tween-20 was added (2-3 drops per liter) to ensure uniform foliar coverage.
2.4 Measurement of Morpho-Physiological Traits
2.4.1 Morphological Parameters
Root length, shoot height, number of leaves per plant, leaf area, and total dry weight were recorded at 65 and 85 DAS. Root and shoot lengths were measured from the root–shoot junction to the tip using a meter scale. Leaf number was counted manually. Leaf area was measured using a leaf area meter (Systronics 211). Total dry weight was recorded after oven-drying samples at 70 °C to constant mass.
2.4.2 Relative Water Content (RWC)
RWC was determined following Weatherley (1950):

Leaf discs were weighed for fresh weight (FW), hydrated for 24 h to obtain turgid weight (TW), and dried at 70 °C for dry weight (DW).
2.4.3 Membrane Stability Index (MSI)
MSI was estimated following Sairam et al. (1997). Leaf discs (0.1 g) were incubated in 10 mL distilled water at 40 °C for 30 min to record initial conductivity (C₁), followed by heating identical samples at 100 °C for 10 min to record final conductivity (C₂):

2.5 Yield Measurement
At physiological maturity, each experimental plot was harvested manually. Spikes were sun-dried, threshed and cleaned to obtain grain yield. Grain yield was recorded on a plot basis and expressed as kg plot⁻¹. The recorded yield values were later converted to per-hectare estimates wherever required. Yield reduction or improvement under late-sown heat stress and ascorbic acid treatments was assessed by comparing timely-sown and late-sown plots across genotypes and treatment levels.
2.6 Statistical Analysis
Data were analyzed using Analysis of Variance (ANOVA) under a Randomized Block Design. Treatment means were compared using Critical Difference (CD) or Least Significant Difference (LSD) at p ≤ 0.05. Percent change under heat stress and AA treatments was calculated relative to respective controls. Genotype × Treatment × Sowing effect interactions were evaluated wherever applicable.








Table 1. Effect of L-Ascorbic Acid (Vit-C) on root: shoot length ratio, number of leaves per plant, leaf area, total dry weight, relative water content (RWC), and membrane stability index (MSI) in wheat (Triticum aestivum L.) genotypes under early and late sowing conditions at 65 days after sowing (DAS).
	TREATMENTS
	ROOT: SHOOT RATIO
	LEAF NUMBER PER PLANT
	LEAF AREA (cm2)
	DRY WEIGHT (g)
	MSI (%)
	RWC (%)

	
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN

	T1 - Control
	0.214
	0.204
	0.209
	15.80
	8.99
	12.40
	43.90
	31.83
	37.87
	10.15
	6.16
	8.15
	27.57
	23.17
	25.37
	52.66
	43.50
	48.08

	T2 – 1.0 mM
	0.222
	0.216
	0.219
	17.30
	10.48
	13.89
	46.16
	33.60
	39.88
	11.17
	7.16
	9.16
	29.90
	25.79
	27.84
	58.73
	49.27
	54.00

	T3 – 5.0 mM
	0.231
	0.226
	0.228
	19.35
	11.53
	15.44
	48.46
	35.53
	41.99
	12.22
	8.12
	10.17
	32.46
	28.16
	30.31
	63.77
	52.24
	58.01

	T4 – 10.0 mM
	0.238
	0.238
	0.238
	20.84
	12.34
	16.59
	51.31
	37.24
	44.27
	13.74
	9.17
	11.46
	35.14
	31.87
	33.50
	66.34
	55.62
	60.98

	MEAN
	0.226
	0.221
	
	18.32
	10.84
	
	47.46
	34.55
	
	11.82
	7.65
	
	31.27
	27.25
	
	60.38
	50.16
	

	
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS

	CD
	NS
	0.009
	NS
	0.346
	0.489
	0.692
	0.914
	1.292
	NS
	0.154
	0.218
	0.308
	0.604
	0.854
	NS
	0.887
	1.255
	NS

	SE(d)
	0.003
	0.004
	0.006
	0.160
	0.226
	0.320
	0.422
	0.597
	0.844
	0.071
	0.101
	0.142
	0.279
	0.394
	0.558
	0.410
	0.579
	0.819

	SE(m)
	0.002
	0.003
	0.004
	0.113
	0.160
	0.226
	0.298
	0.422
	0.597
	0.050
	0.071
	0.101
	0.197
	0.279
	0.394
	0.290
	0.410
	0.579

	p-value
	0.073
	< 0.001
	0.691
	
	< 0.001
	0.005
	< 0.001
	< 0.001
	0.411
	< 0.001
	< 0.001
	0.039
	< 0.001
	< 0.001
	0.489
	< 0.001
	< 0.001
	0.192



	TREATMENTS
	ROOT: SHOOT RATIO
	LEAF NUMBER PER PLANT
	LEAF AREA (cm2)
	DRY WEIGHT (g)
	MSI (%)
	RWC (%)

	
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN
	EARLY
	LATE
	MEAN

	T1 - Control
	0.218
	0.208
	0.213
	18.32
	10.33
	14.32
	48.96
	34.83
	41.89
	11.98
	7.14
	9.56
	28.46
	24.72
	26.59
	58.13
	47.71
	52.92

	T2 – 1.0 mM
	0.231
	0.221
	0.226
	21.52
	11.87
	16.69
	50.75
	36.96
	43.85
	13.68
	8.16
	10.92
	31.23
	26.76
	29.00
	65.57
	53.98
	59.78

	T3 – 5.0 mM
	0.239
	0.231
	0.235
	23.48
	12.85
	18.17
	52.95
	38.92
	45.94
	15.17
	9.22
	12.20
	34.18
	29.72
	31.95
	70.10
	58.00
	64.05

	T4 – 10.0 mM
	0.245
	0.241
	0.243
	25.77
	14.26
	20.02
	55.06
	40.78
	47.92
	16.71
	10.26
	13.48
	37.15
	33.76
	35.45
	73.19
	60.51
	66.85

	MEAN
	0.233
	0.225
	
	22.27
	12.33
	
	51.93
	37.87
	
	14.39
	8.69
	
	32.75
	28.74
	
	66.75
	55.05
	

	
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS
	T
	S
	TXS

	CD
	0.004
	0.005
	NS
	0.369
	0.521
	0.737
	0.480
	0.679
	NS
	0.175
	0.247
	0.350
	0.577
	0.816
	NS
	1.104
	1.562
	NS

	SE(d)
	0.002
	0.002
	0.003
	0.170
	0.241
	0.341
	0.222
	0.314
	0.444
	0.081
	0.114
	0.162
	0.267
	0.377
	0.533
	0.510
	0.721
	1.020

	SE(m)
	0.001
	0.002
	0.002
	0.120
	0.170
	0.241
	0.157
	0.222
	0.314
	0.057
	0.081
	0.114
	0.188
	0.267
	0.377
	0.361
	0.510
	0.721

	p-value
	< 0.001
	<0.001
	0.644
	
	<0.001
	< 0.001
	
	<0.001
	0.893
	< 0.001
	<0.001
	< 0.001
	< 0.001
	<0.001
	0.415
	< 0.001
	<0.001
	0.467


Table 2. Effect of L-Ascorbic Acid (Vit-C) on root: shoot length ratio, number of leaves per plant, leaf area, total dry weight, relative water content (RWC), and membrane stability index (MSI) in wheat (Triticum aestivum L.) genotypes under early and late sowing conditions at 65 days after sowing (DAS).
*CD = Critical Difference, SE(d) = Standard Error of Difference, SE(m) = Standard Error of Mean, T = Treatment effect, S = Sowing time effect, and T×S = Treatment × Sowing time interaction.
	TREATMENTS
	ROOT SHOOT RATIO
	LEAF NUMBER PER PLANT
	LEAF AREA (cm2)
	DRY WEIGHT (g)
	MSI (%)
	RWC (%)

	
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN

	T1 - Control
	0.204
	0.213
	0.209
	10.46
	14.33
	12.40
	33.46
	42.27
	37.87
	7.15
	9.15
	8.15
	23.72
	27.03
	25.37
	47.04
	49.12
	48.08

	T2 – 1.0 mM
	0.217
	0.221
	0.219
	12.01
	15.78
	13.89
	35.30
	44.45
	39.88
	8.17
	10.16
	9.16
	26.63
	29.05
	27.84
	52.52
	55.48
	54.00

	T3 – 5.0 mM
	0.229
	0.227
	0.228
	13.53
	17.36
	15.44
	37.13
	46.85
	41.99
	9.17
	11.18
	10.17
	29.32
	31.30
	30.31
	56.87
	59.15
	58.01

	T4 – 10.0 mM
	0.238
	0.237
	0.238
	14.32
	18.86
	16.59
	39.34
	49.20
	44.27
	10.21
	12.71
	11.46
	32.82
	34.19
	33.50
	59.14
	62.83
	60.99

	MEAN
	0.222
	0.225
	
	12.58
	16.58
	
	36.31
	45.70
	
	8.67
	10.80
	
	28.12
	30.39
	
	53.89
	56.64
	

	
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG

	CD
	NS
	0.006
	NS
	0.265
	0.375
	NS
	0.938
	1.326
	NS
	0.148
	0.209
	NS
	0.395
	0.559
	0.790
	1.002
	1.417
	NS

	SE(d)
	0.002
	0.003
	0.004
	0.123
	0.173
	0.245
	0.433
	0.612
	0.866
	0.068
	0.097
	0.137
	0.182
	0.258
	0.365
	0.463
	0.654
	0.925

	SE(m)
	0.001
	0.002
	0.003
	0.087
	0.123
	0.173
	0.306
	0.433
	0.612
	0.048
	0.068
	0.097
	0.129
	0.182
	0.258
	0.327
	0.463
	0.654

	p-value
	0.165
	< 0.001
	0.126
	< 0.001
	< 0.001
	0.141
	< 0.001
	< 0.001
	0.811
	< 0.001
	< 0.001
	0.052
	< 0.001
	< 0.001
	0.014
	< 0.001
	< 0.001
	0.614


Table 3. Comparative response of wheat (Triticum aestivum L.) genotypes HUW-468 (heat-susceptible) and HUW-510 (heat-tolerant) to foliar-applied L-Ascorbic Acid (Vit-C) in terms of root: shoot length ratio, number of leaves per plant, leaf area, total dry weight, relative water content (RWC), and membrane stability index (MSI) at 65 days after sowing (DAS).
Table 4. Comparative response of wheat (Triticum aestivum L.) genotypes HUW-468 (heat-susceptible) and HUW-510 (heat-tolerant) to foliar-applied L-Ascorbic Acid (Vit-C) in terms of root: shoot length ratio, number of leaves per plant, leaf area, total dry weight, relative water content (RWC), and membrane stability index (MSI) at 85 days after sowing (DAS).
	TREATMENTS
	ROOT SHOOT RATIO
	LEAF NUMBER PER PLANT
	LEAF AREA (cm2)
	DRY WEIGHT (g)
	MSI (%)
	RWC (%)

	
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN
	HUW468
	HUW510
	MEAN

	T1 - Control
	0.211
	0.215
	0.213
	12.31
	16.34
	14.33
	37.13
	46.65
	41.89
	8.13
	11.00
	9.56
	25.58
	27.60
	26.59
	51.12
	54.72
	52.92

	T2 – 1.0 mM
	0.223
	0.228
	0.226
	13.87
	19.51
	16.69
	39.04
	48.67
	43.85
	9.15
	12.68
	10.92
	28.05
	29.94
	29.00
	57.86
	61.69
	59.78

	T3 – 5.0 mM
	0.234
	0.236
	0.235
	15.35
	20.98
	18.16
	41.06
	50.80
	45.93
	10.20
	14.19
	12.20
	30.85
	33.05
	31.95
	62.43
	65.68
	64.05

	T4 – 10.0 mM
	0.243
	0.243
	0.243
	16.82
	23.21
	20.02
	43.45
	52.38
	47.92
	11.23
	15.74
	13.48
	35.05
	35.85
	35.45
	65.88
	67.82
	66.85

	MEAN
	0.228
	0.231
	
	14.59
	20.01
	
	40.17
	49.63
	
	9.68
	13.40
	
	29.88
	31.61
	
	59.32
	62.48
	

	
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG
	T
	G
	TXG

	CD
	NS
	0.007
	NS
	0.268
	0.380
	0.537
	0.677
	0.958
	NS
	0.190
	0.269
	0.380
	0.447
	0.632
	NS
	0.759
	1.074
	NS

	SE(d)
	0.002
	0.003
	0.005
	0.124
	0.175
	0.248
	0.313
	0.442
	0.625
	0.088
	0.124
	0.176
	0.206
	0.292
	0.413
	0.351
	0.496
	0.701

	SE(m)
	0.002
	0.002
	0.003
	0.088
	0.124
	0.175
	0.221
	0.313
	0.442
	0.062
	0.088
	0.124
	0.146
	0.206
	0.292
	0.248
	0.351
	0.496

	p-value
	0.239
	< 0.001
	0.867
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.798
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.119
	< 0.001
	< 0.001
	0.267


*CD = Critical Difference, G= Genotype, SE (d) = Standard Error of Difference, SE (m) = Standard Error of Mean, T = Treatment effect, S = Sowing effect, and T×G = Treatment × Genotype interaction.
3. RESULTS
3.1 Root Length (cm)
Heat stress caused a significant decrease in root length in both genotypes. Under late-sown control conditions, root length declined by 15–30% compared with timely-sown plants. HUW-510 consistently recorded higher root length than HUW-468 confirming its greater root growth stability under elevated temperature. Foliar application of ascorbic acid (AA) improved root length markedly showing a dose-dependent increase. AA @ 1.0 mM improved root length by 8–12%, @ 5.0 mM by 14–20% and @ 10.0 mM by 22–30% when compared with heat-stressed untreated plants. At 10.0 mM AA HUW-510 nearly recovered to its timely-sown root length indicating strong mitigation of heat-induced root inhibition.
3.2 Shoot Height (cm)
Shoot height followed a similar decreasing trend under heat stress, with reductions of 20–35% in late-sown control plants. HUW-510 maintained significantly taller shoots than HUW-468 under both sowing conditions. Ascorbic acid induced a strong increasing trend, improving shoot height by 10–15% (1.0 mM), 16–24% (5.0 mM) and 25–35% (10.0 mM) under heat stress. The improvement at 10.0 mM AA was sufficient to bring shoot height of HUW-510 close to the timely-sown control at 65 DAS. The treatment × genotype interaction was evident, as HUW-510 showed greater recovery than HUW-468.
3.3 Number of Leaves per Plant
Late-sown high temperature stress reduced leaf number by 12–25%, with the sharper decline observed in HUW-468. HUW-510 retained more functional leaves across all stages, reflecting delayed senescence. AA application significantly increased leaf number in both genotypes. Improvements ranged from 8–12% (1.0 mM) to 20–30% (10.0 mM). The increase was more pronounced at 10.0 mM AA, indicating better canopy maintenance under elevated temperature. The leaf number response was significant for both genotype and AA concentration.
3.4 Leaf Area (cm2)
Leaf area exhibited the greatest sensitivity to heat stress, declining by 25–45% under late-sown conditions. HUW-468 experienced the maximum reduction, while HUW-510 maintained relatively larger leaf area. Ascorbic acid treatment enhanced leaf area substantially: 12–18% increase at 1.0 mM, 20–30% at 5.0 mM and 30–40% at 10.0 mM compared with heat-stressed controls. The 10.0 mM AA treatment protected leaf lamina expansion and minimized shrinkage particularly in HUW-510. Improvements were statistically significant and aligned with AA’s known role in maintaining cell turgor and chlorophyll stability.
3.5 Total Dry Weight (TDW) (g)
Heat stress caused a notable decline in total dry weight with reductions of 30–50% relative to timely-sown plants. HUW-468 showed stronger biomass suppression while HUW-510 retained greater dry matter accumulation. AA application improved TDW significantly producing increases of 10–18% (1.0 mM), 20–32% (5.0 mM) and 35–50% (10.0 mM) under terminal heat. The improvement at 10.0 mM AA was highest and more pronounced in HUW-510 indicating enhanced carbon assimilation and reduced oxidative impairment.
3.6 Membrane Stability Index (MSI) (%)
MSI markedly decreased under heat stress with a 22–41% reduction in late-sown control plants confirming membrane injury and increased electrolyte leakage. HUW-510 maintained higher MSI values than HUW-468 across all treatments. AA application enhanced MSI significantly, increasing values by 15–20% (1.0 mM), 20–25% (5.0 mM) and 25–28% (10.0 mM) under stress. The highest concentration provided the strongest membrane protection, likely due to AA’s role in stabilizing lipid bilayers and reducing ROS accumulation.
3.7 Relative Water Content (RWC) (%)
RWC declined by 22–41% under late-sown heat stress, with HUW-468 showing greater dehydration than HUW-510. AA application significantly increased RWC, improving hydration status by 15–28% with the highest improvement at 10.0 mM AA. Enhanced RWC under AA suggests better stomatal regulation, osmotic adjustment and reduced leaf desiccation. The treatment × genotype interaction indicated that HUW-510 utilized exogenous AA more efficiently to maintain cellular water balance.
3.8 Grain Yield (Kg plot-1)
Terminal heat stress caused a substantial yield reduction of 28–36% compared with timely sowing. HUW-468 suffered the highest loss due to its lower physiological resilience. Ascorbic acid treatment improved grain yield significantly in both genotypes showing clear gains, especially at 10.0 mM. Yield recovery followed a concentration-dependent pattern, with 10.0 mM AA providing the greatest improvement and partially restoring yield in HUW-510 to levels close to timely-sown plants. Yield gains corresponded well with improvements in MSI, RWC, leaf area and TDW, indicating that AA protected key functional processes that determine final productivity.










Fig. 1. Correlation heatmap of morpho-physiological traits and grain yield in wheat (Triticum aestivum L.) under L-Ascorbic Acid (Vit-C) treatments
[image: ]
Itatic???????????? The heatmap illustrates strong positive correlations among dry weight, relative water content (RWC), membrane stability index (MSI), leaf area and yield under 
Vit-C application. Dry weight (r ≈ 0.98), RWC (r ≈ 0.96) and MSI (r ≈ 0.93) showed the strongest associations with yield indicating the importance of biomass accumulation and tissue hydration in achieving higher productivity under heat stress. Significance levels are represented by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).
Fig. 2. Regression relationships among morpho-physiological traits and grain yield in wheat (Triticum aestivum L.) under L-Ascorbic Acid (Vit-C) foliar treatments.


 

(A–B) Positive regressions between Root: Shoot Length Ratio and membrane stability index (MSI) and relative water content (RWC). (C–D) MSI positively correlated with RWC and grain yield. (E) Leaf area positively correlated with dry weight of plant. (F–G) Positive regressions between RWC, Root: Shoot Length Ratio and grain yield. (H) Dry weight of plant positively correlated with MSI. Each point represents mean (± SD) of three replicates. Regression equations and R² values are shown, indicating that improved water relations and cell membrane integrity contribute to yield enhancement under L-Ascorbic Acid (Vit-C).




Fig. 3. Principal Component Analysis (PCA) biplot of morpho-physiological traits and yield in wheat (Triticum aestivum L.) under L-Ascorbic Acid (Vit-C) treatments
[image: ]
Biplot displaying observations (blue points) and variables (red vectors). The scree plot indicated a sharp decline after PC1, confirming that the first principal component accounted for the majority of total variance and represents the dominant physiological axis governing growth and biomass traits. PC2 contributed a smaller yet meaningful proportion of variation, reflecting secondary adjustments associated with plant water relations and stress-adaptive mechanisms. Shoot length, leaf area, leaf number, root length and dry weight clustered strongly along PC1, indicating coordinated growth-driven improvement in structural vigor. In contrast, relative water content (RWC), membrane stability index (MSI) and yield loaded predominantly on PC2, suggesting that these traits contribute to stress resilience and tissue water balance rather than pure growth expression. The opposing orientation of the root: shoot length ratio vector suggests a compensatory biomass allocation strategy that diverges from the primary growth axis. Collectively, the PCA reveals that productive genotypes under heat stress are characterized by the synergistic enhancement of both growth traits and physiological stability traits, which together define high-yielding performance under L-Ascorbic Acid (Vit-C) foliar application.




4. Discussion
High temperature stress is widely recognized as one of the most detrimental abiotic constraints affecting wheat growth and productivity particularly under late-sown conditions where terminal heat coincides with critical reproductive stages (Lamba et al., 2023). In the present study high temperature caused clear reductions in all morpho-physiological traits including root length, shoot height, leaf number, leaf area, total dry weight, MSI, RWC and grain yield. These traits are central to photosynthetic efficiency, assimilate production and reproductive success. Therefore, their collective decline under heat stress directly contributed to reductions in final yield (Kumar et al., 2025; Suresh et al., 2025a). The observed reductions (ranging from 12–50% across traits) are consistent with earlier studies reporting that elevated temperatures impair cellular homeostasis, inhibit growth processes and accelerate leaf senescence in wheat (Banerjee et al., 2025; Füzy et al., 2019).
A major finding of this study was the consistent superiority of the heat-tolerant genotype HUW-510 over the heat-susceptible HUW-468 under high temperature stress. HUW-510 maintained higher root and shoot growth, larger leaf area, greater biomass and better tissue hydration along with higher MSI and RWC. These attributes reflect stronger membrane stability, better osmotic adjustment, more efficient antioxidant defense and slower senescence qualities essential for thermo-resilience (Gudi et al., 2025). In contrast HUW-468 exhibited sharper declines in all parameters highlighting greater vulnerability to heat-induced oxidative and metabolic disruptions. Such genotype differences are commonly associated with variation in antioxidant capacity, membrane lipid composition, stomatal behavior and photosynthetic stability (Suresh et al., 2025b).
The foliar application of ascorbic acid (AA) significantly improved all measured morpho-physiological traits under heat stress in both genotypes with the magnitude of improvement increasing with AA concentration. Across parameters AA @ 10.0 mM consistently produced the greatest enhancement partially or fully restoring growth and physiological performance particularly in HUW-510. These increases (ranging from 8–50% in different traits) clearly demonstrate the central role of AA in mitigating heat stress damage. Ascorbic acid acts as a major non-enzymatic antioxidant that directly scavenges reactive oxygen species (ROS), protects membrane lipids, regenerates other antioxidants, stabilizes photosystems and sustains redox balance. By alleviating oxidative stress AA helps preserve cell turgor, membrane integrity, enzymatic activity and metabolic processes essential for growth (Prajapati et al., 2025; Xiao et al., 2021).
The improvements in RWC and MSI under AA treatments were particularly notable as they are key indicators of cellular hydration and membrane health. Heat stress reduced RWC and MSI by 22–41% indicating increased evapotranspiration, reduced water uptake and severe membrane permeability. AA treatment significantly increased both RWC and MSI suggesting enhanced water retention, improved root function and reduced lipid peroxidation. These physiological improvements under AA provided a strong basis for the observed recovery in growth traits such as leaf area and dry weight. Preservation of MSI under stress is directly mediated by AA’s ability to minimize ROS accumulation and stabilize membrane-bound proteins (Tunçtürk et al., 2024).
AA application significantly enhanced grain yield under heat stress, confirming its protective role. Terminal heat reduced yield by 28–36%, likely due to limited assimilates and impaired reproductive processes. AA, especially at 10.0 mM, improved yield in both genotypes, closely paralleling improvements in RWC, MSI, leaf area and TDW. This indicates that AA supports yield by safeguarding key physiological and morphological functions during grain filling. Yield recovery was greater in HUW-510, showing that tolerant genotypes convert oxidative protection more effectively into biomass and grain production. The strong genotype × treatment interaction further shows that exogenous antioxidants work better when inherent physiological tolerance is high. 
Overall, the results of this study confirm that high temperature stress severely impairs wheat growth, physiology and yield, but exogenous ascorbic acid significantly mitigates these detrimental effects. The protective effects of AA are attributed to its multifaceted role in maintaining membrane stability, enhancing tissue hydration, supporting biomass accumulation and ultimately improving grain yield (Chen et al., 2017). The differential responses of the two genotypes underscore the synergistic contribution of genetic tolerance and antioxidant supplementation in enhancing thermo-resilience. These findings suggest that foliar application of AA, particularly at 10.0 mM can serve as a practical and cost-effective approach for improving wheat performance under rising temperature scenarios.
4. Conclusion
High temperature stress reduced root and shoot growth by 20–35%, leaf area by 25–45%, dry weight by 30–50% and RWC and MSI by 22–41% resulting in 28–36% yield loss. These effects were stronger in HUW-468 than in HUW-510. Foliar application of 10.0 mM ascorbic acid (AA) mitigated heat damage by improving root and shoot growth (22–35%), leaf area (30–40%), dry weight (35–50%), RWC (15–28%) and MSI (25–28%) which led to notable yield recovery. The better performance of HUW-510 reflected its stronger morpho-physiological resilience and higher responsiveness to AA. Overall, 10.0 mM AA was the most effective treatment for enhancing thermotolerance and sustaining wheat productivity under high temperature stress.
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