


24-Epibrassinolide (24-EBL) Mediated Regulation of Chlorophyll, Protein and Osmolyte Metabolism in Wheat (Triticum aestivum L.) Genotypes under Heat Stress

[bookmark: _Hlk204003461]Abstract
High temperature stress poses a major threat to wheat productivity by reducing chlorophyll stability, impairing protein metabolism, and altering osmolyte accumulation. Brassinosteroids, a class of plant steroidal hormones, are known to enhance plant tolerance against environmental stresses through biochemical regulation. In the present study, the effect of foliar-applied 24-epibrassinolide (24-EBL) at different concentrations (0.01, 0.02, and 0.03 mM) was investigated in two contrasting wheat (Triticum aestivum L.) genotypes HUW-510 (heat tolerant) and HUW-468 (heat susceptible) grown under field conditions. Heat stress led to significant declines in chlorophyll content, nitrate reductase activity, and protein levels, while osmolytes such as proline and soluble sugars accumulated as protective responses. Exogenous application of 24-EBL, particularly at 0.02 mM, effectively mitigated these negative impacts by maintaining higher chlorophyll levels, enhancing nitrate reductase activity, improving protein stability, and promoting osmolyte accumulation. The tolerant genotype (HUW-510) exhibited stronger biochemical resilience compared to the susceptible genotype (HUW-468). These findings demonstrate that 24-EBL plays a crucial role in alleviating heat stress-induced biochemical impairments in wheat, offering a potential strategy for sustaining productivity under future climate scenarios.
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[bookmark: _GoBack]Chart 1: List of Abbreviations
	Abbreviation
	Full form

	24-EBL
	24-Epibrassinolide

	BRs
	Brassinosteroids

	CD
	Critical Difference

	DAS
	Days After Sowing

	FW
	Fresh Weight

	NRA
	Nitrate Reductase Activity

	SE(d)
	Standard Error of Difference

	SE(m)
	Standard Error of Mean

	T×G
	Treatment × Genotype Interaction

	T×S
	Treatment × Sowing Interaction



1. Introduction
Wheat (Triticum aestivum L.) is one of the world’s foremost staple crops, contributing substantially to global food security. However, rising global temperatures and more frequent heatwaves pose serious threats to wheat productivity, especially when heat stress occurs during sensitive growth stages such as grain filling or anthesis (Chand et al., 2022; Farhad et al., 2023). Heat stress can disrupt photosynthesis, impair enzymatic functions, and alter primary metabolism, culminating in yield reductions (Sherin et al., 2022). At the biochemical level, elevated temperatures accelerate chlorophyll degradation, inhibit chlorophyll biosynthesis, and destabilize thylakoid membranes, thereby reducing pigment levels and photosynthetic efficiency (Chauhan et al., 2020; Muhammad et al., 2021; Chauhan et al., 2023; Gao et al., 2024). Heat stress also suppresses the activity of key enzymes involved in nitrogen assimilation such as nitrate reductase, limiting the conversion of nitrate to nitrite and downstream nitrogen metabolism (Han et al., 2021; Kumar et al., 2021; Singhal et al., 2021). In parallel, protein stability is compromised due to denaturation, proteolysis, and oxidative damage under thermal stress, which cumulatively disturb metabolic homeostasis (Fu et al., 2018; Yadav et al., 2025). To counterbalance osmotic and oxidative stress, plants often accumulate compatible solutes (osmolytes) such as proline and soluble sugars; these molecules help stabilize proteins and membranes, maintain cellular osmotic balance, and scavenge reactive oxygen species (Sharma et al., 2019).    
Brassinosteroids (BRs), including 24-epibrassinolide (24-EBL), are plant steroidal hormones increasingly recognized for enhancing abiotic stress tolerance. Recent studies report that exogenous application of BRs improves pigment retention, boosts antioxidant defenses, modulates nitrogen metabolism, and supports osmolyte accumulation under stress conditions (Choudhary et al., 2022; Chauhan et al., 2022; Sheikhi et al., 2023). In wheat, exogenous 24-EBL has been shown to ameliorate heat-induced declines in photosynthetic parameters and maintain fluorescence traits under terminal heat stress (Jat et al., 2024). Brassinosteroid treatments have also demonstrated yield-improvement effects under heat in cereals by optimizing hormone balance and improving flag leaf performance (Lal et al., 2019; Choudhary et al., 2020; Kothari and Lachowiec, 2021). 
Despite these advances, detailed biochemical-level studies investigating how 24-EBL regulates chlorophyll, protein stability, nitrate reductase activity, and osmolyte metabolism in wheat genotypes with contrasting heat tolerance remain limited. Therefore, the present study aims to evaluate the influence of foliar-applied 24-EBL on chlorophyll content, nitrate reductase activity, protein accumulation, proline, and soluble sugars in two wheat genotypes differing in heat tolerance under heat stress conditions. This work seeks to elucidate the mechanistic role of 24-EBL in alleviating biochemical disruptions induced by heat, thereby offering insights into its potential for improving wheat resilience under changing climates.
2. Materials and Methods
2.1 Experimental Site and Plant Material
The experiment was conducted during the Rabi season of 2017–2018 at the Agricultural Research Farm, Banaras Hindu University, Varanasi, India (25°58′ N, 83°03′ E, 75.7 m a.m.s.l.), which has a subtropical climate characterized by hot summers and cold winters. Two wheat (Triticum aestivum L.) genotypes contrasting in heat tolerance were selected: HUW-510 (heat tolerant) and HUW-468 (heat susceptible). Healthy, disease-free seeds were obtained from the Department of Genetics and Plant Breeding, BHU.
2.2 Experimental Design and Treatments
The field trial was laid out in a split-split plot design with three replications. The main plots were genotypes, sub-plots were heat stress conditions (normal sowing vs. late sowing to expose plants to higher temperatures), and sub-subplots were foliar treatments of 24-epibrassinolide (24-EBL). Treatments included:
· T₁: Control (water spray with 0.1% surfactant)
· T₂: 0.01 mM 24-EBL
· T₃: 0.02 mM 24-EBL
· T₄: 0.03 mM 24-EBL
Foliar sprays were applied at pre-flowering (45 DAS) and post-flowering (65 DAS) stages. Morpho-physiological & biochemical parameters were assessed at two critical growth stages, i.e., 65 and 85 days after sowing (DAS).
2.3 Preparation and Application of 24-Epibrassinolide
Analytical grade 24-EBL (Sigma-Aldrich, USA) was dissolved in a minimal amount of ethanol and diluted with distilled water containing 0.1% Tween-20 as a surfactant. Sprays were applied until leaves were uniformly wet, in the morning hours to minimize volatilization losses (Khan et al., 2024).
2.4 Biochemical Analyses
2.4.1 Chlorophyll Content
Chlorophyll was measured using the SPAD-502 chlorophyll meter (Konica Minolta, Japan). Values were expressed as SPAD units and converted into mg g⁻¹ fresh weight using calibration equations (Jat et al., 2024).
2.4.2 Nitrate Reductase Activity (NRA)
NRA was estimated following the in vivo assay. Fresh leaf discs (0.5 g) were incubated in phosphate buffer (pH 7.4) containing KNO₃ (0.1 M) and 1% n-propanol at 30 °C in darkness. The reaction was terminated by boiling, and nitrite formed was estimated colorimetrically at 540 nm using sulphanilamide and NED reagents (Jaworski, 1971). Results were expressed as µmol NO₂ g⁻¹ FW h⁻¹.
2.4.3 Soluble Protein Content
Protein content was estimated by the Lowry method with bovine serum albumin as standard. Absorbance was measured at 660 nm and expressed as mg protein g⁻¹ FW (Lowry et al., 1951).
2.4.4 Proline Content
Proline accumulation was determined following the Bates method. Fresh leaves (0.5 g) were homogenized in 3% sulfosalicylic acid, and the supernatant was reacted with acid ninhydrin. The colored complex was extracted with toluene and absorbance recorded at 520 nm. Results were expressed as µmol proline g⁻¹ FW (Bates et al., 1973).
2.4.5 Soluble Sugar Content
Soluble sugars were estimated by the anthrone method. Ethanol extracts of leaves were treated with anthrone reagent in concentrated sulfuric acid, heated in a boiling water bath, and absorbance measured at 620 nm. Results were expressed as mg g⁻¹ FW (Hansen & Møller, 1975).
2.5 Statistical Analysis
Data were analyzed using a split-split plot design with three replications. Analysis of variance (ANOVA) was used to test the significance of treatment effects, and mean comparisons were made using the Critical Difference (CD) test at P ≤ 0.05. Statistical analyses and regression relationships among biochemical traits were performed using Microsoft Excel 2016, SPSS version 25.0, and SigmaPlot version 14.0.

Table 1. Effect of foliar application of 24-epibrassinolide (24-EBL) on chlorophyll content, nitrate reductase (NR) activity, soluble protein, proline, and soluble sugar content in wheat (Triticum aestivum L.) under early and late sowing conditions at 65 days after sowing (DAS). 

	TREATMENTS/STRESS
	Chlorophyll content 
(mg g -1 fresh weight)
	NR Activity
(µ mol NO2/hr/g fresh weight)
	Protein content
(mg g-1 fresh weight)
	Proline content
(mg g-1fresh weight)
	Soluble Sugar Content
(mg g-1fresh weight) 

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

	T1 - Control
	37.27
	29.00
	33.13
	0.048
	0.036
	0.042
	4.97
	3.34
	4.15
	0.713
	1.132
	0.923
	3.84
	1.63
	2.73

	T2 - 0.01 mM 24-EBL
	38.68
	30.15
	34.41
	0.066
	0.044
	0.055
	6.22
	4.01
	5.12
	0.818
	1.360
	1.089
	4.58
	2.48
	3.53

	T3 - 0.02 mM 24-EBL
	39.64
	31.11
	35.37
	0.071
	0.054
	0.062
	7.30
	4.47
	5.88
	0.935
	1.504
	1.219
	5.47
	2.89
	4.18

	T4 - 0.03 mM 24-EBL
	41.15
	32.62
	36.88
	0.077
	0.057
	0.067
	7.68
	5.02
	6.35
	1.090
	1.673
	1.381
	5.97
	3.72
	4.84

	MEAN
	39.18
	30.72
	 
	0.066
	0.048
	 
	6.54
	4.21
	 
	0.889
	1.417
	 
	4.96
	2.68
	 

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

	CD
	0.460
	0.651
	NS
	0.001
	0.001
	0.002
	0.104
	0.147
	0.207
	0.018
	0.025
	0.036
	0.103
	0.145
	0.206

	SE(d)
	0.213
	0.301
	0.425
	0.000
	0.001
	0.001
	0.048
	0.068
	0.096
	0.008
	0.012
	0.017
	0.047
	0.067
	0.095

	SE(m)
	0.150
	0.213
	0.301
	0.000
	0.000
	0.001
	0.034
	0.048
	0.068
	0.006
	0.008
	0.012
	0.034
	0.047
	0.067

	p-value
	< 0.001
	< 0.001
	0.960
	< 0.001
	< 0.001
	< 0.001
	0.052
	0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.015


	TREATMENTS/STRESS
	Chlorophyll content
(mg g -1 fresh weight)
	NR Activity
(µ mol NO2/hr/g fresh weight)
	Protein content
(mg g-1 fresh weight)
	Proline content
(mg g-1fresh weight)
	Sugar Content
(mg g-1fresh weight)

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

	T1 - Control
	39.66
	30.66
	35.16
	0.055
	0.039
	0.047
	5.27
	3.50
	4.38
	0.824
	1.228
	1.026
	4.18
	1.87
	3.03

	T2 - 0.01 mM 24-EBL
	41.14
	31.66
	36.40
	0.070
	0.050
	0.060
	6.47
	4.26
	5.36
	0.923
	1.477
	1.200
	5.21
	2.68
	3.95

	T3 - 0.02 mM 24-EBL
	42.63
	32.74
	37.68
	0.078
	0.057
	0.068
	7.57
	4.69
	6.13
	1.032
	1.660
	1.346
	5.86
	3.05
	4.45

	T4 - 0.03 mM 24-EBL
	44.18
	34.15
	39.17
	0.081
	0.063
	0.072
	8.01
	5.32
	6.66
	1.238
	1.863
	1.551
	6.20
	3.38
	4.79

	MEAN
	41.90
	32.30
	 
	0.071
	0.052
	 
	6.83
	4.44
	 
	1.004
	1.557
	 
	5.36
	2.74
	 

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

	CD
	0.623
	0.881
	NS
	0.001
	0.002
	NS
	0.082
	0.116
	0.164
	0.028
	0.039
	0.056
	0.067
	0.095
	0.134

	SE(d)
	0.288
	0.407
	0.575
	0.001
	0.001
	0.001
	0.038
	0.054
	0.076
	0.013
	0.018
	0.026
	0.031
	0.044
	0.062

	SE(m)
	0.203
	0.288
	0.407
	0.000
	0.001
	0.001
	0.027
	0.038
	0.054
	0.009
	0.013
	0.018
	0.022
	0.031
	0.044

	p-value
	< 0.001
	< 0.001
	0.591
	< 0.001
	< 0.001
	0.223
	< 0.001
	0.164
	0.005
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001


Table 2. Effect of foliar application of 24-epibrassinolide (24-EBL) on chlorophyll content, nitrate reductase (NR) activity, soluble protein, proline, and soluble sugar content in wheat (Triticum aestivum L.) under early and late sowing conditions at 85 days after sowing (DAS).
[bookmark: _Hlk210327902]*CD = Critical Difference, SE(d) = Standard Error of Difference, SE(m) = Standard Error of Mean, T = Treatment effect, S = Sowing effect, and T×S = Treatment × Sowing time interaction.
Table 3. Comparative response of wheat genotypes HUW-468 (heat susceptible) and HUW-510 (heat tolerant) to foliar application of 24-epibrassinolide (24-EBL) for chlorophyll content, nitrate reductase (NR) activity, soluble protein, proline, and soluble sugar content at 65 days after sowing (DAS).
	TREATMENTS/STRESS
	Chlorophyll content
(mg g -1 fresh weight)
	NR Activity
(µ mol NO2/hr/g fresh weight)
	Protein content
(mg g-1 fresh weight)
	Proline content
(mg g-1fresh weight)
	Sugar Content
(mg g-1fresh weight)

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

	T1 - Control
	31.53
	34.74
	33.13
	0.038
	0.046
	0.042
	3.54
	4.76
	4.15
	1.013
	0.832
	0.923
	2.15
	3.32
	2.73

	T2 - 0.01 mM 24-EBL
	32.65
	36.18
	34.41
	0.052
	0.059
	0.055
	4.43
	5.81
	5.12
	1.205
	0.973
	1.089
	2.88
	4.18
	3.53

	T3 - 0.02 mM 24-EBL
	33.61
	37.14
	35.37
	0.058
	0.067
	0.062
	5.42
	6.34
	5.88
	1.327
	1.111
	1.219
	3.32
	5.04
	4.18

	T4 - 0.03 mM 24-EBL
	34.61
	39.16
	36.88
	0.062
	0.072
	0.067
	5.88
	6.82
	6.35
	1.518
	1.244
	1.381
	4.32
	5.37
	4.84

	MEAN
	33.10
	36.80
	 
	0.052
	0.061
	 
	4.82
	5.93
	 
	1.266
	1.040
	 
	3.17
	4.48
	 

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

	CD
	0.523
	0.740
	NS
	0.001
	0.001
	NS
	0.101
	0.143
	0.202
	0.022
	0.031
	0.043
	0.089
	0.126
	0.178

	SE(d)
	0.242
	0.342
	0.483
	0.000
	0.001
	0.001
	0.047
	0.066
	0.093
	0.010
	0.014
	0.02
	0.041
	0.058
	0.082

	SE(m)
	0.171
	0.242
	0.342
	0.000
	0.000
	0.001
	0.033
	0.047
	0.066
	0.007
	0.01
	0.014
	0.029
	0.041
	0.058

	p-value
	< 0.001
	< 0.001
	0.271
	< 0.001
	< 0.001
	0.062
	0.132
	0.001
	0.158
	< 0.001
	< 0.001
	0.037
	< 0.001
	< 0.001
	< 0.001


Table 4. Comparative response of wheat genotypes HUW-468 (heat susceptible) and HUW-510 (heat tolerant) to foliar application of 24-epibrassinolide (24-EBL) for chlorophyll content, nitrate reductase (NR) activity, soluble protein, proline, and soluble sugar content at 85 days after sowing (DAS).

	TREATMENTS/STRESS
	Chlorophyll content
(mg g -1 fresh weight)
	NR Activity
(µ mol NO2/hr/g fresh weight)
	Protein content
(mg g-1 fresh weight)
	Proline content
(mg g-1fresh weight)
	Sugar Content
(mg g-1fresh weight)

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

	T1 - Control
	33.18
	37.14
	35.16
	0.042
	0.052
	0.047
	3.70
	5.07
	4.38
	1.115
	0.937
	1.026
	2.39
	3.67
	3.03

	T2 - 0.01 mM 24-EBL
	34.16
	38.64
	36.40
	0.054
	0.066
	0.060
	4.66
	6.07
	5.36
	1.332
	1.068
	1.200
	3.02
	4.88
	3.95

	T3 - 0.02 mM 24-EBL
	35.74
	39.63
	37.68
	0.063
	0.072
	0.068
	5.67
	6.59
	6.13
	1.469
	1.223
	1.346
	3.50
	5.41
	4.45

	T4 - 0.03 mM 24-EBL
	36.66
	41.68
	39.17
	0.068
	0.076
	0.072
	6.18
	7.15
	6.66
	1.668
	1.433
	1.551
	4.53
	5.04
	4.79

	MEAN
	34.93
	39.27
	 
	0.057
	0.067
	 
	5.05
	6.22
	 
	1.396
	1.165
	 
	3.36
	4.75
	 

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

	CD
	0.461
	0.651
	NS
	0.001
	0.001
	NS
	0.081
	0.114
	0.161
	0.023
	0.033
	NS
	0.077
	0.109
	0.154

	SE(d)
	0.213
	0.301
	0.425
	0.000
	0.001
	0.001
	0.037
	0.053
	0.075
	0.011
	0.015
	0.022
	0.036
	0.05
	0.071

	SE(m)
	0.150
	0.213
	0.301
	0.000
	0.000
	0.001
	0.026
	0.037
	0.053
	0.008
	0.011
	0.015
	0.025
	0.036
	0.05

	p-value
	< 0.001
	< 0.001
	0.254
	< 0.001
	< 0.001
	0.061
	0.004
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.073
	< 0.001
	< 0.001
	< 0.001


*CD = Critical Difference, SE(d) = Standard Error of Difference, SE(m) = Standard Error of Mean, T = Treatment effect, G = Genotype effect, and T×G = Treatment × Genotype interaction
Figure 1. Regression relationships among chlorophyll content, nitrate reductase (NR) activity, soluble protein, proline, and soluble sugars in wheat (Triticum aestivum L.) under 24-epibrassinolide (24-EBL) treatments. 
(A–D) Positive regressions between (A) chlorophyll and soluble sugars, (B) NR activity and soluble protein, (C) proline and NR activity, and (D) proline and soluble sugars. Each point represents the mean (± SD) of three replicates. Regression equations and R² values are shown in each panel, indicating that 24-EBL enhanced chlorophyll stability, nitrogen metabolism, and osmolyte regulation, contributing to improved biochemical resilience under heat stress.
[image: ]
3. Results and Discussion
Heat stress significantly reduced total chlorophyll content in both wheat genotypes, with a more pronounced decline in the susceptible genotype (HUW-468). Foliar application of 24-EBL mitigated this reduction, with the 0.02 mM concentration being most effective in maintaining higher chlorophyll levels compared to control plants. The improvement was greater in HUW-510, suggesting a genotype-dependent response. These findings align with earlier reports that 24-EBL protects chloroplast structure and delays senescence by stabilizing thylakoid membranes and enhancing chlorophyll biosynthesis under heat stress (Hasan et al., 2024; Roy et al., 2021).
Heat stress caused a marked decline in nitrate reductase activity in both genotypes, reflecting impaired nitrogen assimilation. However, 24-EBL application significantly enhanced NR Activity, particularly at 0.02 mM, which restored activity closer to control levels in the tolerant genotype. The improvement in HUW-510 indicates a more efficient nitrogen metabolism under stress.
This is consistent with recent studies showing that brassinosteroids modulate nitrogen metabolism and sustain nitrate reductase activity under stress conditions, thereby supporting protein synthesis and growth (Tang et al., 2022). Total soluble protein content decreased under heat stress, more severely in HUW-468. Application of 24-EBL enhanced protein accumulation, with maximum improvement recorded at 0.02 mM. This suggests that 24-EBL stabilizes proteins against heat-induced denaturation and oxidative degradation. Similar results have been reported where brassinosteroid treatment preserved protein structure and promoted de novo protein synthesis during heat stress (Yadava et al., 2016; (Mehrian et al., 2023). 
Proline levels increased significantly in response to heat stress as part of osmotic adjustment. 24-EBL application further enhanced proline accumulation, with the greatest effect at 0.02 mM. The tolerant genotype (HUW-510) showed higher proline levels than HUW-468. Proline accumulation under stress not only maintains osmotic balance but also stabilizes proteins and scavenges ROS. Recent reports confirm that BRs enhance osmolyte biosynthesis to strengthen tolerance against oxidative and thermal stresses (Raza et al., 2023). Heat stress induced an increase in soluble sugar content in both genotypes, reflecting stress-induced osmotic regulation. Application of 24-EBL significantly boosted soluble sugar accumulation, particularly at 0.02 mM, in both genotypes, with higher levels in HUW-510. Elevated sugar content contributes to osmotic adjustment, serves as an energy source for stress recovery, and enhances antioxidant defense. These findings agree with studies showing that 24-EBL promotes sugar metabolism and carbon allocation under stress conditions (Mohammadi et al., 2020). The results collectively indicate that 24-EBL plays a protective role in mitigating biochemical impairments caused by heat stress. Among the tested concentrations, 0.02 mM was consistently most effective across traits. The tolerant genotype (HUW-510) exhibited a stronger response than HUW-468, highlighting genotype-specific modulation. These results confirm that exogenous BR application can enhance photosynthetic efficiency, nitrogen metabolism, and osmotic balance under heat stress mechanisms crucial for improving stress resilience and sustaining crop yield (Abd_Allah et al., 2017; Wang et al., 2025).
4. Conclusion
High temperature stress reduced chlorophyll content by 26–30%, nitrate reductase (NR) activity by 20–25% and soluble protein by about 30%, while increasing proline and soluble sugars by 40–60% and 35–45% respectively. The reductions were more pronounced in the susceptible genotype (HUW-468) than in the tolerant one (HUW-510). Foliar application of 0.02 mM 24-epibrassinolide (24-EBL) mitigated these effects by maintaining chlorophyll (35–40 mg g⁻¹ FW), NR activity (0.06–0.07 µmol NO₂ g⁻¹ FW h⁻¹), protein (6–7 mg g⁻¹ FW) and osmolytes (proline: 1.2–1.5 mg g⁻¹ FW; sugars: 4–5 mg g⁻¹ FW). The stronger biochemical resilience of HUW-510 confirmed the genotype-specific action of 24-EBL in improving pigment stability, nitrogen metabolism, and osmolyte regulation. Overall 0.02 mM 24-EBL proved most effective in enhancing thermotolerance and sustaining wheat productivity under heat stress.
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