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Abstract
Heat stress is a major abiotic constraint limiting wheat (Triticum aestivum L.) productivity, primarily by inducing excessive accumulation of reactive oxygen species (ROS) that disrupt cellular homeostasis. Brassinosteroids such as 24-epibrassinolide (24-EBL) are known to enhance plant stress tolerance through modulation of antioxidant defense systems. This field study evaluated the effect of foliar-applied 24-EBL (0.01, 0.02, and 0.03 mM) on antioxidant enzyme activities, ROS accumulation, and grain yield in two contrasting wheat genotypes HUW-510 (heat-tolerant) and HUW-468 (heat-susceptible) grown under normal and late-sown (heat-stressed) conditions. Foliar sprays were applied at pre-flowering (45 DAS) and post-flowering (65 DAS). Antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) and ROS levels were assayed at 65 and 85 DAS. Statistical analyses included ANOVA (LSD, p ≤ 0.05), stepwise multiple linear regression to examine the relationships between biochemical and yield traits.
Application of 24-EBL significantly enhanced SOD, CAT, and APX activities by 25–35%, reduced ROS accumulation by 20–30%, and improved grain yield by 80–120% under heat stress, with the 0.02–0.03 mM concentration being most effective. The heat-tolerant genotype HUW-510 exhibited superior antioxidant capacity and yield stability compared with HUW-468. Regression analysis showed strong positive associations between antioxidant enzyme activities and grain yield (R² = 0.78–0.87; p < 0.01), indicating that biochemical fortification through 24-EBL plays a key role in thermotolerance. These findings demonstrate that foliar 24-EBL application can serve as a practical, eco-friendly strategy to mitigate terminal heat stress in wheat.
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	R²
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	SOD
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	2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide



Introduction
Wheat (Triticum aestivum L.) is one of the most important cereal crops, serving as a staple food for nearly 40% of the global population (Chand et al., 2022; Mao et al., 2023). However, its productivity is increasingly threatened by climate change, particularly the occurrence of terminal heat stress during reproductive and grain-filling stages. Elevated temperatures impair photosynthesis, accelerate leaf senescence, destabilize cellular membranes, and increase the accumulation of reactive oxygen species (ROS), ultimately reducing grain yield (Chauhan et al., 2020; Chauhan et al., 2023; Khan et al., 2025; Siddique et al., 2025).    
Reactive oxygen species such as superoxide radicals, hydrogen peroxide, and hydroxyl ions cause oxidative injury by damaging proteins, nucleic acids, and lipids. Plants counteract this stress through a sophisticated antioxidant defense system, where superoxide dismutase (SOD) catalyzes the conversion of superoxide radicals into hydrogen peroxide, while catalase (CAT) and ascorbate peroxidase (APX) detoxify hydrogen peroxide into water and oxygen (Hasanuzzaman et al., 2020; Kumar et al., 2021; Singhal et al., 2021; Yadav et al., 2025). The efficiency of this antioxidant system largely determines the plant’s ability to withstand heat stress and sustain yield. 
Brassinosteroids (BRs) are a class of plant steroidal hormones with pivotal roles in growth regulation and abiotic stress tolerance. Among them, 24-epibrassinolide (24-EBL) has attracted considerable attention for its ability to modulate antioxidant defense, reduce oxidative stress, and maintain photosynthetic efficiency under high temperature conditions (Dumanović et al., 2021; Choudhary et al., 2022; Chauhan et al., 2022). Previous studies have demonstrated the effectiveness of 24-EBL in improving biochemical tolerance mechanisms; however, limited research has focused on linking these improvements directly to agronomic performance, particularly grain yield, under field heat stress (Lal et al., 2019; Choudhary et al., 2020; Bakshi et al., 2022; Mehrian et al., 2023). 
The present study was therefore undertaken to evaluate the role of exogenous 24-EBL in modulating antioxidant enzymes, ROS accumulation, and grain yield in two contrasting wheat genotypes HUW-510 (heat tolerant) and HUW-468 (heat susceptible). By integrating biochemical and agronomic responses, this work aims to provide comprehensive insights into how 24-EBL contributes to thermotolerance and yield sustainability under elevated temperature conditions.
2. Materials and Methods
2.1 Plant Material and Experimental Design
The field experiment was conducted during the Rabi season at the Agricultural Research Farm, Banaras Hindu University (25°18′N, 83°03′E, 76.5 m a.s.l.), Varanasi, India. Two contrasting wheat (Triticum aestivum L.) genotypes HUW-510 (heat-tolerant) and HUW-468 (heat-susceptible) were used as experimental materials. The study aimed to assess the influence of foliar-applied 24-epibrassinolide (24-EBL) on biochemical and agronomic responses under normal and heat-stressed field conditions.
The experiment was laid out in a split-plot design with three replications. The main plots comprised two sowing environments: normal sowing (non-stress) on 20th November and late sowing (heat stress) on 20th December to expose the crop to higher temperature regimes during anthesis and grain-filling stages.
Subplots consisted of four treatments:
· T1: Control (water spray)
· T2: 0.01 mM 24-EBL
· T3: 0.02 mM 24-EBL
· T4: 0.03 mM 24-EBL
Each treatment was replicated thrice, with a plot size of 2.5 m × 2.0 m (5 m²) and row spacing of 20 cm. Standard agronomic practices were followed uniformly across treatments. The experimental soil was sandy loam, with pH 7.6, electrical conductivity 0.32 dS m⁻¹, and available N (243 kg ha⁻¹), P₂O₅ (31 kg ha⁻¹), and K₂O (275 kg ha⁻¹).
To induce terminal heat stress, the late-sown crop was exposed to mean maximum temperatures of 33.8–36.2 °C and minimum temperatures of 20.1–22.8 °C during anthesis and grain-filling, whereas the normal-sown crop experienced 27.5–30.2 °C (maximum) and 14.6–16.8 °C (minimum). Meteorological data were recorded daily from the Agrometeorological Observatory of BHU.
2.2 Treatments and Application of 24-EBL
Foliar sprays were applied at two growth stages: pre-flowering (45 DAS) and post-flowering (65 DAS). Analytical grade 24-EBL (Sigma-Aldrich, USA) was dissolved in ethanol and diluted with distilled water containing 0.1% Tween-20 for uniform foliar coverage. Morpho-physiological & biochemical parameters were assessed at two critical growth stages, i.e., 65 and 85 days after sowing (DAS).
2.3 Antioxidant Enzyme Assays
i. Superoxide Dismutase (SOD; EC 1.15.1.1): Activity was measured by inhibition of nitro blue tetrazolium (NBT) photoreduction following the method of Dhindsa and Matowe (1981). One unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of NBT reduction.
ii. Catalase (CAT; EC 1.11.1.6): Activity was assayed by monitoring H₂O₂ decomposition at 240 nm, expressed as Units mg⁻¹ protein min⁻¹, according to Janda et al. (1999).
iii. Ascorbate Peroxidase (APX; EC 1.11.1.11): Activity was estimated by decline in absorbance at 290 nm due to ascorbate oxidation using an extinction coefficient of 2.8 mM⁻¹ cm⁻¹ (Nakano and Asada, 1981).
2.4 Measurement of ROS Content
ROS content was determined by the XTT reduction assay as per Able et al. (1998), with modifications. Absorbance was recorded at 470 nm and corrected for background chlorophyll absorbance. ROS concentration was calculated using the extinction coefficient of 2.16 × 10⁴ M⁻¹ cm⁻¹. This method has been widely used to quantify ROS generation in plant tissues under stress (Wang & Joseph, 1999).
2.5 Statistical Analysis
Data were subjected to analysis of variance (ANOVA) using SPSS v.25 software. Treatment means were compared using LSD at p ≤ 0.05. Correlation analysis was performed to assess relationships among ROS, antioxidant activities, and grain yield.




	[bookmark: _Hlk210386064]TREATMENTS
	ROS (µ mol g-1 DW)
	SOD (Units mg⁻¹ protein min⁻¹)
	APX (Units mg⁻¹ protein min⁻¹)
	CAT (Units mg⁻¹ protein min⁻¹)

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

	T1 - Control
	6.80
	8.25
	7.53
	1.09
	1.41
	1.25
	0.342
	0.392
	0.367
	2.92
	3.11
	3.01

	T2 - 0.01 mM 24-EBL
	6.20
	7.05
	6.63
	1.75
	2.05
	1.90
	0.419
	0.491
	0.455
	3.11
	3.29
	3.20

	T3 - 0.02 mM 24-EBL
	5.50
	6.50
	6.00
	1.95
	2.20
	2.08
	0.483
	0.572
	0.527
	2.95
	3.15
	3.05

	T4 - 0.03 mM 24-EBL
	4.90
	5.65
	5.28
	2.25
	2.51
	2.38
	0.551
	0.687
	0.619
	4.45
	4.62
	4.54

	MEAN
	5.85
	6.86
	 
	1.76
	2.04
	 
	0.449
	0.536
	 
	3.36
	3.54
	 

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

	CD
	0.131
	0.186
	0.262
	0.037
	0.053
	NS
	0.008
	0.011
	0.016
	0.039
	0.055
	NS

	SE(d)
	0.061
	0.086
	0.121
	0.017
	0.024
	0.035
	0.004
	0.005
	0.007
	0.018
	0.025
	0.036

	SE(m)
	0.043
	0.061
	0.086
	0.012
	0.017
	0.024
	0.003
	0.004
	0.005
	0.013
	0.018
	0.025

	p-value
	< 0.001
	< 0.001
	0.006
	< 0.001
	< 0.001
	0.340
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001


Table 1. The table presents the effect of foliar application of 24-epibrassinolide (24-EBL) on reactive oxygen species (ROS) content and the activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) in wheat (Triticum aestivum L.) grown under early and late sowing conditions at 65 days after sowing (DAS).

[bookmark: _Hlk210386124]Table 2. The table shows the influence of foliar-applied 24-epibrassinolide (24-EBL) on reactive oxygen species (ROS) content and the activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) in wheat (Triticum aestivum L.) under early and late sowing conditions at 85 days after sowing (DAS).
	[bookmark: _Hlk210338866]TREATMENTS
	ROS (µ mol g-1 DW)
	SOD (Units mg⁻¹ protein min⁻¹)
	APX (Units mg⁻¹ protein min⁻¹)
	CAT (Units mg⁻¹ protein min⁻¹)

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

	T1 - Control
	8.10
	9.15
	8.63
	1.30
	1.60
	1.45
	0.343
	0.443
	0.393
	3.59
	3.71
	3.65

	T2 - 0.01 mM 24-EBL
	7.30
	7.50
	7.40
	1.89
	2.19
	2.04
	0.447
	0.525
	0.486
	4.24
	4.29
	4.26

	T3 - 0.02 mM 24-EBL
	6.50
	6.50
	6.50
	2.07
	2.45
	2.26
	0.505
	0.598
	0.552
	4.18
	4.26
	4.22

	T4 - 0.03 mM 24-EBL
	5.60
	5.80
	5.70
	2.39
	2.71
	2.55
	0.582
	0.715
	0.649
	4.79
	5.17
	4.98

	MEAN
	6.88
	7.24
	 
	1.91
	2.24
	 
	0.469
	0.570
	 
	4.20
	4.35
	 

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

	CD
	0.101
	0.142
	0.201
	0.030
	0.043
	NS
	0.008
	0.011
	0.016
	0.066
	0.093
	0.132

	SE(d)
	0.046
	0.066
	0.093
	0.014
	0.020
	0.028
	0.004
	0.005
	0.007
	0.031
	0.043
	0.061

	SE(m)
	0.033
	0.046
	0.066
	0.010
	0.014
	0.020
	0.003
	0.004
	0.005
	0.022
	0.031
	0.043

	p-value
	< 0.001
	< 0.001
	<0.001
	< 0.001
	< 0.001
	0.156
	< 0.001
	< 0.001
	0.001
	< 0.001
	< 0.001
	0.008


[bookmark: _Hlk210387174]*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.
[bookmark: _Hlk210386596]Table 3. The table summarizes the comparative response of wheat (Triticum aestivum L.) genotypes HUW-468 (heat susceptible) and HUW-510 (heat tolerant) to foliar-applied 24-epibrassinolide (24-EBL) with respect to reactive oxygen species (ROS) content and the activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) at 65 days after sowing (DAS).
	TREATMENTS
	ROS (µ mol g-1 DW)
	SOD (Units mg⁻¹ protein min⁻¹)
	APX (Units mg⁻¹ protein min⁻¹)
	CAT (Units mg⁻¹ protein min⁻¹)

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

	T1 - Control
	7.90
	7.15
	7.53
	1.00
	1.50
	1.25
	0.286
	0.448
	0.367
	2.81
	3.22
	3.01

	T2 - 0.01 mM 24-EBL
	7.15
	6.10
	6.63
	1.60
	2.19
	1.90
	0.331
	0.579
	0.455
	3.00
	3.40
	3.20

	T3 - 0.02 mM 24-EBL
	6.55
	5.45
	6.00
	1.76
	2.40
	2.08
	0.383
	0.672
	0.527
	2.93
	3.17
	3.05

	T4 - 0.03 mM 24-EBL
	5.65
	4.90
	5.28
	2.06
	2.70
	2.38
	0.452
	0.786
	0.619
	3.59
	5.49
	4.54

	MEAN
	6.81
	5.90
	 
	1.60
	2.20
	 
	0.363
	0.621
	 
	3.08
	3.82
	 

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

	CD
	0.099
	0.140
	0.198
	0.039
	0.055
	0.078
	0.008
	0.011
	0.016
	0.057
	0.080
	0.113

	SE(d)
	0.046
	0.065
	0.091
	0.018
	0.025
	0.036
	0.004
	0.005
	0.007
	0.026
	0.037
	0.052

	SE(m)
	0.032
	0.046
	0.065
	0.013
	0.018
	0.025
	0.003
	0.004
	0.005
	0.018
	0.026
	0.037

	p-value
	< 0.001
	< 0.001
	0.024
	< 0.001
	< 0.001
	0.044
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001


[bookmark: _Hlk210386969]Table 4. The table illustrates the comparative response of wheat (Triticum aestivum L.) genotypes HUW-468 (heat susceptible) and HUW-510 (heat tolerant) to foliar-applied 24-epibrassinolide (24-EBL) with respect to reactive oxygen species (ROS) content and the activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) at 85 days after sowing (DAS).
	[bookmark: _Hlk210387035]TREATMENTS
	ROS (µ mol g-1 DW)
	SOD (Units mg⁻¹ protein min⁻¹)
	APX (Units mg⁻¹ protein min⁻¹)
	CAT (Units mg⁻¹ protein min⁻¹)

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

	T1 - Control
	9.05
	8.20
	8.63
	1.16
	1.74
	1.45
	0.317
	0.469
	0.393
	3.74
	3.56
	3.65

	T2 - 0.01 mM 24-EBL
	7.80
	7.00
	7.40
	1.74
	2.34
	2.04
	0.364
	0.608
	0.486
	3.85
	4.67
	4.26

	T3 - 0.02 mM 24-EBL
	6.80
	6.20
	6.50
	1.93
	2.59
	2.26
	0.41
	0.693
	0.552
	3.84
	4.60
	4.22

	T4 - 0.03 mM 24-EBL
	6.00
	5.40
	5.70
	2.20
	2.90
	2.55
	0.488
	0.809
	0.649
	4.33
	5.63
	4.98

	MEAN
	7.41
	6.70
	 
	1.76
	2.40
	 
	0.395
	0.645
	 
	3.94
	4.61
	 

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

	CD
	0.096
	0.136
	NS
	0.032
	0.045
	0.063
	0.008
	0.011
	0.016
	0.064
	0.091
	0.128

	SE(d)
	0.044
	0.063
	0.089
	0.015
	0.021
	0.029
	0.004
	0.005
	0.007
	0.030
	0.042
	0.059

	SE(m)
	0.031
	0.044
	0.063
	0.010
	0.015
	0.021
	0.003
	0.004
	0.005
	0.021
	0.030
	0.042

	p-value
	< 0.001
	< 0.001
	0.134
	< 0.001
	< 0.001
	0.043
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001


[bookmark: _Hlk210387133]*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.
Figure 1. Regression relationships among reactive oxygen species (ROS), antioxidant enzyme activities and grain yield in wheat (Triticum aestivum L.) under 24-epibrassinolide (24-EBL) treatments.
(A–C) Inverse regressions between ROS and superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) activities. (D) Negative regression between ROS and grain yield. (E–F) Positive regressions between grain yield and SOD and APX activities. Each point represents the mean (± SD) of three replicates. Regression equations and R² values are shown in each panel, indicating enhanced antioxidant activity and yield stability with 24-EBL under heat stress.
        
        
         

3. Results and Discussion
3.1 ROS Accumulation
Heat stress significantly elevated ROS levels in both wheat genotypes, with higher accumulation observed in the heat-susceptible HUW-468 compared to the tolerant HUW-510. This increased oxidative burden is consistent with earlier reports that heat stress accelerates ROS production, leading to membrane lipid peroxidation and protein oxidation in cereals (He et al., 2025). Application of 24-EBL substantially reduced ROS levels in both genotypes, with the most effective concentration being 0.03 mM. Notably, HUW-510 displayed a greater percentage reduction in ROS than HUW-468, suggesting that genotype-specific antioxidant capacity interacts synergistically with 24-EBL treatment. Similar reductions in ROS through brassinosteroid applications have been reported in wheat and rice (Avalbaev et al., 2024; Bakshi et al., 2022).
3.2 Antioxidant Enzyme Activities
Heat stress induced significant upregulation of SOD, CAT, and APX activities in both genotypes, demonstrating their roles in combating ROS toxicity. HUW-510 consistently exhibited higher baseline antioxidant enzyme activities under both normal and stress conditions, confirming its superior intrinsic tolerance. Foliar application of 24-EBL further enhanced enzyme activities, with the maximum stimulation recorded at 0.02–0.03 mM concentrations.
· SOD Activity: Under heat stress, SOD activity increased markedly in both genotypes. Application of 0.02 mM 24-EBL enhanced SOD activity by ~25% compared to the untreated stressed control, ensuring efficient conversion of superoxide radicals into hydrogen peroxide. These results are consistent with findings by Sairam et al. (2000), who observed BR-induced SOD activation in wheat.
· CAT Activity: CAT activity, responsible for decomposing hydrogen peroxide into water and oxygen, was significantly higher in HUW-510. Treatment with 0.03 mM 24-EBL enhanced CAT activity by ~30–35% compared to control, in agreement with Kour et al. (2021) and Siddique et al. (2025), who reported BR-mediated CAT stimulation in cereals under thermal stress.
· APX Activity: APX activity, which detoxifies hydrogen peroxide through ascorbate oxidation, also increased under heat stress. The strongest response was observed at 0.02 mM 24-EBL, which improved APX activity by ~28% over control. This aligns with previous findings that BRs enhance the ascorbate–glutathione cycle, thereby reinforcing cellular redox balance (Nazir et al., 2023).
Beyond modulating antioxidant metabolism, 24-epibrassinolide (24-EBL) plays a critical role in maintaining cellular homeostasis under heat stress through multiple physiological mechanisms. Brassinosteroids have been shown to stabilize membrane integrity by regulating the lipid peroxidation pathway, thereby reducing electrolyte leakage and preserving chloroplast structure (Zhou et al., 2024; Shafi et al., 2023). The improved antioxidant activity observed in the present study likely contributed to enhanced membrane stability and sustained photosynthetic efficiency, which are essential for maintaining assimilate partitioning under thermal stress. Furthermore, 24-EBL may interact with abscisic acid (ABA) and ethylene signaling pathways to fine-tune stomatal conductance and enhance water-use efficiency (Khan et al., 2023). Such hormonal crosstalk between BRs, ABA, and ethylene reinforces the integrated stress signaling network, facilitating a coordinated defense response under high-temperature environments.
3.3 Grain Yield
Heat stress drastically reduced grain yield in both genotypes, with sharper declines in HUW-468 compared to HUW-510. Under normal sowing (non-stress), HUW-510 attained the highest yield (≈6.52 kg plot⁻¹ at 0.03 mM 24-EBL), while HUW-468 recorded ≈5.32 kg plot⁻¹ under the same treatment. In contrast, under late sowing (heat stress), yields declined significantly in control plots ≈1.64 kg plot⁻¹ in HUW-468 and ≈2.35 kg plot⁻¹ in HUW-510. However, application of 24-EBL mitigated these reductions. At 0.02–0.03 mM, yields improved by 80–120% compared to stressed control treatments, with HUW-510 yielding ≈4.84 kg plot⁻¹ and HUW-468 ≈4.26 kg plot⁻¹. These observations are in agreement with Usmani et al. (2025), who reported that brassinosteroid signaling enhances yield resilience under heat stress by maintaining photosynthetic efficiency and assimilate partitioning.
3.4 Integrated Biochemical and Agronomic Response
Correlation analysis revealed a strong positive association between antioxidant enzyme activities and grain yield, indicating that enhanced ROS-scavenging capacity directly contributes to yield stability under heat stress. The heat-tolerant genotype HUW-510 exhibited greater efficiency in translating biochemical improvements into yield gains than HUW-468, emphasizing the influence of genotypic background on the effectiveness of 24-EBL. These results are consistent with previous studies showing that brassinosteroid-mediated antioxidant defense provides both cellular protection and measurable agronomic benefits (Salam et al., 2025; Yang et al., 2025).
Regression and correlation analyses further demonstrated that increases in SOD and CAT activities accounted for approximately 80–87% of the variance in grain yield under heat stress (Figure 1) , underscoring the pivotal role of enzymatic ROS detoxification in sustaining productivity. This strong biochemical–agronomic linkage suggests that 24-EBL-induced enhancement of antioxidant enzymes facilitates improved carbon assimilation, grain filling, and overall yield stability under high-temperature conditions. These findings align with previous reports in cereals where brassinosteroid signaling promoted photosynthetic efficiency and balanced source–sink dynamics under abiotic stress (Seleiman et al., 2023; Alam et al., 2019). Hence, integrating biochemical markers such as SOD, CAT, and APX activity with yield traits could serve as an effective predictive tool for identifying and managing thermotolerant wheat genotypes in breeding and field applications.
4. Conclusion
The present study demonstrates that exogenous application of 24-epibrassinolide (24-EBL) effectively mitigates heat-induced oxidative stress in wheat (Triticum aestivum L.) by reinforcing enzymatic antioxidant defense mechanisms and maintaining redox equilibrium. Under terminal heat stress, wheat plants exhibited elevated reactive oxygen species (ROS) accumulation, while foliar application of 24-EBL, particularly at 0.02–0.03 mM, significantly enhanced the activities of superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX), thereby reducing ROS levels by 20–30% compared with untreated controls. These biochemical adjustments translated into substantial improvements in grain yield (80–120% higher under heat stress), with the heat-tolerant genotype HUW-510 showing greater physiological resilience than HUW-468. Regression analyses revealed strong positive relationships (R² = 0.78–0.87; p < 0.01) between antioxidant enzyme activities and grain yield, confirming that enhanced enzymatic ROS scavenging is a critical determinant of thermotolerance. The results highlight that 24-EBL acts as a potent biochemical regulator, strengthening the antioxidant machinery and sustaining productivity under elevated temperature regimes.
From an agronomic perspective, foliar application of 24-EBL at 0.02–0.03 mM during the pre-flowering and post-flowering stages can be integrated into wheat management practices as a cost-effective, eco-friendly strategy to alleviate terminal heat stress and improve yield stability under warming climates. These findings provide mechanistic insights into brassinosteroid-mediated thermotolerance and support the development of resilient wheat management strategies under future climate scenarios.
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