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Enhancement of wheat
resistance to dry–hot wind stress
during grain filling by 24-
epibrassinolide: optimization of
hormone balance and
improvement of flag leaf
photosynthetic performance
Chao Wang1,2†, Haixing Cui1,2†, Min Jin1,2†, Jiayu Wang1,2,
Chunhui Li1,2, Yong Li1,2*, YongLi Luo1,2* and Zhenlin Wang1,2

1State Key Laboratory of Wheat lmprovement, Shandong Agricultural University, Taian, China,
2College of Agronomy, Shandong Agricultural University, Taian, China
Introduction: Dry-hot wind during the grain filling period is a prevalent

agrometeorological challenge worldwide, causing significant functional leaf

senescence, disrupting the grain filling process, and ultimately leading to

wheat yield loss. Although studies have explored the alleviating effects of EBR

under abiotic stress, its application in wheat and the potential mechanisms

underlying its role in mitigating dry–hot wind still require further investigation.

Methods: Using the dry–hot-wind-sensitive cultivar Jinan 17 (JN17) and the dry–

hot-wind-resistant cultivar Liangxing 77 (LX77) as experimental materials. A split-

plot design was employed, with cultivar as the main plot factor, dry-hot wind

(DH) treatment as the subplot factor, and the foliar application of 24-

epibrassinolide (EBR) at a concentration of 0.1 mg L-1 as the sub-subplot factor.

Results: EBR alleviated the negative effects of DH stress on wheat by optimizing

the hormone balance. The abscisic acid (ABA) and jasmonic acid (JA) contents

decreased, and the salicylic acid (SA) content increased, which promoted the

stomatal opening of flag leaves. The transpiration rate (Tr) was increased by 7–

10% and thus reduced the temperature of the spikes and leaves by 0.87–1.27 °C

and 1.6–2.4 °C, respectively. Additionally, the activities of antioxidant enzymes,

including superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT),

were enhanced, which prevented early flag leaf senescence and maintained a

high chlorophyll level under DH stress. Therefore, the photosynthetic

performance of flag leaves was enhanced. EBR enhanced the yield of JN17 and

LX77 under DH stress. JN17’s yield was increased by 9.2% and 7.5% in the 2020–
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Abbreviations: DH, Dry-hot wind; EBR, 24-epibrassinolide
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2021 and 2021–2022 wheat growing seasons, respectively, and LX77’s yield was

increased by 4.9% and 2.3% over two years.

Discussion: This study provides a promising approach for enhancing wheat’s

resistance to DH stress, with practical implications for wheat production.
KEYWORDS
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1 Introduction

Wheat (Triticum aestivum L.) is a staple crop in the world, and

its yield is intimately tied to local climatic conditions. Elevated

temperatures during the grain filling stage elicit heat stress in wheat,

severely affecting grain yield (Li et al., 2023). Dry–hot wind (DH), a

combination of high-temperature stress, drought stress, and wind

force, particularly during the latter stages of wheat growth. This

phenomenon damages chloroplasts and protein structures, reduces

chlorophyll synthesis, and decreases photosynthetic rates. It also

intensifies transpiration, leading to water loss, and disrupts

biological membranes, reducing antioxidant enzyme activities.

Furthermore, it impedes organic matter accumulation and

compromises root vitality, ultimately resulting in a decline in

wheat yield (Akter and Rafiqul Islam, 2017). Hence, investigating

the effects of DH on wheat and exploring efficacious strategies to

bolster wheat’s resilience against DH are imperative for ensuring

sustainable wheat production.

Brassinosteroids (BRs), a fundamental class of natural steroid

hormones, have been universally recognized as the sixth major class

of plant growth regulators, exhibiting a wide range of bioactivities

(Peres et al., 2019). They play a central role in orchestrating plant

growth and development (Clouse, 1996; Yang et al., 2011; Nolan

et al., 2017; Dong et al., 2020), promoting cell elongation,

modulating cell division and differentiation, facilitating

reproductive organogenesis (Tanveer et al., 2018), regulating

photosynthesis, and enhancing plant tolerance to abiotic stresses
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(Kang et al., 2017; Retzer et al., 2019). Although previous studies

have demonstrated the pivotal role of BRs, including 24-

epibrassinolide (EBR), in improving crop resilience against abiotic

stresses such as drought, heat stress, and salinity (Yang et al., 2021;

Zhong et al., 2023; Khan et al., 2024), investigations specifically

addressing EBR application under dry–hot wind conditions remain

insufficient, with relevant studies being notably scarce.

Plant hormones play an indispensable role in responding to

abiotic stress. Previous studies have shown that there are synergistic

interactions between BRs and other hormones. For example, BRs and

gibberellins (GAs) share similar roles in developmental processes,

such as seed germination and apical hook development (Zhao et al.,

2021; Xiong et al., 2021, 2022). Under normal conditions, BRs

enhance the expression of GA biosynthesis genes, leading to

increased GA accumulation (Unterholzner et al., 2015). However,

in rice, BRs reduce GA biosynthesis by repressingGA20ox3. In maize,

jasmonic acid (JA) regulates the bHLH network by attenuating BR

signaling to suppress ZmXTH1 expression, thus regulating cell

elongation (Wang et al., 2024). Additionally, BRs and JA interact

synergistically in response to virus infection in rice (Hu et al., 2020).

Under normal conditions, BRs antagonistically interact with abscisic

acid (ABA) (Hussain et al., 2023), and exogenous BL treatment can

lower ABA levels by downregulating the transcription of ABA

biosynthesis genes (Ha et al., 2018). In Arabidopsis, BRs interact

with salicylic acid (SA) to regulate plant immune responses (Kim

et al., 2022). At the same time, under abiotic stress conditions, an

excessive accumulation of ROS in plants leads to cellular damage

(Anjum et al., 2016; Soares et al., 2016; Guo et al., 2017; Czarnocka

and Karpiński, 2018; Kaur et al., 2019; Sharma et al., 2019). To

counteract this stress and eliminate reactive oxygen species (ROS),

plants actively enhance the activities of antioxidant enzymes, such as

superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)

(Ruley et al., 2004; Šimonovičová et al., 2004). Research indicates that

EBR can significantly enhance the activities of these antioxidant

enzymes, effectively reducing cellular damage (Mazorra et al., 2002;

Karlidag et al., 2011). Furthermore, BR treatment can decrease the

production and accumulation of ROS by regulating the expression

levels of related genes, such as by inhibiting the expression of the

H2O2 synthesis gene RBOH (Sharma et al., 2017). Thus, EBR not only

enhances the activities of antioxidant enzymes but also inhibits the

expression of genes related to ROS production, thereby significantly

reducing stress-induced damage to plants.
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Abiotic stress markedly impacts plant photosynthesis, including

reducing chlorophyll synthesis, damaging photosystems I and II

and the electron transport chain, decreasing stomatal conductance

(gs) and the net photosynthetic rate (Pn), and triggering ROS

production, thus inhibiting the activity of ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco) (Xia et al., 2006;

Chaves et al., 2009; Kohli et al., 2017). BRs play crucial roles in

plant responses to abiotic stress by enhancing CO2 fixation

efficiency and photosystem II (PSII) stability, consequently

boosting photosynthesis (Siddiqui et al., 2018). EBR helps in

maintaining chloroplast structure and activity while facilitating

the uptake of essential ions (such as Ca2+ and Mg2+) in plants,

subsequently promoting chlorophyll synthesis and enhancing

photosynthetic efficiency (Choudhary et al., 2012; Alam et al.,

2019). Abiotic stress can disrupt plant cell structure, inhibit

metabolic processes, weaken photosynthesis, and affect cell

membrane and chloroplast functions through stress responses,

especially electron transport in thylakoid membranes (Ashraf and

Ali, 2008; Lawlor, 2009; Sade et al., 2009). In response to adversity,

plants accumulate proline and soluble sugars as carbon and

nitrogen sources and osmotic regulators to maintain cell structure

and energy supply and to scavenge free radicals (Liu et al., 2009). In

soybeans subjected to water stress, BRs analogously enhance water

potential through increased soluble sugar and proline contents,

ultimately leading to increased biomass accumulation (Zhang et al.,

2008). Furthermore, BRs modulate ion balance by decreasing Na+

and Cl- contents and increasing K+ and Ca2+ contents, thereby

maintaining osmotic potential and water balance in plants (Liaqat

et al., 2020).

In summary, the application of EBR in wheat and its potential

mechanisms for alleviating dry hot wind stress require further

investigation. Therefore, this experiment simulated dry hot wind

stress during the wheat grain-filling stage and studied the responses

of the dry-hot-wind-sensitive cultivar JN17 and the dry-hot-wind-

resistant cultivar LX77 under EBR treatment. Ultimately, this study

aims to elucidate the mechanism by which EBR enhances wheat

tolerance to dry–hot wind stress, providing a theoretical basis and

technical support for improving wheat resilience under dry–hot

wind conditions.
2 Materials and methods

2.1 Plant growth conditions

The experiment was conducted during the 2020–2021 and

2021–2022 wheat growing seasons at the agronomy experimental

farm of Shandong Agricultural University in Tai’an, Shandong

Province (36°09′ N, 117°09′ E, elevation 128 m), in a temperate

monsoon climate. The soil was classified as Eutriccambisols (WRB,

2015). The preceding crop was corn, and straw incorporation was

performed, with an organic matter content of 12.3 g kg−1, a total

nitrogen content of 0.91 g kg−1, an alkali-hydrolyzable nitrogen

content of 87.2 mg kg−1, an available phosphorus content of 12.6 mg

kg−1, and an available potassium content of 57.5 mg kg−1 in the 0–

20 cm soil layer.
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2.2 Experimental design

The wheat cultivars utilized in the experiment were the dry–hot

wind sensitive JN17 and the dry–hot wind resistant variety LX77 (Yi

et al., 2015). A split-plot design was employed, with cultivar as the

main plot factor, dry-hot wind (DH) treatment as the subplot

factor, and the foliar application of 24-epibrassinolide (EBR) at a

concentration of 0.1 mg L−1 as the sub-subplot factor. The

treatments were divided into four treatment combinations: dry–

hot wind + spraying water (DH + SW), dry–hot wind + EBR (DH +

EBR), field + spraying water (FC + SW), and field + EBR (FC +

EBR). Each treatment has three replicates, with a plot area of 9 m² (3

m × 3 m).

DH treatment: In both years, the shelters were constructed in May

(with a height of 3.5 m, a width of 7m, and a length of 22m, using steel

materials). The side walls were made of polymethyl methacrylate

(PMMA) panels, and the transmittance could reach 93%. The roof

covering of the DH shelters was composed of Po (Polyolefin) film,

exhibiting a light transmittance rate exceeding 92%. An automatic

temperature and humidity control system was used to create DH

conditions inside the shelter, comprising two fan heaters (power: 90

kW; frequency: 50 Hz), two dehumidifiers (power: 1200W; frequency:

50 Hz), and wall-mounted fans (power: 60 W, frequency: 50 Hz,

specification: 400 mm, simulating natural wind, wind speed: 3.5 m s−1)

installed along the long and short sides at 2.5 m intervals. Two exhaust

fans (frequency: 50 Hz; power: 100 W, specification: 415 mm) were

installed on the upper sections of the two short walls. When the

temperature inside the shelter dropped below 35°C, the fan heaters

automatically activated to provide heating, and they stopped when the

temperature exceeded 40°C. Subsequently, the side windows and

exhaust fans (operating at 1400 rpm) opened to reduce the

temperature. In the absence of a cooling requirement, the side

windows remained closed, and the exhaust fans operated at 500 rpm

to ensure air circulation. The dehumidifiers started when the relative

humidity exceeded 30%, and turned off when the humidity fell below

25%. The roof covers and side walls were installed onMay 14, followed

by the initiation of the dry–hot wind treatment, the treatment was

conducted daily from 9:00 a.m. to 4:00 p.m. for 10 consecutive days,

after which the shelter was removed to restore natural conditions.

EBR was sprayed according to the following method: the

standard product was produced by Solarbio, with a spraying

concentration of 0.1 mg L−1, and add 1 ml of Tween 20 was

added to each liter of solution. The control treatment was SW,

with 1 ml of Tween 20 added to each liter of solution. Spraying

began on the first day of the DH treatment, with 1 L sprayed

continuously per plot, for 3 days during the evening time.

Figures 1A-C illustrate the temperature and humidity conditions

during the DH treatments, a live map of the experimental site, and

the layout of the experimental treatments. The precipitation during

the DH treatment period was recorded as zero.

In this experiment, manual seeding was employed, and

mechanical weeding was conducted before sowing. Phosphorus

and the potassium fertilizers superphosphate (P2O5 16%) and

potassium chloride (K2O 60%) were applied at rates of 70 kg ha−1

and 120 kg ha−1. Urea was used as the nitrogen fertilizer, with a total

application rate of 240 kg N ha−1; 120 kg N ha−1 was applied as a
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basal fertilizer before sowing, and the remaining 120 kg N ha−1was

top-dressed at the jointing stage. The phosphorus and potassium

fertilizers were applied entirely as base fertilizers, along with the

nitrogen base fertilizer. The planting density was 300 plants m−2,

the basic seedling (the number of seedlings that successfully

germinated and became established within a given unit area)

density was 270 plants m−2, and the planting row spacing is 25

cm; other cultivation and management practices were the same as

those in typical high-yield fields. The wheat was sown on October

14th in both years. The jointing stages occurred on April 8th and

April 12th of the following year, respectively. The heading dates

were April 25th and April 27th of the subsequent year, respectively.

The harvest periods were both set for June 8nd of the following year.
Frontiers in Plant Science 04
2.3 Sampling and measurements

Sampling schedule: The sampling process was initiated on the

first day of the dry–hot wind treatment and subsequently repeated at

intervals of three days. For each treatment, sampling was consistently

conducted at 14:00 each day. Thirty flag leaves of wheat were

randomly selected, promptly frozen in liquid nitrogen, stored at

-80°C, and subsequently ground to facilitate the measurement of

enzyme activity and hormone content in the wheat flag leaves.

2.3.1 Canopy temperature
Using the infrared thermal imaging camera Testo 890-2

(TESTO, Germany), images were captured on the third day after
FIGURE 1

Evolution in temperature and relative humidity inside and outside the dry-hot wind shelter during the wheat growing seasons of 2020–2021 and
2021–2022, along with display of the experimental site. (A) Temperature and relative humidity; (B) experimental setting; (C) sketch of the
experimental distribution.
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the start of the DH treatment, during the sunny hours between 9:00

AM and 11:00 AM. Care was taken to ensure that the sky was cloud-

free during the shooting. The subjects for photography were

selected from areas within each plot where the wheat population

exhibited uniform growth conditions, to ensure the accuracy of the

thermal imaging data. Images were taken at a 45-degree angle to the

horizontal, with the camera positioned 1 meter from the target area.

Each treatment was photographed three times. After capturing the

images, professional analysis was conducted using Testo IRSoft

version 4 software (TESTO, Germany). To obtain temperature data

for wheat under different treatments, we manually and randomly

selected measurement points on the wheat spikes and leaves in the

captured images. Specifically, for each treatment, 20 points on the

spikes and leaves were randomly chosen from the images, and the

temperature at each point was recorded. These values were then

averaged to calculate the overall average temperature of the spikes

and leaves.

2.3.2 SPAD and chlorophyll
fluorescence parameters

Wheat plants of a similar size and growth vigor were selected for

labeling, with 10 plants labeled for each treatment. Leaf

measurements were taken using a handheld SPAD-502 (Konica

Minolta, Japan) meter, starting from the first day of the DH

treatment. Measurements were taken at the center of each leaf;

this was conducted three times to obtain an average value, with

intervals of three days between each measurement. The chlorophyll

fluorescence parameters of the wheat (Fv/Fm and PIabs) were

measured using the M-PEA-2 multifunctional plant efficiency

analyzer (Hansatech, United Kingdom). Fv/Fm reflects the

maximal ability of photosystem II (PSII) to convert absorbed light

energy into chemical energy under specific conditions. PIabs serves

as a quantitative measure of the actual photochemical energy

conversion efficiency of PSII, providing an absolute value for

direct comparisons of photosynthetic efficiency across different

plants or within the same plant under varying conditions.

Measurements were taken on clear mornings between 9:00 and

11:00 a.m., starting from the first day of the DH treatment, with

measurements taken every 3 days.

2.3.3 Measurement of photosynthetic gas
exchange parameters

During 2021–2022, using the Li-6400 photosynthesis system (LI-

COR, United States of America), the net photosynthetic rate (Pn),

stomatal conductance (gs), intercellular CO2 concentration (Ci), and

transpiration rate (Tr) of wheat flag leaves with consistent light

exposure and growth direction were measured. Each measurement

was repeated three times, starting from the first day of the DH

treatment, measurements were taken on clear mornings between 9:00

and 11:00 a.m., with measurements taken every 4 days.

2.3.4 Activities of antioxidant enzymes
SOD activity (Ug−1 FW min−1) was determined via the

nitroblue tetrazolium photoreduction method, POD (Ug−1 FW

min−1) activity was determined via the guaiacol method, and
Frontiers in Plant Science 05
CAT (Ug−1 FW min−1) activity was assessed via the hydrogen

peroxide method (Wu et al., 2017).
2.3.5 Determination of endogenous
hormone content
2.3.5.1 JA and SA

The method for extracting endogenous JA and SA hormones

referenced the previous literature (Engelberth et al., 2003) and was

optimized and modified as follows: The samples were placed in a

mortar and ground into powder with liquid nitrogen. An exact

amount of 50–100 mg of each sample was weighed and placed into a

2 mL centrifuge tube, followed by the addition of 1000 μL of

acetone–citric acid (7/3) extractant, and 20 μL of mixed internal

standard was added to the sample and mixed thoroughly; then,

another 800 μL of acetone–citric acid (7/3) extractant was added

and mixed thoroughly. The mixture was then placed on a

temperature-controlled shaker, maintained at 4°C, and shaken in

the dark for 3 h. It was then taken out, kept in the dark, and placed

in a fume hood to allow the acetone to evaporate completely.

Thereafter, 700 μL of petroleum ether was added to the sample in

the centrifuge tube, shaken thoroughly, and centrifuged at low

temperature. The supernatant was collected, and another 700 μL of

petroleum ether was added to the centrifuge tube, shaken

thoroughly, and centrifuged again at low temperature, after which

the supernatant was collected. The supernatants from the first two

steps were combined and evaporated in a vacuum centrifugal

concentrator (Eppendorf, Hamburg, Germany). The samples were

re-dissolved in 100 μL of HPLC-grade methanol and filtered

through a 0.22 μm organic filter and analyze using a Waters

Triple Quadrupole Liquid Chromatography–Mass Spectrometry

System (UPLC/XEVO TQ-S, Waters Corporation, United States

of America) with a 5 μL injection volume.

2.3.5.2 ABA

The method for extracting ABA from wheat flag leaves was

optimized and modified as follows (Dave et al., 2011). Samples were

placed in a mortar and ground into powder with liquid nitrogen,

and an exact amount of 80–100 mg of the sample was weighed into

a 2 mL centrifuge tube. Subsequently, 1.2 mL of is propanol–acetic

acid (99/1) extractant was added, followed by 20 μL of mixed

internal standard, and the mixture was thoroughly combined. After

thorough mixing, the centrifuge tubes were placed on a

temperature-controlled shaker at 4°C and shaken for 3 h in the

dark at a speed of 200 rpm. Subsequently, the mixture was

centrifuged in the dark at 13,200 × g for 300 s. The supernatant

was then transferred to a new centrifuge tube. Another 0.8 mL of

isopropanol–acetic acid (99/1) extractant was added for a 2 h

extraction. The supernatants from both extractions were

combined and evaporated to dryness in a vacuum centrifugal

concentrator (Eppendorf, Hamburg, Germany). The samples were

re-dissolved in 100 μL of HPLC-grade methanol and filtered

through a 0.22 μm organic filter and analyze using a Waters

Triple Quadrupole Liquid Chromatography–Mass Spectrometry

System (UPLC/XEVO TQ-S, Waters Corporation, United States

of America) with a 5 μL injection volume.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1552617
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2025.1552617
2.3.6 Determination of dry matter partitioning
On the days of DH treatment, and at maturity, 10 wheat stems

with consistent growth and size were taken from each plot for each

treatment, with 3 replicates, giving a total of 30 wheat stems. The

wheat samples on the day of DH treatment were divided into three

parts: stem + sheath, leaves, and spikes. The wheat samples at

maturity were divided into four parts: grains, rachis + glumes,

leaves, and stem + sheath. After sampling, the samples were placed

in an oven at 105°C for 30 min to deactivate enzymes and then dried

at 70°C to a constant weight before weighing.

DBD represents the dry matter transported before the DH (g

stalk−1); DMB is the dry matter mass before the DH (g stalk−1);

DMM refers to the dry matter mass at maturity (g stalk−1); DAD is

the dry matter transported after the DH (g stalk−1); GY stands for

grain yield (g stalk−1); CBD is the contribution of assimilate

transport to grain filling before the DH (%); and CAD is the

contribution of assimilate transport to grain filling after the DH (%).

DBD = DMB−DMM(stem + sheath + leaves + glumes) : (1)

DAD = GY−DBD : (2)

CBD = DBD=GY� 100% : (3)

CAD = DAD=GY� 100% : (4)
2.3.7 Yield and yield components
At the wheat maturity stage, field yield measurement was

conducted, with 1 m² selected from each plot for yield

measurement and three replicates. For each treatment, the number

of spikes per unit area and the number of grains per spike were

counted on a double row of 1 m. After threshing, the thousand-grain

weight and other indicators were measured and recorded.

2.3.8 Statistical analysis and plotting
A three-way ANOVA was conducted using DPS9.01 Statistical

Package (Zhejiang University, Hangzhou, China) on the wheat trait

as the response variable and the ‘year’, ‘dry-hot wind’ and ‘24-

epibrassinolide’ as fixed variables. Multiple comparisons of each

indicator under different treatments were performed using the LSD

method with a significant probability level of 0.05. All the graphs
Frontiers in Plant Science 06
were plotted using the “ggplot” package in Origin 2020 and R (4.1.1)

(R Core Team, Vienna, Austria, 2020). To explore the complex direct

and indirect relationships among variables, structural equation

models (SEMs) were constructed. SEMs were used to test and

estimate causal relationships using a combination of statistical data

and qualitative causal assumptions. The models were built using the

“lavaan” package (Rosseel, 2012), which is widely used in SEMs for

tasks such as confirmatory factor analysis, path analysis, and other

types of structural model estimation.
3 Results

3.1 Endogenous hormone

The DH and EBR have a significant effect on the endogenous

hormone content in the flag leaves of wheat (p< 0.01) (Table 1). The

ABA content in wheat flag leaves showed a trend of first increasing

and then decreasing, with more pronounced changes under DH

treatment. Among the measured time points, ABA content under DH

conditions reached its maximum on the sixth day, while it peaked on

the eighth day under FC conditions. Compared to SW treatment,

EBR significantly reduced ABA content in JN17 and LX77 under DH

conditions, by 6% to 21% and 4% to 14%, respectively. In contrast,

under FC conditions, ABA levels decreased by 5.5% to 11.5% and

1.9% to 12.1%, respectively (Figure 2A). Compared to FC, the

reduction in ABA content was more pronounced under DH

conditions with EBR treatment. Similarly, JA content also exhibited

a trend offirst increasing and then decreasing. Under DH conditions,

JA content increased during the early stage of treatment and peaked

on the third day of the measurement period. Compared to SW

treatment, EBR treatment reduced JA content in JN17 and LX77

under DH conditions by 13.4% to 23.4% and 7.7% to 16.4%,

respectively. Under FC conditions, EBR treatment decreased JA

content in JN17 by 6.8% to 14.8%, while the reduction in LX77

ranged from 5.8% to 14.1% (Figure 2B).

SA content rapidly increased during the early phase of treatment.

SA content peaked on the third day of the measurement period under

DH conditions, whereas it peaked on the sixth day under FC

conditions. Compared to SW, under DH conditions, EBR

treatment significantly increased the SA content at all measurement

time points following DH treatment. In JN17, the increase ranged
TABLE 1 The significant effects (p values) of dry–hot wind and EBR spraying on hormone levels and antioxidant enzyme activity in different wheat
cultivars in 2020 and 2021.

Terms Y C D E Y×C Y×D Y×E C×D C×E D×E Y×C×D Y×C×E Y×D×E C×D×E Y×C×D×E

ABA ** ns ** ** ** ** * ** ns * ** ns ns ns ns

JA ** ** ** ** * ** ns ** ** ** ** ns ns ** ns

SA ** ** ** ** ns ns ns ** ns ** ns ** ns ns ns

SOD ** ns ** ** ** ** ns ** ns ** ns ns ns ns *

POD ** ns ** ** ** ns ns ** * ** ns ns ns ns ns

CAT ** ** ** ** ns * ns * ns ** ns ** ns ns ns
Y: year; C: cultivar; D: dry–hot wind; E: 24-epibrassinolide; ABA: abscisic acid; JA: jasmonic acid; SA: salicylic acid; SOD: superoxide dismutase; POD: peroxidase; CAT: catalase; *P<0.05;
**P<0.01; ns: P>0.05.
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from 4.9% to 31.5%, while in LX77, it ranged from 5.8% to 18.4%.

Under FC conditions, EBR treatment resulted in a 7.2% to 12.2%

increase in SA content in JN17, but significantly affected LX77 only

on day 9 after the DH treatment (Figure 2C).
3.2 Photosynthetic physiological
parameters in wheat flag leaves

The photosynthetic physiological parameters of wheat flag leaves

are presented in Figure 3. Under DH conditions, the Pn, gs, and Tr of

flag leaves in the wheat cultivars JN17 and LX77 were significantly

lower compared to the FC environment. A declining trend in Pn, gs,

and Tr was observed for both cultivars as the treatment progressed.

Compared to SW treatment, under DH conditions, EBR significantly

increased Pn, gs, and Tr at all measurement time points after DH
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treatment in both JN17 and LX77. Under FC conditions, it significantly

increased Pn and gs at all measurement time points after the start of the

Dh treatment, as well as Tr on days 4 and 8. Treatment had no

significant statistical effect on Ci in the wheat flag leaf.
3.3 Temperatures of wheat spike and leaf

Compared to JN17, the spike and leaf temperatures of the wheat

cultivar LX77 were less affected by DH (Figure 4). Under DH

conditions, EBR significantly reduced spike and leaf temperatures in

both cultivars compared to the SW treatment (Figure 4B).

Specifically, the spike and leaf temperatures of JN17 decreased by

1.27°C and 2.4°C, respectively, while those of LX77 decreased by

0.87°C and 1.6°C, respectively. Under FC conditions, a significant

difference was observed in the spike and leaf temperatures of JN17
FIGURE 2

Endogenous hormone regulation of wheat flag leaves in dry–hot wind conditions. (A) Abscisic acid (ABA); (B) jasmonic acid (JA); (C) salicylic acid
(SA). FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under
field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters
indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n = 3).
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between the EBR and SW treatments, whereas no statistically

significant changes were observed in the spike and leaf

temperatures of the wheat cultivar LX77.
3.4 Antioxidant enzyme activity in wheat
flag leaves

The DH and EBR have a significant effect on the antioxidant

enzyme activity in the flag leaves of wheat (p< 0.01) (Table 1). Under

DH treatment, the activities of SOD, POD, and CAT in the flag leaves

of the JN17 and LX77 wheat cultivars initially showed an increasing

trend, followed by a subsequent decrease. Specifically, during the early

stages of treatment, SOD activity under DH conditions was

significantly higher than FC environment (Figure 5A). However, as

the stress persisted, SOD activity in the wheat under DH conditions

significantly decreased in the middle and later stages of treatment.

During the early stages of DH stress, POD and CAT activities exhibited

similar patterns (Figures 5B, C). EBR significantly increased the content

of three antioxidant enzymes under DH conditions.
3.5 SPAD in wheat flag leaves

As shown in Figure 6, the SPAD values offlag leaves in the JN17

and LX77 exhibited a declining trend after the initiation of the DH

treatment. Initially, the SPAD values of flag leaves under DH

conditions were comparable to those under FC conditions.

However, as the duration of the DH treatment increased, a
Frontiers in Plant Science 08
noticeable difference was observed between the SPAD values

under DH and FC conditions. Under DH conditions, the SPAD

values in the EBR treatment were significantly higher than those in

the SW treatment. Under FC conditions, there was no significant

difference in SPAD values between the EBR and SW treatments at

the early stages of the experimental treatment. As the experiment

progressed, the SPAD values in the EBR treatment became

significantly higher than those in the SW treatment.
3.6 Fluorescence characteristics in wheat
flag leaves

The maximal photochemical efficiencies of the PSII (Fv/Fm) in

the flag leaves of both wheat cultivars grown under DH conditions

were significantly lower than those of FC-grown wheat (Figure 7A).

Notably, the LX77 flag leaves exhibited less sensitivity to the

detrimental effects of DH stress on Fv/Fm values than JN17,

suggesting that photosynthesis in LX77 was less impacted as well.

Under DH conditions, the application of EBR significantly elevated

the Fv/Fm values in the flag leaves of both wheat cultivars compared

to SW. Moreover, during the course time of the treatments, the

disparity in the Fv/Fm values between SW- and EBR-treated wheat

leaves widened, indicating that EBR can effectively mitigate the

adverse effects of DH stress on PSII photochemical efficiency.

Similarly, photosynthetic performance indices based on the

absorption (PIabs) of the flag leaves of both wheat cultivars under

DH conditions significantly varied compared to the FC-grown

wheat (Figure 7B). The PIabs of LX77 showed less fluctuation
FIGURE 3

Photosynthesis regulation of wheat flag leaves in dry–hot wind conditions. Pn: net photosynthetic rate; gs: stomatal conductance; Tr: transpiration
rate; Ci: intercellular CO2 concentration. FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions,
spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot
wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n =3).
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than that of JN17 under DH conditions, indicating a relatively more

stable photosynthetic performance. Furthermore, PIabs exhibited

greater variability and a faster rate of decline with the increasing

duration of DH treatment compared to Fv/Fm. Under DH

conditions, the EBR treatment significantly enhanced the PIabs

values in the flag leaves of both wheat cultivars compared to SW.
3.7 Dry matter accumulation
and distribution

Prior to DH treatment, the dry matter weights and organ

proportions of the JN17 and LX77 wheat cultivars were

comparable, as shown in Table 2. Significant reductions in the dry

matter weights of the stem + sheath and leaf at maturity were
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observed in both cultivars following the DH treatment, but there

was no significant impact on the rachis +glumes (Table 3).

Specifically, under DH conditions, the total dry matter weight of

JN17 decreased by 16%, the stem + sheath weight decreased by 8%,

the leaf weight decreased by 25%, and the grain weight decreased by

23.1%, whereas LX77 showed reductions of 13.5%, 6.2%, 22.5%, and

18.6%, respectively, compared to the FC conditions.

Remarkably, EBR mitigated these reductions, significantly

enhancing organ dry matter weights under DH treatment, as is

evident in Table 3, compared to SW, EBR increased the total dry

matter weights by 9% in JN17 and 7.9% in LX77, stem + sheath

weights by 3.75% and 4.49%, leaf weights by 29.4% and 14.3%, and

grain weights by 13% and 11.9%, respectively. No significant effects

on the dry matter weights of rachis + glumes were observed. In

addition, EBR regulated organ dry matter weight as a proportion of
FIGURE 4

Temperature regulation of wheat spikes and leaves in dry–hot wind conditions. (A) Infrared thermograms (×M represents the specific point selected
by the software for image data processing); (B) the spike and leaf temperatures under different treatments. FC + SW, FC + EBR, DH + SW, and DH +
EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot
wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p<
0.05). Bars represent mean values ± SE (n = 3).
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the whole plant in both varieties, reducing the proportion of stems +

sheaths and increasing the proportion of grains (Table 4).
3.8 Yield and yield components

DH stress significantly impacted wheat grain yield, as shown in

Table 5. Compared to wheat grown under FC conditions, JN17

experienced a yield reduction of approximately 11.8% in the first

year and 9.7% in the second year under DH conditions. Similarly,

LX77 showed a yield reduction of around 9% in the first year and

6.6% in the second year under the same conditions. Notably, DH

stress did not significantly alter the number of spikes per unit area

or the number of grains per spike, but it significantly decreased

wheat thousand-grain weight (Table 5). Specifically, compared to

FC, JN17 exhibited a reduction in thousand-grain weight of

approximately 12.1% in the first year and 9% in the second year,

while LX77 showed reductions of about 6.9% and 6.3%, respectively.
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Analysis revealed that LX77’s yield and thousand-grain weight were

less affected by DH stress compared to JN17.

EBR significantly increased wheat yield and thousand-grain

weight, with no significant effects on the number of spikes per unit

area or grains per spike. Under DH conditions, compared to SW, EBR

elevated the yield of JN17 by approximately 9.2% in the first year and

7.5% in the second year; the yield of LX77 increased by 4.9% and 2.3%,

respectively. In contrast, under FC conditions, EBR increased the yield

of JN17 by 5.1% and 4.3% in the first and second years, respectively,

while the yield of LX77 was enhanced by about 1% in both years.

Importantly, EBR’s enhancing effect on wheat yield under DH stress

was markedly more pronounced than under FC conditions.
3.9 Analysis of correlation

A Pearson’s correlation analysis was conducted on the

experimental measurement indicators (Figure 8). The ABA
FIGURE 5

Antioxidant enzyme activity regulation of wheat flag leaves in dry–hot wind conditions. (A) Superoxide dismutase (SOD); (B) peroxidase (POD); (C)
catalase (CAT). FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-
epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind
conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n = 3).
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content in the flag leaves of the JN17 and LX77 wheat varieties

exhibited a significant negative correlation with gs. ABA content

was significantly negatively correlated with both yield and Pn in

these two wheat varieties. The gs of flag leaves in JN17 and LX77

was significantly positively correlated with Tr. Conversely, gs was

negatively correlated with spike temperature and leaf temperature.

Spike temperature and leaf temperature were negatively correlated

with the activities of antioxidant enzymes, including SOD and CAT,

as well as with Fv/Fm. Notably, spike temperature and leaf

temperature were significantly negatively correlated with PIabs of

wheat flag leaves. Furthermore, spike temperature and leaf

temperature were negatively correlated with yield in JN17 and

significantly negatively correlated with yield in LX77. In

summary, exogenous EBR enhanced wheat’s resistance to DH,

particularly by reducing spike and leaf temperatures, optimizing

hormonal balance in the leaves, and increasing antioxidant capacity.

This was beneficial for improving the photosynthetic capacity of
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wheat leaves under DH conditions, thereby promoting dry matter

accumulation and maintaining yield.
3.10 Structural equation modeling

Under the SW treatment, the model results showed a good fit (c2 =
3.159, df = 3.000, GFI = 1.000, RMSEA = 0.047, p = 0.368), and all fit

indices indicated that the data matched the model well. This model

adequately explained the latent variables and their related path

coefficients, revealing the effects of different factors on Pn. The

positive path coefficient between leaf temperature (T) and ABA was

0.97 (p< 0.001), indicating that under SW treatment, an increase in T

significantly elevated ABA content. Similarly, T had a significant

negative effect on SOD activity, with a path coefficient of -1.84 (p<

0.001). However, T had no significant effect on SA and SPAD, with

path coefficients of -0.17 (p > 0.05) and -0.48 (p > 0.05), respectively.
FIGURE 6

SPAD values regulation of wheat flag leaves in dry-hot wind conditions. FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent
spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and
spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent
mean values ± SE (n = 10).
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Additionally, a significant positive correlation was observed between

SOD and SPAD, with a path coefficient of 0.89 (p< 0.001), suggesting

that increased SOD activity significantly co-occurred with higher

SPAD values. Furthermore, both SOD and SPAD had significant

direct positive effects on Pn, with path coefficients of 0.40 (p< 0.001)

and 0.21 (p< 0.001), respectively. The R² analysis indicated that the

model explained 98.1% (R2 = 0.981) of the variance in Pn.

Under EBR treatment, the model showed a reasonable fit (c2 =
5.014, df = 3.000, GFI = 1.000, RMSEA = 0.167, p = 0.171). The
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positive relationship between T and ABA remained significant under

this condition, with a path coefficient of 0.92 (p< 0.001), indicating

that an increase in T still significantly enhanced ABA accumulation.

However, the effect of T on SA was insignificant, with a path

coefficient of 0.03 (p > 0.05). A significant negative relationship

between T and SPAD also emerged, with a path coefficient of -0.73

(p< 0.05), while the negative effect of T on SOD remained significant,

with a path coefficient of -1.87 (p< 0.001). The positive correlation

between SOD and SPAD was still significant, with a path coefficient of
FIGURE 7

Fluorescence characteristics regulation of wheat flag leaves in dry-hot wind conditions. (A) The maximal photochemical efficiency of the
photosystem II (Fv/Fm). (B) Photosynthetic performance index based on absorption (PIabs). FC + SW, FC + EBR, DH + SW, and DH + EBR,
respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind
conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p<
0.05). Bars represent mean values ± SE (n = 3).
TABLE 2 Weights and proportions of dry matter in different wheat organs at the beginning dry–hot wind treatment.

Cultivar Treatment
Total

(g·Stalk−1)

Stem + Sheath Leaf Spike

Weight
(g·Stalk−1)

Ratio (%)
Weight

(g·Stalk−1)
Ratio (%)

Weight
(g·Stalk−1)

Ratio (%)

JN17

FC + SW 1.98 ± 0.12a 1.15 ± 0.06a 58.0 a 0.32 ± 0.02a 16.3 a 0.51 ± 0.04a 25.7 a

FC + EBR 2.03 ± 0.05a 1.12 ± 0.03a 55.1 a 0.34 ± 0.01a 16.9 a 0.57 ± 0.02a 28.0 a

DH + SW 1.96 ± 0.07a 1.07 ± 0.05a 59.4 a 0.32 ± 0.03a 16.7 a 0.52 ± 0.02a 27.4 a

DH + EBR 1.94 ± 0.08a 1.10 ± 0.03a 56.8 a 0.31 ± 0.02a 15.9 a 0.53 ± 0.04a 27.3 a

LX77

FC + SW 2.29 ± 0.05a 1.37 ± 0.05a 59.8 a 0.33 ± 0.03a 14.5 a 0.59 ± 0.07a 25.7 a

FC + EBR 2.30 ± 0.09a 1.37 ± 0.10a 59.4 a 0.35 ± 0.03a 15.2 a 0.58 ± 0.04a 25.4 a

DH + SW 2.23 ± 0.06a 1.34 ± 0.05a 60.2 a 0.33 ± 0.03a 14.9 a 0.55 ± 0.05a 24.9 a

DH + EBR 2.17 ± 0.02a 1.33 ± 0.03a 61.3 a 0.33 ± 0.03a 15.1 a 0.51 ± 0.12a 23.6 a
FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot
wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p < 0.05). “Ratio” represents the proportion of
the dry matter weight of the organ to the total dry matter weight of the whole plant.
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0.63 (p< 0.001), showing that SOD activity was positively associated

with SPAD. This result was consistent with the SW treatment.

However, unlike the SW treatment, SOD had no significant direct

effect on Pn (path coefficient 0.04, p > 0.05), whereas the effect of

SPAD on Pn was enhanced under EBR treatment, with a path

coefficient of 0.32 (p< 0.001). R2 analysis revealed that the model

explained 97.1% (R2 = 0.971) of the variance in Pn under EBR

treatment. Overall, both under SW and EBR treatments, T and

ABA showed a significant positive regulatory relationship,

suggesting that T plays a crucial role in regulating ABA synthesis or

accumulation. Compared to SW treatment, EBR positively regulated

the effect of the SA pathway on SPAD values and the influence of

SPAD on Pn, enhancing wheat’s ability to regulate hormones in

response to DH stress and thereby improving its capacity to cope with

such conditions. Additionally, EBR reduced the impact of antioxidant

enzyme pathways, such as SOD, on the net photosynthetic rate,

alleviating the damage caused by DH and decreasing wheat’s

reliance on antioxidant enzymes to maintain Pn (Figure 9).
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4 Discussions

4.1 Effects of EBR on the homeostasis of
endogenous hormones in wheat flag
leaves subjected to dry–hot wind stress

The accumulation of ABA and JA in wheat flag leaves

decreased, while the accumulation of SA increased under EBR

treatment (Figure 2).

Under stress conditions such as high temperature, drought

(Kong et al., 2021), and high salinity (Kaur and Asthir, 2020),

ABA rapidly accumulates in wheat, activating signaling pathways

that enhance stress adaptation and growth activity, thereby

promoting plant growth under stress. Both JA (Pedranzani et al.,

2003; De Ollas et al., 2013; Yan et al., 2015; Ali and Baek, 2020) and

SA (Fayez and Bazaid, 2014; Dong et al., 2014; Yadava et al., 2015;

Wang et al., 2018; La et al., 2019; Fan et al., 2022) play pivotal roles

in mediating responses to abiotic stresses, including salinity,
TABLE 3 Weights and proportions of dry matter in different organs of wheat at maturity.

Cultivar Treatment
Total

(g·Stalk−1)

Stem + Sheath Leaf Rachis + Glumes Grain

Weight
(g·Stalk−1)

Ratio
(%)

Weight
(g·Stalk−1)

Ratio
(%)

Weight
(g·Stalk−1)

Ratio
(%)

Weight
(g·Stalk−1)

Ratio
(%)

JN17

FC + SW 2.80 ± 0.03b 0.87 ± 0.01a 31.2 c 0.25 ± 0.01b 9.0 a 0.37 ± 0.01a 13.1 c 1.31 ± 0.04b 46.8 ab

FC + EBR 3.00 ± 0.04a 0.90 ± 0.02a 29.9 d 0.27 ± 0.01a 8.9 a 0.37 ± 0.01a 12.4 d 1.46 ± 0.03a 48.8 a

DH + SW 2.33 ± 0.04d 0.80 ± 0.01c 34.5 a 0.17 ± 0.01d 7.1 b 0.36 ± 0.01a 15.6 a 1.00 ± 0.03d 42.9 c

DH + EBR 2.54 ± 0.07c 0.83 ± 0.01b 32.6 b 0.22 ± 0.01c 8.8 a 0.36 ± 0.02a 14.3 b 1.13 ± 0.05c 44.3 bc

LX77

FC + SW 3.10 ± 0.06b 0.96 ± 0.01ab 30.0 c 0.27 ± 0.01b 8.8 b 0.42 ± 0.01a 13.5 b 1.45 ± 0.06b 46.9 ab

FC + EBR 3.29 ± 0.07a 0.98 ± 0.02a 29.7 d 0.31 ± 0.01a 9.5 a 0.40 ± 0.01a 12.2 c 1.60 ± 0.08a 48.6 a

DH + SW 2.66 ± 0.01d 0.89 ± 0.03c 33.8 a 0.21 ± 0.02d 7.8 c 0.39 ± 0.01a 14.8 a 1.17 ± 0.03d 44.1 b

DH + EBR 2.87 ± 0.05c 0.93 ± 0.01b 31.5 b 0.24 ± 0.01c 8.3 bc 0.39 ± 0.01a 13.8 b 1.31 ± 0.05c 45.8 ab
fronti
FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot
wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). “Ratio” represents the proportion of
the dry matter weight of the organ to the total dry matter weight of the whole plant.
TABLE 4 Redistribution of dry matter in vegetative organs of wheat after dry–hot wind treatment.

Cultivar Treatment
DBD

(g Stalk−1)
DAD

(g Stalk−1)
CBD
(%)

CAD
(%)

JN17

FC + SW 0.50 ± 0.12a 0.82 ± 0.15a 37.8 c 62.2 b

FC + EBR 0.50 ± 0.07a 0.97 ± 0.09a 33.9 d 66.2 a

DH + SW 0.63 ± 0.07a 0.37 ± 0.06c 62.6 a 37.4 d

DH + EBR 0.53 ± 0.09a 0.60 ± 0.10b 47.0 b 53.1 c

LX77

FC + SW 0.65 ± 0.06ab 0.80 ± 0.04b 44.8 b 55.2 b

FC + EBR 0.61 ± 0.10b 1.00 ± 0.17a 37.9 c 62.1 a

DH + SW 0.74 ± 0.03a 0.43 ± 0.06c 63.3 a 36.7 c

DH + EBR 0.62 ± 0.03ab 0.70 ± 0.06b 46.9 b 53.1 b
FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot
wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p < 0.05). “Ratio” represents the proportion of
the dry matter weight of the organ to the total dry matter weight of the whole plant.
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drought, waterlogging, heavy metals, and temperature variations.

Prior research has established an antagonistic relationship between

ABA and BRs during plant growth and development. EBR

treatment can downregulate the expression of ABA pathway-

regulated transcription factors (BrABI1, BrABI2, BrABI5) in fresh

daylily flower buds, leading to a significant reduction in endogenous

ABA content (Yao et al., 2017). In Arabidopsis, EBR can stimulate
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the SA-sensing pathway in response to stress (Divi et al., 2010). In

cotton, the biotic -stress-induced transcription factor GhTINY2

orchestrates a balance between SA-mediated immune responses

and BR-regulated growth and defense mechanisms (Xiao et al.,

2021). The intricate interplay between the BRs and JA pathways is

exemplified by their inhibitory effects on root elongation in both

wild-type Arabidopsis and the psc1coi1 mutant, mediated by JA
TABLE 5 EBR regulates wheat yield and its components under dry–hot wind conditions.

Years Cultivar Treatment
Spike number

(m-2)
Grain number

per spike
1000-grain weight (g)

Grain yield
(kg ha-1)

2020–2021

JN17

FC + SW 609.00 ± 12.17a 43.67 ± 2.08a 41.52 ± 1.11b 7195.23 ± 76.10b

FC + EBR 607.33 ± 11.02a 44.00 ± 1.00a 43.15 ± 0.69a 7564.98 ± 47.88a

DH + SW 602.67 ± 9.97a 44.33 ± 1.53a 36.34 ± 0.56d 6222.41 ± 107.50d

DH + EBR 614.33 ± 19.86a 44.00 ± 2.65a 38.12 ± 0.87c 6793.33 ± 78.29c

LX77

FC + SW 600.33 ± 12.50a 43.33 ± 1.53a 44.30 ± 0.31a 8092.85 ± 136.05a

FC + EBR 603.00 ± 4.58a 45.00 ± 1.00a 44.94 ± 0.49a 8173.87 ± 104.04a

DH + SW 605.67 ± 12.66a 44.67 ± 3.06a 41.06 ± 0.49c 7221.55 ± 92.86c

DH + EBR 601.00 ± 13.11a 44.33 ± 1.53a 42.04 ± 0.56b 7577.86 ± 78.23b

2021–2022

JN17

FC + SW 647.00 ± 10.83a 41.00 ± 1.00a 41.26 ± 0.18b 7326.30 ± 84.55b

FC + EBR 651.00 ± 14.24a 40.67 ± 2.08a 42.80 ± 0.70a 7644.16 ± 75.14a

DH + SW 645.87 ± 22.21a 41.00 ± 2.00a 37.09 ± 0.63d 6515.48 ± 27.69d

DH + EBR 636.64 ± 7.08a 41.33 ± 1.53a 39.43 ± 1.04c 7002.71 ± 51.19c

LX77

FC + SW 653.00 ± 32.20a 40.00 ± 1.00a 42.50 ± 0.90a 8373.86 ± 74.50a

FC + EBR 649.00 ± 16.25a 41.00 ± 1.00a 43.13 ± 0.41a 8457.33 ± 47.01a

DH + SW 645.00 ± 15.57a 39.67 ± 1.53a 39.33 ± 0.51c 7773.60 ± 124.63c

DH + EBR 641.00 ± 23.27a 40.67 ± 1.53a 40.89 ± 0.71b 7951.14 ± 69.53b

Analysis of variance F values

Year (Y) 77.80** 46.08** 9.59** 120.60**

Cultivars (C) 0.18 0.10 129.76** 1345.74**

Dry–hot wind (D) 0.56 0.10 325.51** 827.81**

EBR (E) 0.02 0.65 46.78** 148.51**

Y×C 0.70 0.94 23.98** 15.01**

Y×D 0.93 0.10 4.41* 10.60**

Y×E 0.33 0.03 0.40 2.42

C×D 0.01 0.10 14.72** 9.65**

C×E 0.16 0.65 4.58* 27.27**

D×E 0.04 0.24 1.86 13.61**

Y×C×D 0.08 0.10 1.45 0.12

Y×C×E 0.06 0.03 0.01 0.04

Y×D×E 0.27 0.65 0.59 1.13

C×D×E 0.04 0.24 0.04 0.01

Y×C×D×E 215.35 0.08* 0.01** 4185.8145
FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot
wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). *p<0.05; **p<0.01.
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(Ren et al., 2009). While in bok choy, EBR delays leaf senescence by

antagonizing JA and ABA (Zhu et al., 2023). In wheat, consistent

with previous studies in rice and Arabidopsis (Liao et al., 2020; Li

et al., 2021), EBR treatment resulted in a reduction in the levels of

ABA and JA in the leaves (Figures 2A, B). The decrease in ABA

content led to an increase in gs, which subsequently enhanced Tr,

reduced spike leaf temperature, and contributed to an increase in

antioxidant enzyme activities, ultimately improving Pn. Moreover,

the elevation in SA levels indicates that wheat’s stress resistance was

significantly enhanced under EBR treatment. This suggests that
Frontiers in Plant Science 15
EBR can enhance wheat resistance to DH by modulating the

hormonal balance.
4.2 Regulatory effects of EBR on
photosynthesis and canopy temperature in
wheat subjected to dry–hot wind stress

BRs are capable of downregulating ABA biosynthesis genes,

leading to a reduced ABA content in plants, and they can directly
FIGURE 9

Structural equation model. T represents leaf temperature; ABA represents abscisic acid; SA represents salicylic acid; SOD represents superoxide
dismutase; Pn represents net photosynthetic rate; X2 represents chi-square statistic; df represents degrees of freedom of the model; gfi represents
goodness of fit index; rmsea represents root mean square error of approximation; p represents P-value of the chi-square test. * represents p< 0.05,
** represents p< 0.01, *** represents p< 0.001, and ns represents p > 0.05. SW represent spraying water; EBR represent spraying 24-epibrassinolide.
FIGURE 8

Correlation analysis. GY represents yield (kg ha-1); GW represents 1000-grain weight (g); GN represents grain number (Spike-1); SN represents spike
number (plants m-2); FF represents Fv/Fm; PI represents PIabs; ST represents spike temperature (℃); and YT represents leaf temperature (℃). Pn
represents net photosynthetic rate; Ci represents lntercellular CO2 concentration; gs represents stomatal conductance; Tr represents transpiration
rate; SOD represents superoxide dismutase; POD represents peroxidase; CAT represents catalase. SA represents salicylic acid; ABA represents
abscisic acid; JA represents jasmonic acid. * represents a significant correlation (p< 0.05), ** represents a fairly significant correlation (p< 0.01), and
*** represents a very significant correlation (p< 0.001). The darker the color, the stronger the correlation (blue indicates a positive correlation and
red indicates a negative correlation).
frontiersin.org

https://doi.org/10.3389/fpls.2025.1552617
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2025.1552617
influence stomata, regulating their aperture. Previous studies have

demonstrated that low-concentration applications of BRs on

tomatoes promote stomatal opening (Xia et al., 2014), and EBR

has been specifically shown to increase gs in melon leaves under

high-temperature stress (Zhang et al., 2013). In the current

experiment, the EBR concentration used was 0.1 mg·L-1, which

falls within the range of low concentrations known to directly

regulate stomatal opening. Under DH stress conditions, the Tr

values of flag leaves were significantly reduced in both wheat

cultivars. However, EBR effectively alleviated the negative impacts

of DH on Tr (Figure 3). Furthermore, DH treatment markedly

increased spike and leaf temperatures in wheat, whereas EBR

treatment significantly mitigated these temperature increases

compared to SW (Figure 4). The enhancement of Tr in wheat by

EBR can be attributed to its capacity to increase gs. Tr represents the

amount of water transpired per unit leaf area over a specified time

interval, and the transpired water acts as a heat dissipater, thereby

enabling EBR to lower spike and leaf temperatures in wheat and

mitigate heat stress. Additionally, it was previously established that

EBR can elevate gs, proline content, and relative water content in

mustard plants subjected to drought stress (Fariduddin et al., 2009).

These findings are consistent with the current experimental results,

which show that EBR increases the flag leaf Tr in wheat, thereby

reducing heat stress on intracellular proteins and enzymes.

Collectively, these results suggest that EBR plays a crucial role in

mitigating the detrimental effects of DH stress on wheat physiology

by modulating stomatal function and enhancing water relations.

However, it is worth noting a critical issue in this experiment—

namely, the impact of the covering film on photosynthetically active

radiation (PAR) within the greenhouse. This factor should be

addressed because the light transmittance of the covering film led

to a reduction in PAR, which subsequently altered the original

physiological processes of wheat under DH conditions. As a result,

the diminished photosynthetic capacity of wheat under DH stress

can be partly attributed to the reduction in PAR. Nevertheless,

previous studies suggest that the use of polyethylene films in

drought tolerance research is a well-established and viable

approach (Al-Madani et al., 2024). Moreover, the data in this

study indicate that EBR treatment significantly improved both

hormonal regulation (Figure 2) and photosynthetic capacity

(Figures 3, 6, 7) of wheat under DH conditions compared to the

SW treatment. Although the PAR inside the greenhouse was indeed

reduced compared to that under FC conditions, this does not

impede the investigation of EBR’s effects under DH stress.
4.3 Regulatory effects of EBR on the
antioxidant system, SPAD values, and
chlorophyll fluorescence in wheat flag
leaves under dry–hot wind stress

The activities of antioxidant enzymes, including SOD, POD,

and CAT, in wheat flag leaves were notably augmented under EBR

treatment (Figure 5).

Abiotic stress often leads to ROS accumulation in wheat,

inducing oxidative stress and compromising plant growth and
Frontiers in Plant Science 16
development (Ru et al., 2023). Wheat maintains ROS homeostasis

through its endogenous antioxidant enzyme system, particularly

SOD, CAT, and POD (Miller et al., 2010). Prior studies have shown

that, in Pinellia ternata EBR upregulates the expression of FeSOD,

POD, and CAT genes, enhancing proline synthesis (mediated by

P5CS1) (Guo et al., 2022), increasing gs and Tr (Figure 3). In the

early stages of stress, SOD (Figure 5A), POD (Figure 5B), and CAT

(Figure 5C) activities increased significantly to counteract ROS

accumulation in the wheat cultivars under DH conditions. EBR

further elevated these activities, consistent with previous findings

(Khan et al., 2022).

Chlorophyll fluorescence parameters, particularly Fv/Fm and

PIabs, provide insights into the intricate interplay between plant

photosynthesis and environmental stresses (Kalaji et al., 2016). Fv/

Fm serves as a proxy for the primary photochemical conversion

efficiency of PSII, whereas PIabs values more intimately reflect the

consequences of external stress on the photosynthetic machinery

(Van Heerden et al., 2004). In the context of leaf senescence,

chlorophyll degradation emerges as a pivotal metabolic event,

with a decline in total SPAD value (Relative chlorophyll content)

serving as a reliable indicator of this process (Hörtensteiner, 2006).

Wheat plants possess the capacity to maintain SPAD value

during the initial phases of stress exposure through self-regulation

(Figure 6). However, as stress intensity escalates beyond the plant’s

tolerance threshold, chlorophyll degradation commences,

accelerating leaf senescence. Notably, EBR significantly elevated

the SPAD, Fv/Fm, and PIabs values of flag leaves in both wheat

cultivars (Figures 6, 7). This enhancement can be attributed to the

following two primary mechanisms: firstly, spike and leaf

temperatures are mitigated (Figure 4), alleviating heat stress and

consequently slowing chlorophyll degradation (Figure 6). Secondly,

the increase in antioxidant enzyme activities (Figure 5) has

effectively inhibited the accumulation of ROS. Furthermore, EBR

treatment upregulates the expression of chlorophyll synthesis genes,

contributing to an increase in the relative chlorophyll content (Peng

et al., 2020). Additionally, EBR promotes thermal dissipation in

plants, safeguarding the PSII reaction center and electron transport

chain (Hu et al., 2013; Lima and Lobato, 2017), thereby enhancing

both the “quantity” and “quality” of chlorophyll in a dual manner.
4.4 Regulatory effects of EBR on dry
matter transport and yield in wheat
subjected to dry–hot wind stress

DH stress affects wheat yield by reducing the grain weight of the

two cultivars, with no notable impact on the number of spikes or

grains per spike (Table 5).

Under DH conditions, the SPAD of the wheat plants decreased,

leading to an insufficiency of antenna pigment molecules essential

for light energy absorption. Consequently, the Fv/Fm and PIabs

values of the sheltered wheat cultivars were also lower, indicating a

weakened capacity of PSII to capture and transfer electrons. This

diminished electron transfer resulted in insufficient chemical energy

for the carbon fixation reaction, ultimately causing a significant

reduction in the accumulation of total dry matter and grain weight
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compared to FC-grown wheat. In contrast, treatment with EBR

effectively mitigated the adverse effects of DH stress in both wheat

cultivars. Specifically, the variation in the ratio between grain yield

and dry matter was low. This stability in the ratio indicates that the

effects of the treatment on dry matter were effectively transmitted to

the yield. The effect of EBR is not limited to influencing a single

physiological parameter but enhanced the translocation of dry

matter from various vegetative organs to the grains (Tables 2–4),

thereby increasing grain weight. This finding aligns with previous

studies reporting that treatment with 0.1 mg·L-1 EBR resulted in

grain yield increments of 18% and 20% upon cessation of irrigation

during the flowering and grain filling stages of wheat (Dehghan

et al., 2020). Importantly, EBR treatment had no significant effects

on the number of spikes or grains per spike (Table 5). Therefore, the

yield-enhancing effect of EBR under DH stress was achieved

primarily through the optimization of grain filling processes

rather than by modulating spike or grain number.
4.5 Differential responses of dry–hot wind-
sensitive and resistant wheat cultivars to
EBR treatment

EBR treatment alleviated dry–hot wind stress in both wheat

cultivars with different resistance levels; however, its regulatory

effects differed significantly between JN17 and LX77. Specifically,

under EBR treatment, physiological parameters (such as

photosynthetic parameters and SPAD values) and antioxidant
Frontiers in Plant Science 17
enzyme activities (SOD, POD, and CAT) exhibited a significantly

greater increase in the sensitive cultivar JN17 than in the resistant

cultivar LX77 (Figures 3, 5–7). This suggests that EBR may have a

more pronounced relative effect in enhancing the tolerance of dry–

hot wind-sensitive cultivars. This phenomenon may be attributed to

the lower intrinsic resistance of sensitive cultivars to dry–hot wind

stress, which allows their physiological and metabolic pathways to be

more effectively activated and optimized in response to EBR

treatment. In contrast, LX77 exhibited superior stomatal

regulation, antioxidant systems, and photosynthetic capacity

compared to the sensitive cultivar JN17. Although EBR treatment

still exerted positive effects on LX77, such as improving PSII activity,

enhancing photosynthesis, and increasing antioxidant enzyme

activities, the overall improvement was relatively smaller. This

indicates that EBR may have a “response threshold” or “effect

saturation” in highly resistant wheat cultivars. That is, while EBR

can enhance stress tolerance to a certain extent, its ability to further

improve resistance in cultivars that already possess strong tolerance

mechanisms may be limited. Furthermore, the differential effects of

EBR treatment in the two cultivars may also be related to differences

in endogenous hormone regulation mechanisms. Different wheat

genotypes may exhibit varying sensitivities to EBR-induced hormone

signaling pathways, potentially leading to a stronger hormonal

response and physiological improvement in the sensitive cultivar

after EBR treatment, whereas the response amplitude in the resistant

cultivar remains relatively smaller. The model suggests a common

regulatory pathway for EBR-mediated stress tolerance (Figure 9);

however, the response may vary across wheat genotypes. In this
FIGURE 10

Pattern diagram. EBR, 24-epibrassinolide; ABA, abscisic acid; JA, jasmonic acid; SA, salicylic acid; SOD, superoxide dismutase; POD, peroxidase; ROS,
reactive oxygen species.
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study, the JN17 exhibited a more pronounced improvement

compared to the LX77, indicating that genotype-specific

differences in stress perception and physiological regulation may

influence EBR effectiveness. Future studies incorporating a wider

range of wheat genotypes and molecular-level analyses are needed to

refine the model and assess its broader applicability.
4.6 Limitations of this study and the large-
scale application and diffusion of EBR

While this study provides insights into the effects of EBR on

wheat under DH, certain limitations must be acknowledged. First,

the study did not evaluate transcription factors or ABA/JA/SA-

responsive genes, which limits a deeper understanding of how EBR

regulates molecular mechanisms involving endogenous hormones

such as ABA, JA, and SA. Furthermore, the use of covering films in

the experiments may have disrupted PAR, potentially affecting the

plants’ photosynthetic capacity. This study was also limited to only

two wheat cultivars, which may constrain the generalizability of the

findings to other cultivars. In addition, wind speed was not recorded

during the field trials, as natural wind fluctuations were inherently

variable and typically below the threshold required to induce

significant heat stress. Nevertheless, the consistency of cultivation

methods and control of key environmental parameters ensured the

reliability and comparability of data across the treatment groups.

EBR is a promising plant growth regulator with significant

potential to enhance crop stress tolerance, improve yield, and

promote growth in diverse agricultural systems. However, several

technical and economic challenges remain for its large-scale

application. These include issues related to cost-effectiveness,

environmental adaptability, and differences in the mode of action

between crop species. Additionally, EBR performance must be

rigorously evaluated under varying agricultural conditions to

ensure its sustainability and broad applicability. Considering the

practical agricultural environment, the field trial design in this study

did not control for temperature, humidity, or wind speed, effectively

simulating real-world farming conditions. This approach captured

the complex interactions between external environmental variables

and crop performance, thereby providing a more reliable reference

point for the practical application of EBR in agriculture.

Nonetheless, future research should emphasize the monitoring

and control of environmental variables, particularly through

comparative experiments conducted in controlled or temperature-

regulated environments, to more accurately dissect the underlying

mechanisms of EBR action. Investigating EBR’s efficacy under

diverse environmental conditions will further substantiate its

adaptability and stability in dynamic agricultural settings.

In conclusion, while EBR hold great promise in improving crop

resilience and productivity, overcoming the current technical and

economic barriers is essential for their widespread adoption. Future

studies should prioritize optimizing EBR application strategies,

assessing its performance across different crops and environmental

conditions, and addressing cost-related challenges to ensure its

sustainable and broad application in modern agriculture.
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5 Conclusions

EBR has shown significant effects in enhancing wheat resistance

to DH stress; this mechanism lies in its ability to effectively reduce

the ABA content in wheat flag leaves, thereby promoting stomatal

opening, increasing the Tr, and ultimately achieving a significant

reduction in the spike and leaf temperatures. This process effectively

alleviates the heat stress caused by dry–hot wind, stabilizes the

antioxidant enzyme activity in wheat, thereby significantly

enhancing wheat’s resistance to dry–hot wind. Further studies

have found that EBR can increase the relative chlorophyll content

in wheat flag leaves, which directly enhances their Fv/Fm and PIabs

values. During the grain filling period of wheat, this effect

significantly enhances the dry matter transfer capacity under dry–

hot wind stress, providing strong support for wheat yield and

quality. Notably, EBR also enhances wheat’s hormonal regulation

abilities by increasing the path coefficient of SA to SPAD and SPAD

to Pn values. This enhanced regulatory ability effectively maintains

the Pn of wheat, thereby significantly mitigating the adverse effects

of dry–hot wind on wheat growth and development. To present a

deeper understanding of the mitigating effects of EBR on wheat

under dry–hot wind stress, the schematic diagram presented in

Figure 10 was constructed in this study.
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