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Abstract
Key message  Exogenous application of 24-epibrassinolide can alleviate oxidative damage, improve photosynthetic 
capacity, and regulate carbon and nitrogen assimilation, thus improving the tolerance of grapevine (Vitis vinifera 
L.) to drought stress.
Abstract  Brassinosteroids (BRs) are a group of plant steroid hormones in plants and are involved in regulating plant toler-
ance to drought stress. This study aimed to investigate the regulation effects of BRs on the carbon and nitrogen metabolism 
in grapevine under drought stress. The results indicated that drought stress led to the accumulation of superoxide radicals 
and hydrogen peroxide and an increase in lipid peroxidation. A reduction in oxidative damage was observed in EBR-pre-
treated plants, which was probably due to the improved antioxidant concentration. Moreover, exogenous EBR improved the 
photosynthetic capacity and sucrose phosphate synthase activity, and decreased the sucrose synthase, acid invertase, and 
neutral invertase, resulting in improved sucrose (190%) and starch (17%) concentrations. Furthermore, EBR pretreatment 
strengthened nitrate reduction and ammonium assimilation. A 57% increase in nitrate reductase activity and a 13% increase 
in glutamine synthetase activity were observed in EBR pretreated grapevines. Meanwhile, EBR pretreated plants accumulated 
a greater amount of proline, which contributed to osmotic adjustment and ROS scavenging. In summary, exogenous EBR 
enhanced drought tolerance in grapevines by alleviating oxidative damage and regulating carbon and nitrogen metabolism.
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Introduction

Drought is complex abiotic stress which has adverse effects 
on plant growth and production. Drought stress disturbs a 
series of morphological, physiological, biochemical, and 

molecular changes (Mukarram et al. 2021). For instance, 
photosynthesis was inhibited as a result of stomata closure 
and non-stomatal limitation under drought stress (Mukar-
ram et al. 2021). Moreover, drought stress induced the mas-
sive accumulation of reactive oxygen species (ROS), such 
as hydrogen peroxide (H2O2), superoxide radicals (O2

−), 
and hydroxyl radicals (HO·), which seriously damage 
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macromolecules. Meanwhile, ROS-induced peroxidation 
of polyunsaturated fatty acids leads to ion leakage, which 
results in the disturbed structural and functional profile of 
cells (Ahanger et al. 2021; Mukarram et al. 2021).

Brassinosteroids (BRs) are a group of polyhydroxylated 
phytosterols that are widely found in higher plants. In 1979, 
brassinolide (BL), the most active BR, was first isolated and 
identified from Brassica napus pollen grains. Since then, 
extensive studies have been conducted to reveal the role of 
BRs in plants. Shreds of evidence have been found that BRs 
regulate multiple biological processes in plants, such as seed 
germination, cell elongation, photomorphogenesis, vascular 
differentiation, and root development (Li et al. 2018; Man-
ghwar et al. 2022). Moreover, BRs are involved in a wide 
spectrum of abiotic and biotic stress responses of plants, 
such as drought, heat, chilling, salt, heavy metal toxicity, and 
nutrient deficiency (Manghwar et al. 2022; Yao et al. 2023). 
It has been demonstrated that exogenous BR can enhance 
plant drought resistance by improving photosynthetic capac-
ity, stimulating ROS clearance, promoting the accumula-
tion of osmotic substances, and modulating phytohormones 
metabolism (Avalbaev et al. 2020; Lone et al. 2022; Zeng 
et al. 2022; Zhang et al. 2022).

Carbon and nitrogen metabolism are fundamental pro-
cesses to perform routine and primary cellular activities 
during plant growth and development (Baslam et al. 2021). 
The processes of carbon metabolism include photosynthetic 
carbon assimilation, sucrose and starch metabolism, and 
carbohydrate transport and utilization. CO2 is fixed in leaf 
chloroplasts by photosynthesis. A portion of photosynthates 
is exported from the chloroplast to satisfy immediate respira-
tory or sucrose export requirements, and a proportion is tran-
siently stored as starch in anticipation of the night, as well 
as during periods of carbon excess (MacNeill et al. 2017). 
Nitrogen is a necessary nutrient to maintain the growth and 
development of plants since it is a crucial structural compo-
nent of nucleic acids, amino acids, proteins, chlorophylls, 
phytohormones, and secondary metabolites (O'Brien et al. 
2016). Thus, the continuity of many central metabolic path-
ways, such as photosynthesis and amino acid biosynthe-
sis, depends on the availability of nitrogen in plants (Erdal 
2019). Nitrate (NO3

−) is the most abundant source of nitro-
gen in nature and is absorbed through the nitrate transporters 
located in the plasma membranes of the cells (O'Brien et al. 
2016). It is firstly reduced into nitrite (NO2

−) with the action 
of nitrate reductase (NR) in the cytoplasm, then NO2

− is 
reduced into ammonium (NH4

+) by nitrite reductase (NiR) 
in plastids. NH4

+ assimilation is catalyzed by glutamine syn-
thetase (GS) and glutamate oxoglutarate aminotransferase 
(GOGAT) or glutamate dehydrogenase (GDH). In this pro-
cess, inorganic nitrogen (NH4

+) is converted into organic 
nitrogen (glutamate). Subsequently, glutamate acts as a 
donor of the amino group that distributes nitrogen to almost 

all nitrogenous compounds (Liu et al. 2022a, b; Baslam et al. 
2021). This assimilation process is essential for plant growth 
and productivity. Besides, nitrogen assimilation and amino 
acid biosynthesis require a large amount of reducing agents, 
carbon skeletons, and cellular energy, which are provided 
by photosynthesis and mitochondrial respiration (Baslam 
et al. 2021). It has been confirmed that maintaining the bal-
ance between carbon and nitrogen assimilation is crucial for 
plant growth and response to environmental stress (Ren et al. 
2021; Pandey et al. 2022).

Grape is one of the most important fruit crops and is 
cultivated in more than 90 countries for the production of 
wine, distilled liquors, juice, raisins, and table grapes. Most 
wine regions are located in temperate zones and many have 
a Mediterranean climate with warm and dry summers. In 
these regions, grapevines are regularly exposed to periods 
of drought, which can negatively affect the growth, and pro-
ductivity of vines (Gambetta et al. 2020). Previous studies 
have focused on the role of BRs in regulating photosynthetic 
capacity, cellular redox, and osmotic pressure (Manghwar 
et al. 2022; Yao et al. 2023). Here, we hypothesized that 
BR could mitigate the inhibitory effect of drought stress 
on carbon and nitrogen metabolism, thereby enhancing the 
drought tolerance of grapevines. Photosynthetic activity, and 
enzyme activity, metabolite contents, and gene expression 
levels involved in carbon and nitrogen were investigated in 
grapevine leaves under drought stress with or without an 
EBR supplement.

Materials and methods

Plant materials and treatments

Brawny one-year-old Cabernet Sauvignon (Vitis vinifera L.) 
grape canes with fullness buds were collected, cut into approx-
imately 10 cm long (containing two buds each), and rooted in 
plastic pots (28 × 18 cm) filled with a mixture of garden soil, 
perlite, and humus (2:1:1, v/v/v). They were placed in green-
house for about 8 weeks at 24/18◦C day/night cycle under 
16/8 h light/ dark photoperiod. A total of 135 healthy young 
grapevines with 8–10 fully expanded leaves were selected for 
the experiment. All grapevines were well-watered before treat-
ment. Afterward, grapevines were divided into three groups: 
(1) ample water combined with distilled water pretreatment 
(Control, CK); (2) drought stress combined with distilled 
water pretreatment (Drought stress, DS); (3) drought stress 
combined with 0.2 μM 24-epibrassinolide (EBR) pretreatment 
(DS + 0.2 μM EBR). Fifteen grapevines were chosen as one 
replication and three biological replications were performed. 
The EBR concentration was based on a previous study (Zeng 
et al. 2022). EBR was dissolved with distilled water contain-
ing 0.1% Tween 80 and sprayed on the grapevine leaves for 
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three successive days. At 15 days of drought treatment, the 
grapevine leaves displayed foliar wilting. Leaf samples were 
collected, frozen in liquid nitrogen, and stored at − 80 °C.

Determination of relative water content and relative 
electrolyte leakage

The relative water content (RWC) was measured based on 
the method of Gao (2006). The leaf samples were immedi-
ately weighed to obtain the fresh weight (FW) and soaked in 
deionized water for 12 h to obtain the turgid weight (TW). 
Afterward, the samples were dried at 105 °C for 30 min 
and 80 °C for 12 h to record the dry weight (DW). RWC 
was computed according to the following formula: RWC 
(%) = (FW-DW)/(TW-DW) × 100%. The relative electrolyte 
leakage (REL) was measured using a DDS-307 electrical 
conductivity meter (Leici, Shanghai, China). Nine leaf discs 
(1 cm) derived from three leaves were immersed in deion-
ized water and shaken at 150 rpm for 3 h to obtain initial 
electrolyte leakage (E1). Then, samples were boiled for 
30 min to determine the total electrolyte leakage (E2). REL 
was calculated with the following formula: EL (%) = E1/
E2 × 100%.

Determination of ROS accumulation and antioxidant 
concentration

The accumulation of O2
− and H2O2 was detected accord-

ing to the methods of Wang and Luo (1990) and Patterson 
(1984), respectively. The malondialdehyde (MDA) content 
was measured using the thiobarbituric acid reaction, as pre-
viously described by Heath and Packer (1968). The con-
centrations of ascorbic acid (AsA) and glutathione (GSH) 
were determined following the methods of Kampfenkel et al. 
(1995) and Anderson (1985), respectively.

Scanning electron microscopy observation

After 15 days of drought treatment, young leaves were sam-
pled, cut into small segments (5 mm × 5 mm), and fixed in 
4% glutaraldehyde solution at 4 °C for 12 h. Then, the leaf 
segments were washed four times with 0.1 M sodium phos-
phate buffer (pH 6.8) for 30 min each time, dehydrated in a 
graded series of ethanol for 15 min each time, and dried in 
an Emitech K850 critical-point drying machine (Quorum, 
UK). After metal spraying, leaf surface was observed with a 
Nano 450 scanning electron microscopy (FEI, USA).

Determination of photosynthetic pigment and gas 
exchange parameters

The photosynthetic pigment was extracted in 80% (v/v) ace-
tone for 12 h. The absorbance of supernatant was measured 

at 663, 645, and 470 nm, respectively. The contents of chlo-
rophyll a, chlorophyll b, total chlorophyll, and carotenoid 
were calculated according to the formula of Arnon (1949). 
The gas exchange parameters were measured with a GSF 
3000 portable photosynthesis system (Zeal Quest, Shanghai, 
China) between 9:00 a.m. and 11:00 a.m.

Determination of carbohydrates

Glucose, fructose, and sucrose separation and quantification 
were performed by a high-performance liquid chromatog-
raphy system (LC-2030CD; Shimadzu, Tokyo, Japan) fit-
ted with a ZORBAX Carbohydrate column (150 × 4.6 mm, 
5.0 μm) (Agilent, USA). Briefly, Leaf samples (0.5 g) were 
extracted with 5 mL of 80% (v/v) ethanol, incubated at 80 °C 
for 10 min, and centrifuged at 10,000 × g for 10 min. After 
three extraction processes, the supernatant was combined, 
dried with a water bath at 90 °C, dissolved to 5 mL with 
distilled water, and filtered with a 0.45 μm membrane. The 
mobile phase was acetonitrile solution (70%). Starch con-
tent was measured with the method of Hansen and Moller 
(1975). The residue obtained in the above extraction process 
was resuspended in 2 mL of distilled water and boiled for 
20 min. Then, starch was extracted with 2.0 mL of 9.2 M and 
4.6 M perchloric acid separately for 20 min and centrifuged 
at 10,000 × g for 10 min. 1.0 mL of supernatant was mixed 
with 2.5 mL of anthrone reagent and incubated at boiling 
water for 15 min. After cooling to room temperature, the 
absorbance was assessed at 620 nm.

Determination of enzymes involved in sucrose 
metabolism

The activity of sucrose synthase (SS, EC 2.4.1.13), sucrose 
phosphate synthase (SPS, EC 2.4.1.14), acid invertase (AI, 
EC 3.2.1.26), and neutral invertase (NI, EC 3.2.1.26) was 
quantified as described by Gao (2006). Approximately 
0.5 g of leaf powder was extracted with 5 mL of 100 mM 
Tris–HCl buffer (pH 7.0) containing 5 mM MgCl2, 2 mM 
ethylenediaminetetraacetic acid disodium salt, 2% gly-
col, 0.2% bovine serum albumin, 2% polyvinylpolypyrro-
lidone (PVP) and 5 mM dithiothreitol (DTT), centrifuged 
at 10,000 × g for 10  min, and the supernatant was col-
lected. The mixture of 0.05 mL of dialyzed enzyme solu-
tion, 0.4 mL of enzyme reaction buffer (100 mM Tris–MES 
containing 10 mM fructose, 5 mM magnesium acetate, and 
5 mM DTT), and 0.1 mL of uridine diphosphate glucose 
were diluted to 1 mL, incubated at 30 °C for 10 min and 
boiled for 3 min. The SS activity was measured at 480 nm. 
The SPS activity was assayed with a similar method, except 
that replaced the fructose with fructose 6-phosphate. The 
activities of SS and SPS were calculated as the amount of 
fructose (mg per h per g) obtained from the fresh leaves. 
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For AI detection, 0.05 mL of crude enzyme solution was 
mixed with 0.95 mL of AI reaction buffer (80 mM acetic 
acid-K3PO4 buffer containing 50 mM sucrose), incubated 
at 30 °C for 10 min, and boiled for 3 min. The reading was 
performed at 540 nm. NI activity was measured with a 
similar method, except by replacing the AI reaction buffer 
with phosphate buffer (pH 7.0). The activities of AI and NI 
were expressed as the amount of glucose (mg per h per g) 
obtained from the fresh leaves.

Determination of NO3
−, NH4

+ and soluble protein

Approximately 0.5 g of leaf sample was ground in 10 mL 
of deionized water, boiled for 60 min, and centrifuged for 
15 min at 8000 × g. NO3

− content was measured according 
to the method of Cataldo et al. (1975). A 0.1 mL aliquot 
of the supernatant was mixed with 0.4 mL of 5% salicylic-
H2SO4 to and incubated at room temperature for 20 min. 
Then, 9.5 mL of 8% NaOH was added and the absorbance 
was read at 410 nm. The NH4

+ content was quantified as 
described by Hao et al. (2004). The reaction was prepared 
with 2 mL of supernatant, 3 mL of ninhydrin hydrate, and 
0.1 mL of 1% ascorbic acid. The mixture was incubated in 
boiling water for 20 min and the absorbance was recorded at 
580 nm. The soluble protein was quantified using Coomassie 
brilliant blue G-250 reagent according to Bradford (1976).

Determination of free amino acids

Free amino acid quantification was performed by liquid 
chromatography-mass spectrometry system (QTRAP5500; 
AB SCIEX, Washington, USA) fitted with an Inertsil ODS-4 
C18 column (150 × 3.0 mm, 3.5 μm; Shimadzu, Tokyo, 
Japan). Approximately 0.1 g of leaf tissue was homogenized 
in 1 mL of 50% ethanol (including 0.1 M HCl), shaken for 
20 min, and centrifuged for 10 min at 8000 × g at 4◦C. A 
50 μL aliquot of the supernatant was collected, diluted to 
1 mL, and filtered with a 0.22 μm microporous membrane. 
The mobile phases were 0.5% (vol/vol) methanoic acid in 
H2O (A) and methanol (B). The flow rate was 0.5 mL/min 
and the injection volume was 10 μL. The gradient elution 
was as follows: 0–1.0 min, 25% B; 1.0–5.0 min, 25–95% 
B; 5.0–6.5 min, 95% B; 6.5–6.6 min, 95%-25% B; and 
6.6–10 min, 25% B. The MS conditions were as follows: 
the spray voltage was 5500 V; the pressure of nebulizer and 
aux gas was 60 and 35 psi, respectively; and the atomizing 
temperature was 600 °C. Data were quantified by the com-
parison of the peak surface areas with commercial stand-
ards. The major parameters of 19 free amino acids stand-
ards (Sigma-Aldrich, St. Louis, MO, USA) are shown in 
Table S1.

Determination of NR and GS

NR (EC 1.6.6.1) activity was determined according to Gao 
(2006). Leaf powder (0.5 g) was homogenized with 5 mL 
of 25 mM phosphate buffer (pH 8.7) and centrifuged at 
8000 × g for 10 min. Enzyme solution (0.2 mL) was mixed 
with 0.1 mL of 0.1 M KNO3, and 0.5 mL of 2 mg/mL nico-
tinamide adenine dinucleotide and incubated at 25 °C for 
30 min. The reaction was terminated by adding 1 mL of 30% 
trichloroacetic acid. Then, the mixture was mixed with 2 mL 
of 1% sulfanilamide and 2 mL of 14 mM α-naphthylamine 
and incubated at room temperature for 15 min. The absorb-
ance was recorded at 520 nm. NR activity was calculated as 
the amount of NO2

− (μg per h per g) obtained from the fresh 
plant material. GS (EC 6.3.1.2) activity was measured using 
a Micro Glutaminase (GS) Assay kit (Comin Biotechnology 
Co., Ltd., Suzhou, China) in accordance with the manufac-
turer’s instructions at an absorbance of 540 nm. GS activity 
was expressed as the amount of ϒ-glutamyl hydroxamic acid 
(μmol per h per g) obtained from the fresh plant material.

Gene expression analysis

Approximately 100 mg of leaf sample was ground into pow-
der in liquid nitrogen, and the total RNA was extracted using 
an RNAout kit (Bioteke, Beijing, China). Then, 500 ng of 
total RNA was reverse transcribed according to the instruc-
tions of the PrimeScript®RT reagent kit with gDNA eraser 
(TransGen, Beijing, China). Quantitative Real-Time poly-
merase chain reaction (qRT-PCR) was performed using an 
iQ6 real-time PCR detection system (Life Technology Co., 
Ltd., USA) with SYBR green qPCR mix kit (Bioteke, Bei-
jing, China). The specific primers are listed in Table S2. The 
relative gene expression level was calculated according to 
the 2−ΔΔCT method (Livak and Schmittgen 2001).

Statistical analysis

SPSS 22.0 software was used for statistical data analy-
sis. One-way analysis of variance and Duncan’s multiple 
range tests (P < 0.05) were performed to evaluate the dif-
ferences between means. The values are represented as 
means ± standard deviations of three replicates.

Results

Effects of EBR on plant growth and ROS levels 
under drought stress

After 15 days of drought treatment, drought-stressed grape 
seedlings displayed typical drought injury, including droop-
ing shoots and wilted leaves, while the damage in EBR 
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pretreated plants was lessened (Fig. 1a). The RWC level was 
28% reduced due to drought stress, while it increased by 24% 
in EBR pretreatment (Fig. 1b). Drought stress significantly 
enhanced the generation of H2O2 (75%) and O2

− (13%), 
resulting in an 86% increase in MDA and a 266% increase 
in REL (Fig. 1c–f). EBR pretreatment diminished the levels 
of H2O2, O2

−, MDA, and REL by 13%, 5%, 13%, and 17%, 
respectively. In addition, EBR pretreatment increased the 
accumulation of AsA and GSH. The concentrations of AsA 
and GSH in EBR pretreatment were 2% and 10% higher than 
those in drought stress (Fig. 1g and h).

Effect of exogenous EBR on photosynthesis 
under drought stress

Stomata are the important portal to control the exchanges 
of carbon and water between leaves and the atmosphere in 
plants. Drought stress induced the stomatal closure; the sto-
matal aperture in drought stress exhibited a 29% decrease 
in comparison with the control (Fig. 2a and b). Meanwhile, 
drought stress resulted in a 21% decrease in stomatal density 
(Fig. 2c). Compared with drought stress, the stomatal aper-
ture and stomatal density in EBR pretreatment increased by 
22% and 26% respectively.

Due to drought stress, the concentrations of chlorophyll 
a, chlorophyll b, total chlorophyll, and carotenoid decreased 
by 31%, 39%, 33%, and 29%, respectively, while they were 
19%, 25%, 20%, and 24% improved in EBR pretreatment, 
respectively (Fig. 2d–g). Simultaneously, the photosynthetic 
rate (Pn), stomatal conductance (Gs), and transpiration rates 
(Tr) were reduced by 50%, 48%, and 56% under drought 
stress, respectively (Fig. 2h–j). However, EBR pretreatment 
alleviated the decrease; the Pn, Gs, and Tr values in EBR 
pretreatment were 26%, 25%, and 30% higher than those in 
drought stress, respectively.

To further assess the changes in photosynthesis, the tran-
scription levels of several genes were detected (Fig. 3a). 
Under drought stress, the gene encoding light-harvesting 
protein (LHC) and photosynthetic reaction center proteins 
(PSB) were downregulated in drought-stressed grapevines, 
while this effect was partially alleviated in EBR pretreated 
plants. Similarly, genes encoding rubisco activase (RCA​), 
glyceraldehyde phosphate dehydrogenase (GAPDH), and 
phosphoribulokinase (PRK) were also significantly upregu-
lated in EBR pretreatment (Fig. 3a).

Effect of EBR on starch and sucrose metabolism 
under drought stress

Drought stress resulted in a reduction of 37% in the 
starch and 38% in sucrose concentration, while an 
induced increase of 125% in fructose and 123% in glu-
cose (Fig. 4a–d). Compared with drought stress, starch 

and sucrose concentration in EBR pretreatment increased 
by 17% and 190% respectively, while fructose and glucose 
decreased by 10% and 9% respectively. The SPS activity 
significantly declined under drought stress, and it was 44% 
lower than that in control (Fig. 4e). Relative to drought 
stress, the SPS activity increased by 65% in EBR pretreat-
ment. In contrast, drought stress increased the activities 
of SS, AI, and NI by 51%, 50%, and 53%, respectively 
(Fig. 4f–h), while in EBR pretreatment, they decreased by 
32%, 6%, and 13%, respectively.

As shown in Fig. 3b, gene encoding starch branching 
enzyme (SBE) and sucrose phosphate synthase (SPS) were 
downregulated due to drought stress, while in EBR pretreat-
ment, they were 148% and 209% increased. On the contrary, 
drought up-regulated the genes encoded α-amylase (AMY) 
and β-amylase (BAM). Compared with drought stress, EBR 
pretreatment significantly decreased the VvAMY2 (79%), 
VvBAM2 (60%), and VvBAM3 (69%), suggesting that EBR 
might contribute to alleviating the starch hydrolysis acti-
vated by drought. Similarly, the gene encoding cell wall 
invertase (cwInv) decreased by 77% in EBR pretreatment. 
These observations indicated that the EBR application might 
positively regulate the accumulation of starch and sucrose.

Effect of EBR on nitrogen assimilation 
under drought stress

Drought stress significantly enhanced the accumulation of 
NO3

− and NH4
+, they were 65% and 97% higher than those 

in control respectively, while EBR pretreatment slowed the 
increase (Fig. 5a and b). Compared with drought stress, they 
decreased by 26% and 33% in EBR pretreatment, respec-
tively. Conversely, the soluble protein content decreased by 
29% due to drought stress, while it was increased by 18% 
in EBR pretreatment (Fig. 5c). The activities of NR and 
GS significantly diminished under drought stress, and they 
were 58% and 28% lower than those in control, respectively 
(Fig. 5d and e). EBR pretreatment improved the activities of 
NR and GS by 57% and 13%, respectively.

The nitrate transporter (NRT) and ammonium transporter 
(AMT) encode enzymes that catalyze the transportation of 
NO3

− and NH4
+, respectively. As shown in Fig. 3c, drought 

stress inhibited the transcription of VvNRT2.4, VvNRT2.5, 
and VvNRT5.1, while EBR pretreatment partially alleviated 
the inhibition. The expression of these genes in EBR pre-
treatment was 92%, 103%, and 84% higher than those in 
drought stress, respectively. On the contrary, VvAMT3.1 and 
VvAMT3.3 were up-regulated due to drought stress, while 
in EBR pretreatment, they decreased by 55% and 59% com-
pared with drought stress. Moreover, EBR pretreatment 
application significantly the expression of VvNR (41%) and 
VvGS (98%) under drought stress.
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Fig. 1   Effect of EBR on plant growth and ROS levels under CK (nor-
mal control), DS (drought stress), and DS + 0.2  μM EBR (drought 
stress combined with 0.2 μM EBR). a The phenotype of grapevines; 
b relative water content; c H2O2 content; d O2

− content; e MDA con-

tent; f relative electrolyte leakage g AsA content, and h GSH content. 
Data represent means ± SD of three replicates. Different letters indi-
cate significant differences according to Duncan’s multiple range tests 
(P < 0.05)
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Effect of EBR on free amino acids under drought 
stress

The steady state level of individual amino acids was 
quantified in grapevine leaves. We observed that total 
free amino acid concentration improved by 39% due to 
drought stress, while in EBR pretreatment (Fig. 6a), it 

declined by 21%. EBR pretreatment further promoted 
the proline accumulation; it was 33% higher than that in 
drought stress (Fig. 6b). The branched-chain amino acids 
isoleucine, leucine, and valine; the aromatic amino acids 
phenylalanine and tyrosine; together with γ-aminobutyric 
acid, glycine, histidine, threonine, asparagine, alanine, and 
glutamine, significantly increased by 1–10 times under 

Fig. 2   Effect of EBR on photo-
synthesis under drought stress. 
a Scanning electron microscopy 
images of stoma, b stomatal 
aperture, and c stomatal density. 
Data represent means ± SD of 
ten replicates. Different letters 
indicate significant different 
(P < 0.05, Duncan’s multiple 
range tests). d Chlorophyll a 
content, e chlorophyll b content, 
f total chlorophyll content, g 
carotenoid content; h photosyn-
thetic rate, i stomatal conduct-
ance, and j transpiration rates. 
Data represent means ± SD of 
three replicates. Different letters 
indicate significant differences 
according to Duncan’s multiple 
range tests (P < 0.05)
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drought conditions (Fig. 6c–n). Interestingly, the levels of 
these amino acids were markedly reduced when exogenous 
EBR was applied. Similarly, the lysine and arginine also 
declined in EBR pretreatment (Fig. 6p and q). Drought 
stress significantly improved the methionine concentra-
tion, but no significant difference was observed between 
drought and EBR pretreatment (Fig. 6o). In contrast, the 
levels of serine, aspartate, and glutamate significantly 
decreased upon drought, while EBR pretreatment partially 
alleviated the decrease (Fig. 6r–t). These results indicated 
that EBR pretreatment alters the amino acid metabolism 
under drought conditions.

Discussion

Drought stress interferes with many physiological and 
metabolic processes, leading to a reduction in plant growth 
and productivity (Mukarram et al. 2021). BRs are a class 
of ubiquitous phytohormones, which are involved in regu-
lating plant resistance to drought stress (Yao et al. 2023). 
In this study, we explored the effects of exogenous EBR 
on carbon and nitrogen metabolism in grapevine under 
drought stress.

Fig. 3   Effect of EBR on the 
expression of genes involved 
in photosynthesis (a), sucrose 
and starch metabolism (b), and 
nitrogen assimilation (c) under 
drought stress. Data represent 
means ± SD of three repli-
cates. Different letters indicate 
significant differences according 
to Duncan’s multiple range tests 
(P < 0.05). LHC light-harvesting 
chlorophyll a/b-binding protein, 
PSB photosystem II subunit; 
PRK phosphoribulokinase, 
RCA​ rubisco activase, GAPDH 
glyceraldehyde-3-phosphate 
dehydrogenase, SBE starch 
branching enzyme, AMY 
α-amylase, BAM β-amylase, 
cwInv cell wall invertase, AMT 
ammonium transporter, NRT 
nitrate transporter
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EBR mitigated oxidative stress in grapevines 
under drought stress

Drought stress induces the over-accumulation of ROS that 
seriously damages various cellular components, leading to 
metabolic disturbance and cell death (Ahanger et al. 2021; 
Mukarram et al. 2021). The toxic ROS can be eliminated by 
antioxidases (e.g., superoxide dismutase, catalase) and anti-
oxidants (e.g., AsA, GSH, proline) (Gill and Tuteja 2010). 

Previous studies have confirmed that exogenous EBR could 
diminish ROS accumulation triggered by drought stress 
(Lone et al. 2022; Xia et al. 2022). In the present study, 
EBR pretreated grapevines exhibited lower levels of H2O2 
and O2

− than drought-stressed plants. Meanwhile, EBR 
pretreatment decreased the concentration of MDA, which 
is a stable product of lipid peroxidation, indicating that 
EBR could protect both cellular and organelle membranes 
against drought-induced oxidative damage. AsA is the most 

Fig. 4   Effect of EBR on carbohydrate contents and related enzyme 
activity under drought stress. a starch content, b sucrose content, c 
glucose content, d fructose content e SPS activity, f SS activity, g AI 

activity, and h NI activity. Data represent means ± SD of three rep-
licates. Different letters indicate significant differences according to 
Duncan’s multiple range tests (P < 0.05)
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abundant, powerful, and water-soluble antioxidant in plants. 
It can provide protection to membranes by directly scaveng-
ing the O2

− and OH· and by regenerating α-tocopherol from 
tocopheroxyl radical (Gill and Tuteja 2010). GSH takes part 
in the scavenging of 1O2, H2O2, and OH· directly or indi-
rectly (Gill and Tuteja 2010). It has been demonstrated that 
exogenous EBR could promote the AsA and GSH metabo-
lism thereby improving stress resistance in plants (Zeng 
et al. 2022). Consistently, we also found that EBR pretreat-
ment increased the concentrations of AsA and GSH. These 
results suggested that EBR could alleviate drought-induced 
oxidative damage.

EBR improved carbon metabolism in grapevines 
under drought stress

Photosynthesis is the principal process of capturing light 
energy to synthesize carbohydrates, which is closely related 
to plant growth and development. However, it is sensitive 
to drought stress. Drought stress severely affects photo-
synthetic efficiency, primarily due to stomatal closure and 

damage to the photosynthetic apparatus (Mukarram et al. 
2021). According to our data, EBR pretreatment improved 
the stomatal aperture, photosynthetic pigment contents, 
and the transcription of related genes, ultimately partially 
alleviating the drought-induced photosynthetic inhibition 
in grapevines. Similar phenomena were observed in wheat 
(Zhao et al. 2017) and maize (Talaat 2020) under drought 
stress. The positive effects of EBR are probably associ-
ated with enhanced antioxidant capacity because chloro-
plast is the main target of oxidative damage in response to 
drought stress. Additionally, a recent study reported that 
BRs enhanced the photosynthetic capacity of tomato plants 
through key transcription factors of BR signaling, BRASSI-
NAZOLE RESISTANT 1 (BZR1) mediated activation of 
Calvin cycle genes (Yin et al., 2023).

Carbohydrates are the structural components and the 
energy source for the production and maintenance of bio-
mass. Starch is the main form of stored carbohydrate (Hen-
nion et al. 2019). It has been reported that drought stress 
activates starch hydrolysis and promotes the conversion of 
starch to soluble sugars (Thalmann and Santelia 2017). In 

Fig. 5   Effect of EBR on contents of NO3
− (a), NH4

+ (b), and soluble protein (c), and activities of NR (d), and GS (e) under drought stress. Data 
represent means ± SD of three replicates. Different letters indicate significant differences according to Duncan’s multiple range tests (P < 0.05)
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agreement with previous studies, decreased starch content 
was observed in drought stressed grapevine leaves. Moreo-
ver, EBR pretreatment improved the starch concentration, 
accompanied by up-regulated VvSEB and down-regulated 
VvAMY and VvBAM, indicating that EBR contributes to 
starch accumulation. The positive roles of BRs in modulat-
ing starch accumulation have been revealed in several plant 

species. BRs deficiency resulted in a strong reduction in 
starch concentration in leaves of cotton and Arabidopsis, 
which may be related to the changed photosynthetic effi-
ciency and sugar metabolism (Chen et al. 2019; Schluter 
et al. 2002). In tomato, both exogenous BR application 
and overexpression of BR synthesis genes promoted starch 
accumulation through upregulating the expression of starch 

Fig. 6   Effect of EBR on the contents of free amino acids under 
drought stress. a total amino acid, b proline, c isoleucine, d valine, 
e leucine, f phenylalanine, g tyrosine, h γ-aminobutyric acid, i gly-
cine, j histidine, k threonine, l aspartate, m alanine, n glutamine, o 

methionine, p lysine, q arginine, r serine, s asparagine, and t gluta-
mate. Data represent means ± SD of three replicates. Different letters 
indicate significant differences according to Duncan’s multiple range 
tests (P < 0.05)
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biosynthesis genes, thereby enhancing low light stress toler-
ance (Liu et al. 2022a, b). It appears that EBR could promote 
starch accumulation in grapevine by regulating photosyn-
thesis, sugar metabolism, or by regulating starch biosyn-
thesis genes. Moreover, the starch metabolism enzymes are 
also regulated by protein phosphorylation. Recent studies 
revealed that BR-induced sprouting in potato tubers was 
associated with the phosphorylation of proteins involved in 
starch and sucrose metabolism (Li et al. 2020).

Sugars are easily available organic osmolytes in the cell 
and play important roles in maintaining the cell turgor and 
protecting the structure of proteins and membranes (Mukar-
ram et al. 2021). Sucrose is the predominant carbohydrate 
that is transported from the mature leaves (source) to the 
sink organ in higher plants (Baslam et al. 2021). Several 
key enzymes including SPS, SS, AI, and NI are involved 
in sucrose metabolism. In detail, SPS and SS reversibly 
catalyze the formation and degradation of sucrose, and 
AI and NI irreversibly hydrolyzed sucrose into glucose 
and fructose (Ruan 2012). According to our data, drought 
stress significantly induced the accumulation of glucose and 
fructose, which may be attributed to the improved SS, AI, 
and NI activity. This phenomenon partially explains why 
the sucrose content decreased in the leaves under drought 
stress. Meanwhile, drought stress inhibited the SPS activity, 
a rate-limiting enzyme of sucrose biosynthetic pathways. 
In addition, EBR pretreatment increased SPS activity, and 
decreased SS, AI, and NI activities, resulting in enhanced 
sucrose concentration. The result seems to be inconsistent 
with the result of Chen et al. (2023), which may be due to 
the difference in stress type, severity, and adaptation time. It 
is well known that different stress types provoke a different 
repertoire of plant response inherent to the different strate-
gies that plants use for survival during these conditions. Lu 
et al. (2019) also found that exogenous EBR could decline 
the activities of AI, NI, and SS and the concentrations of 
glucose and fructose in kiwifruit during storage. Zhang et al. 
(2023) found that exogenous EBR induced the expression of 
PpBZR1, which directly binds to the PpVIN2 promoter to 
inhibit its expression, ultimately leading to increased sucrose 
concentration and clod tolerance in peach.

EBR improved nitrogen assimilation in grapevines 
under drought stress

Nitrogen is an essential constituent of amino acids, proteins, 
and nucleic acids. Therefore, nitrogen metabolism plays a 
crucial role in modulating plant growth and development. 
Numerous studies reported that drought stress inhibited root 
nitrogen uptake and assimilation (He et al. 2022; Huang 
et al. 2018). Moreover, drought tends to promote more nitro-
gen allocated in the root by reducing NO3

− transport from 
root to shoot. In the shoot, drought stress decreased nitrogen 

accumulation and altered nitrogen metabolite concentration 
in leaves (Ren et al. 2021; Liang et al. 2018). Unexpect-
edly, we noted that the NO3

− content increased markedly 
in drought stressed plants. It is speculated that this boost in 
NO3

− accumulation by drought stress may be related to the 
role of NO3

− in osmotic regulation (McIntyre 1997). Huang 
et al. (2018) also reported that drought stress induced the 
accumulation of NO3

− in the leaves of apple plants. Mean-
while, drought stress triggered a marked diminution in the 
activities of NR and GS and an increase in NH4

+ content. 
Previously, the role of EBR in promoting nitrogen assimila-
tion in stressed plants has been documented (Gupta et al. 
2017; Xia et al. 2022; Shu et al. 2016; Yadavet al. 2023). 
In agreement with previous studies, we found that EBR 
supplementation improved the NR and GS activity, while 
decreasing the NH4

+ concentrations, suggesting that EBR 
could promote NO3

− reduction and NH4
+ assimilation. This 

is probably due to the fact that EBR pretreatment enhanced 
the photosynthesis, thereby promoting the synthesis of car-
bon skeleton, and providing sufficient substrate for nitrogen 
metabolism. Recent studies revealed that the BR signaling is 
also involved in nitrogen absorption. Exogenous application 
of BR up-regulated the expression of NRT2.1 and NRT2.2 
in Arabidopsis thaliana. BRASSINOSTEROIDINSENSI-
TIVE 1-EMS-SUPPRESSOR 1 (BES1), the closest homolog 
of BZR1, directly bound to the promoters of NRT2.1 and 
NRT2.2 to promote their expression, increasing NO3

− uptake 
in response to nitrogen deficiency (Wang et al. 2023). Yang 
et al. (2021) also found that BR positively controls NH4

+ 
uptake partially via BZR1-mediated activation of AMT1;2 
in rice.

Amino acids are constituents of proteins and precur-
sors of many secondary metabolites and nitrogen carriers 
in plants. Under drought stress, amino acids not only act 
as osmotic regulator but also as alternative substrates for 
mitochondrial respiration (Heinemann and Hildebrand 2021; 
Ozturk et al. 2020). It has been reported that drought stress 
leads to the accumulation of free amino acids (Hildebrandt 
2018). Consistent with previous studies, we observed that 
drought stressed grapevines displayed higher level of total 
free amino acid than control plants. Interestingly, EBR 
pretreatment improved the soluble protein concentration, 
while decreasing the total free amino acid concentration. 
It is speculated that EBR could alleviate drought-induced 
protein degradation. Recent studies reported that the accu-
mulation of branched-chain amino acids leucine, isoleucine, 
and valine, is primarily the result of protein degradation 
under drought conditions in Arabidopsis thaliana (Huang 
and Jander 2017). Similarly, Hildebrandt (2018) reported 
that most of the low-abundant amino acids, such as lysine, 
methionine, and branched-chain amino acids are not synthe-
sized but they accumulate due to increased protein degrada-
tion under drought stress.
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Proline acts as both osmolyte and ROS scavenger and 
plays a vital role in maintaining osmotic equilibrium and 
redox balance (Mukarram et al. 2021; Ozturk et al 2020). 
Also, proline can improve protein stability and protect 
membrane integrity by binding to hydrogen bonds (Ozturk 
et al. 2020). In addition, proline increases the formation of 
ROS in mitochondria via the electron transport chain and 
affects signal pathways. The resulting ROS causes a hyper-
sensitive response in plants (Liang et al. 2013). It has been 
confirmed the close correlation between proline metabo-
lism and plant drought tolerance. For example, drought-
tolerant cultivars accumulated more proline than sensi-
tive species under drought conditions (Zegaoui et al. 2017; 
Furlan et al. 2020). SIWRKY81-silenced tomato mutants 
possessed higher sensibility to drought stress because of 
attenuated proline biosynthesis (Ahammed et al. 2020). 
In this study, EBR pretreatment promoted the accumula-
tion of proline under drought stress. Here, in addition to 
its function in osmotic adjustment, proline may also have 
acted as a ROS scavenger to protect the photosynthetic 
apparatus under drought stress in EBR pretreated plants. 
Xia et al. (2022) also revealed that EBR promoted the 
proline accumulation in kiwifruit seedlings under drought 
stress by modulating genes involved in proline biosynthe-
sis and degradation.

Conclusion

In conclusion, exogenous EBR could improve the drought 
resistance of grapevines by alleviating oxidative damage 
and modulating carbon and nitrogen metabolism (Fig. 7). 
EBR pretreatment decreased the accumulation of H2O2 
and O2

− under drought stress. Moreover, EBR pretreat-
ment positively regulated the accumulation of starch and 
sucrose by improving photosynthetic capacity and modu-
lating key enzymes activity (SPS, SS, AI, and NI). In addi-
tion, EBR improved NR and GS activity, leading to pro-
moted nitrogen assimilation. Meanwhile, EBR promoted 
proline accumulation, which is conducive to osmotic 
adjustment and ROS scavenging. This study provides 
new insights into EBR-induced drought tolerance in grape, 
with potential implications for crop production. However, 
whether BZR1/BES1 play a role in EBR mediated regula-
tion of carbon and nitrogen metabolism and whether there 
is a direct regulatory link between BZR1/ BES1 and these 
key genes in grape remains unclearly, and the underlying 
molecular mechanism needs further studies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00299-​024-​03283-y.

Fig. 7   EBR increases drought tolerance in grapevines by modulating carbon and nitrogen metabolism. The red and green boxes indicate that 
genes or enzymes were increased or decreased by EBR under drought stress, respectively
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