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Abstract To study the possibility of increasing the drought

tolerance of common bean with the exogenous application

of 24-epibrassinolide (EBL), an experiment was conducted

in 2016 and 2017. In this experiment, two irrigation levels

(optimal irrigation and drought stress) were applied to the

main plots and two common bean genotypes (Kusha cul-

tivar and COS16 genotype) and four EBL concentrations

(0, 2, 4, and 6 lM) were allocated to sub-plots as factorial.

In the flowering stage, drought stress was applied and

plants were sprayed with EBL. The results showed that

drought stress reduced relative water content (RWC) and

increased proline content, malondialdehyde (MDA) con-

tent, and antioxidant enzymes activity. However, exoge-

nous application of EBL reduced the seed yield loss and

increased the drought stress tolerance in both common

bean genotypes by decreasing the MDA content and

increasing the RWC, proline content, antioxidant enzymes

activity, and nitrate reductase activity. It can be concluded

that foliar spray of 4 lM EBL as the best concentration

may increase the seed yield and enhance the drought stress

tolerance of common bean. Also, Cu/Zn-SOD was up-

regulated in response to the drought stress and exogenous

EBL. The COS16 genotype showed better response to the

drought stress and exogenous EBL than the Kusha cultivar,

because of the higher up-regulation of Cu/Zn-SOD in this

genotype compared to the Kusha cultivar. Therefore, EBL

can be used as a plant growth regulator to enhance drought

stress tolerance and minimize the seed yield loss of com-

mon bean caused by water deficit.

Keywords Antioxidant enzymes activity � Gene
expression � NR activity � Phylogenetic analysis � Seed
yield reduction

Abbreviations

APX Ascorbate peroxidase

BRs Brassinosteroids

CAT Catalase

EBL 24-Epibrassinolide

MDA Malondialdehyde

NR Nitrate reductase

POD Guaiacol peroxidase

RWC Relative water content

SOD Superoxide dismutase

Introduction

Drought stress is one of the most important environmental

stresses that limits the production of plants around the

world and has adverse effects on plant growth and other

metabolic processes. More than 50% of the yield of many

plants decreases due to drought stress (Zlatev and Lidon

2012). Beans are one of the main sources of protein in arid

and semi-arid regions of the world, and they are very

important in the agricultural economy of these regions

(Tuba Bicer et al. 2004). Common bean is susceptible to

drought stress and its yield is harmed even in short periods
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of stress. Drought stress reduces the water content,

decreases the leaf water potential, and decreases the cell

growth. Extreme drought stress can also result in interfer-

ing with photosynthesis, metabolism disturbance, and

eventually plant death (Jaleel et al. 2009).

One of the reasons that environmental stresses such as

drought, reduces growth and plant photosynthesis ability is

the disturbance in the balance between the production of

reactive oxygen species and the protective mechanisms that

remedy these radicals, which results in the accumulation of

reactive oxygen species, induction of oxidative stress,

damage to proteins, membrane lipids, and other cellular

components (Mittler 2002). In adverse environmental

conditions, the role of the antioxidant defense system is

very important in protecting against oxidative damage to

the cell membrane and other growing plant organs (Al-

Ghamdi 2009). The plants use both enzymatic and non-

enzymatic methods to eliminate oxidative stress (Gupta

et al. 2005). The enzymatic antioxidant defense system

contains enzymes such as superoxide dismutase (SOD),

catalase (CAT), guaiacol peroxidase (POD), ascorbate

peroxidase (APX), and glutathione reductase (GR) which

are key antioxidant enzymes for the elimination of reactive

oxygen species. SOD is considered as a first defense line

against reactive oxygen species, which eliminates radical

superoxide and converts it into oxygen and hydrogen per-

oxide, and thus stabilizes the membrane of plant cells in the

stress (Nazari et al. 2012; Sharma et al. 2012). In the next

step, the produced hydrogen peroxide is cleaved by CAT,

POD, and APX enzymes (Zeid and Shedeed 2006). Plant

tolerance to environmental stresses, including drought, has

a positive and significant correlation with the increase in

antioxidant contents (Malik et al. 2010). Thus, knowledge

of the changes in proteins and enzymes under drought

stress conditions may be useful to identify effective phys-

iological traits in producing tolerant genotypes.

Various environmental factors that cause oxidative

stress in plants usually activate antioxidant enzymes at the

transcriptional level (Jithesh et al. 2006). The relationship

between SOD and drought stress has been extensively

studied at the gene level. For example, to investigate the

expression of Caragana Cu/Zn-SOD under drought stress,

7-week-old seedlings were treated with Hoagland medium

containing 5, 15, or 25% PEG, and RNA isolated from

treated plants was used to investigate the expression level

of Cu/Zn-SOD. Reverse transcription PCR (RT-PCR)

revealed that expression of Caragana Cu/Zn-SOD was

induced by PEG-simulated drought stress, and results

showed that the Caragana Cu/Zn-SOD plays an important

role in degrading reactive oxygen species and increasing

drought stress tolerance (Zhang et al. 2014). Transgenic

experiments also show that SOD plays an important role in

response to water stress in plants. For example,

overexpression of a cytosolic Cu/Zn-SOD, cloned from

Potentilla atrosanguinea (PaSOD), in potato (cv. Kufri

Sutlej) resulted in an increase in photosynthesis and

stomatal conductance compared with these traits in wt

plants under both irrigation and drought stress conditions

(Pal et al. 2013).

Brassinosteroids (BRs) are a group of polyhydroxys-

teroids that have been implicated in a wide range of

physiological processes and morphological responses in

plants, such as cell division and stem elongation, growth of

pollen tubes, activation of enzymes, induction of ethylene

biosynthesis, leaf aging, proton pump activation, nucleic

acid and protein synthesis, regulation of assimilation and

carbon allocation, photosynthesis activation, flower initia-

tion, flower and fruit development, the regulation of gene

expression, and response to different stresses (Talaat and

Shawky 2012). In addition, BRs can protect against the

effects of abiotic stresses such as drought, salinity, high

temperatures, and heavy metals by activating various

mechanisms in plants and increasing the activity of enzy-

matic antioxidants such as CAT, SOD, POD, and GR

(Sytar et al. 2019; Zhang et al. 2008). BRs can use some of

the reactive oxygen species, such as H2O2, as intermediates

for inducing transcription of antioxidant genes (Kang and

Guo 2011). The effect of BRs on the increasing of the

activity of antioxidant systems in plant cells and the acti-

vation of plant resistance to oxidative damage caused by

environmental conditions such as drought, salinity, heavy

metals, and high and low temperatures have been reported

in some studies (Bajguz and Hayat 2009; Ding et al. 2012;

Li et al. 2012). Different studies have shown that the

external use of BRs increase the tolerance of drought to

plants by affecting the protein contents, NR activity,

ethylene production, polyamines storage, and RWC (An-

jum et al. 2011; Talaat and Shawky 2016; Yuan et al.

2010).

Since the effects of EBL can be monitored at both

antioxidant and molecular levels and considering the

importance of BRs in increasing the tolerance to environ-

mental stresses, the aim of this study was to investigate the

effect of EBL on some of the physiological traits and Cu/

Zn-SOD expression of two common bean genotypes, under

optimal irrigation and drought stress conditions and the

possibility of increasing the tolerance of common bean

under drought stress with the use of EBL. We further

examined the effects of EBL at different concentrations to

see whether or not the effects of this hormone are con-

centration-dependent.
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Materials and methods

Growth conditions, treatments, and application

of treatments

This two-year field experiment was carried out at the

Research Farm of the Faculty of Agriculture, University of

Zanjan (36� 410 N, 48� 290 E), Zanjan, Iran in 2016 and

2017. The precipitation, average temperature, average

minimum and maximum temperature, and average relative

humidity during 2016 and 2017 are shown in Table 1.

Four EBL concentrations consisting of 0 or control, 2, 4,

and 6 lM 24-epibrassinolide (C28H48O6, Molar mass

480.68 g mol-1, Sigma-Aldrich, USA) and two irrigation

levels including optimal irrigation and drought stress were

applied on two common bean genotypes (Kusha cultivar

and COS16 genotype). The Kusha cultivar was an inde-

terminate upright cultivar (Type II); however, the COS16

genotype was a determinate upright genotype (Type I). A

three-replicate split factorial design based on randomized

complete block design (RCBD) was conducted, in which

main plots consisted of the two irrigation levels, subplots

consisted of the two common bean genotypes and four

foliar EBL application concentrations.

In the flowering stage, simultaneously for both geno-

types (in July), drought stress was applied, and simulta-

neously with drought stress, different concentrations of

EBL were sprayed on the leaves of the common bean

plants three times every 4 days in the final daylight h to

avoid hormone damage caused by intense light. In order to

apply drought stress, at the flowering stage, irrigation was

cut, and continued till the soil water potential was reached

- 1.5 MPa (Contour-Ansel et al. 2010), and then re-irri-

gation was performed. In both years, each sub-plot con-

sisted of four rows, each measuring 3 m long and 0.5 m

apart and planted at a rate of 40 seeds m-2.

Measurements

Estimation of RWC

The RWC was measured at the peak of the drought stress

and after hormone spraying, using the following formula

(Hayat et al. 2007):

RWC %ð Þ ¼ leaves fresh weight � leaves dry weightð Þ=½
� leaves turgid weight � leaves dry weightð Þ�
� 100 ð1Þ

Determination of proline content

The proline content was measured in fresh leaves at the

peak of the drought stress and after hormone spraying

(Bates et al. 1973).

Table 1 Precipitation, average temperature, average minimum and maximum temperature, and average relative humidity during 2016 and 2017

Parameters January February March April May June July August September October November December

2016

Precipitation (mm) 15.9 31.8 31.6 83.2 6.6 0.5 1.1 0 2.9 16.6 73.6 14.6

Average temperature

(�C)
2.4 2.3 8.8 10.8 16.7 22.3 26.6 25.9 21.5 17.3 9.5 2.5

Average minimum

temperature (�C)
- 2.8 - 3.2 2.6 4.2 8.4 12.9 18.5 16.1 12.7 9.1 4.6 - 2.8

Average maximum

temperature (�C)
7.7 7.9 15.0 17.4 25.0 31.8 34.6 35.8 30.3 25.4 14.3 7.9

Average relative

humidity (%)

64 63 56 56 46 44 41 36 50 52 66 65

2017

Precipitation (mm) 9.7 27.2 42 62 28.1 15.9 1.6 0 0 0.1 22.6 21.9

Average temperature

(�C)
1.7 - 0.5 4.3 9.5 16.5 19.9 24.7 25.6 22.6 15.6 11.3 1.81

Average minimum

temperature (�C)
- 4.5 -5.2 - 2.4 3.7 8.6 11.1 16.5 16.3 12.8 6.1 4.3 - 4.4

Average maximum

temperature (�C)
7.8 4.1 11 15.3 24.4 28.6 32.9 34.8 32.5 25.1 18.2 8

Average relative

humidity (%)

62 67 60 61 55 47 46 42 42 46 55 54
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Determination of MDA content

The MDA content was measured in fresh leaves at the peak

of the drought stress and after hormone spraying (Heath

and Packer 1968).

Determination of antioxidant enzymes activity

The CAT, POD, APX, and SOD activities were measured

in three technical replicates at the peak of the drought

stress and after hormone spraying. For analysis of CAT,

POD, and SOD activities, fresh leaves were homogenized

in 50 mM phosphate buffer (pH 7.0) containing 1% (w/v)

polyvinylpyrrolidone (PVP) and centrifuged at

10,0009g for 20 min at 4 �C. For analysis of APX activity,

2.0 mM ascorbate was added to the homogenizing med-

ium. The supernatant was collected for assay of antioxidant

enzymes activity.

The CAT reaction mixture contained 50 mM phosphate

buffer (pH 7.0), 10 mM H2O2, and enzyme extract. The

specific activity of the enzyme was expressed in terms of

micromolar H2O2 in min per mg of soluble protein (Chance

and Maehly 1955).

The POD reaction mixture contained 50 mM phosphate

buffer (pH 7.0), 0.25% (v/v) guaiacol, 0.75% (v/v) H2O2,

and enzyme extract. The specific activity of the enzyme

was expressed in terms of micromolar tetraguaiacol in min

per mg of soluble protein (Chance and Maehly 1955).

The SOD reaction mixture contained 50 mM phosphate

buffer (pH 7.8), 13 mM methionine, 75 mM nitroblue

tetrazolium chloride (NBT), 300 lM EDTA, 2 mM ribo-

flavin, and 0, 50, 100, 150, and 200 lM enzyme extract.

One unit of SOD activity was defined as the amount of

enzyme required to cause 50% inhibition of NBT photo

reduction (Beauchamp and Fridovich 1971).

The APX reaction mixture contained 50 mM phosphate

buffer (pH 7.0), 1 mM ascorbate, 1 mM H2O2, and enzyme

extract. The specific activity of the enzyme was expressed

in terms of changes in absorbance in min per mg of soluble

protein (Nakano and Asada 1981).

Determination of NR activity

The NR activity was measured at the peak of the drought

stress and after hormone spraying. Approximately 0.2 g of

common bean leaves were homogenized with a mortar and

pestle at 4 �C in 2 ml of buffer A [50 mM Hepes–KOH

(pH 7.5), 5% (v/v) glycerol, 10 mM MgCl2, 1 mM

dithiothreitol (DTT), 1 mM phenylmethyl-sulfonyl fluoride

(PMSF), 1 mM benzamidine, and 10 lM FAD]. After

centrifugation at 15,0009g for 20 min, 1 ml of supernatant

was added to 1 ml of buffer B (50 mM Hepes–KOH (pH

7.5), 10 mM MgCl2, 1 mM DTT, 2 mM KNO3, and

200 lM NADH) and pre incubated at 30 �C for 5 min. The

reactions were stopped by adding 200 ll of 0.5 M zinc

acetate, 600 ll of 1% (w/v) sulfanilamide, and 600 ll of
0.02% (w/v) N-(1-naphthyl) ethylenediamine dihy-

drochloride, the mixtures were centrifuged at 15,0009g for

2 min and nitrite content was determined at 540 nm. The

specific activity of the enzyme was expressed in terms of

micromolar NO2 in h per mg of soluble protein

(MacKintosh et al. 1995).

Determination of the amount of soluble proteins in enzymes

extracts

To measure the amount of soluble protein in extracts, 50 ll
of extract was added to 2950 ll of Bradford solution and

was completely stirred. After 10 min, the absorbance of the

mixture at 595 nm was measured by a spectrophotometer

(Lambda 25; PerkinElmer, Waltham, MA, USA). Bovine

serum albumin (BSA) in the 10–100 lg ml-1 range was

used as the standard for determining protein concentration

(Bradford 1976).

Determination of seed yield and seed yield loss

In the physiological maturity stage, plants in an area of

2 m2 were harvested, and the seed yield were determined

and the seed yield loss were calculated.

Study of Cu/Zn-SOD expression

To study the expression of Cu/Zn-SOD, after analyzing the

results of the SOD activity, concentrations of EBL, in

which the activity of this enzyme was the lowest and

highest (0 and 6 lM, respectively), were selected and

investigated in two optimal irrigation and drought stress

conditions and two common bean genotypes.

Total RNA was isolated using CTAB method (Majidi

et al. 2013). The quality and concentration of each of the

RNA samples were determined using Nanodrop ND-2000

spectrophotometer (Thermo Scientific, Waltham, MA,

USA). The 4.0 lg aliquot of DNase I (Thermo Fisher

Scientific, Waltham, MA, USA) treated total RNA was

reverse-transcribed using Hyperscript RT-PCR Mastermix

(GeneAll, Seoul, South Korea) and oligo-dT primers

according to the manufacturer’s instructions.

Gene-specific real time PCR primers were designed

using Primer Premier 5 (Premier Biosoft, Palo Alto, CA,

USA) and Actin was used as reference gene (Borges et al.

2012) (Table 2). The real-time quantification of the first

strand cDNA was performed in three technical replicates

on the Rotor-Gene Q Real-Time PCR System (Qiagen,

Hilden, Germany). The reaction mixture (20 ll) contained
2 ll of cDNA, 0.5 lM of each primer, and 4 ll of HOT
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FIREPOL Eva Green qPCR Mix Plus (no ROX) (Solis

BioDyne, Tartu, Estonia). For a negative control reaction,

no cDNA was added to the reaction mixture, which

resulted in non-noticeable fluorescence signal from the

reaction. qRT-PCR conditions were set as follows: initial

denaturation for 15 min at 95 �C, followed by 40 cycles of

denaturation at 95 �C for 15 s, annealing at 56 �C for 20 s

and extension at 72 �C for 20 s (Schmittgen and Livak

2008). After amplification cycles, the melting curves were

evaluated for each reaction to confirm the specificity of

amplified products. The Ct value and melting curve for

each reaction were determined with the Rotor-Gene Soft-

ware ver.2.1.0. The differential expression of target gene

(CSD) was calculated using Ct and the 2-DDCt formula

(Livak and Schmittgen 2001).

Phylogenetic analysis

Phylogenetic analysis was performed using MEGA7 soft-

ware and Neighbor-joining method. Finally, the Softberry

online tool was used to confirm the prediction of the

probable place of the Cu/Zn-SOD activity (www.softberry.

com). Bootstrap resampling was used to estimate branch-

length standard errors and the support values of nodes

(Efron and Gong 1983).

Investigation of cis-regulatory elements in the upstream

regions of CSD

Identifying the factors controlling the expression of genes

plays an important role in examining how plants respond to

stress. So far, many efforts have been made to identify

molecular factors and genes involved in response to stress.

However, the identification of genes alone is not enough

and how expression of genes are regulated and how genes

respond is one of the most important questions in this

regard. Therefore, studying the promoter region of these

genes is very important for the presence of different reg-

ulatory elements that induce gene expression. After iden-

tification of the CSD in common bean, the sequence of 500

upstream nucleotides of this gene was extracted from

NCBI and investigated to identify cis-regulatory elements

(www.ncbi.nlm.nih.gov). Then, the upstream regions of

this gene were studied using web promoter review tools to

investigate the cis-regulatory elements, motifs, and sites

accepting elements that are attached to the motifs (Higo

et al. 1999).

Data analysis

A combined analysis of variances over the data obtained

from the two-year study was done using the general linear

model (GLM) in SAS software (Version 9.1), and means

were compared using Duncan’s multiple range tests (p

B 0.05). Also, Excel (2013) software was used to draw

charts.

Results

RWC

The Kusha cultivar in optimal irrigation had the highest

RWC and the Kusha cultivar and the COS16 genotype—

both of them in drought stress—had the lowest RWC

(Fig. 1). Drought stress decreased the RWC in the COS16

genotype and the Kusha cultivar by 28.70% and 34.26%

respectively in contrast with the optimal irrigation (Fig. 1).

Moreover, the application of 2, 4, and 6 lM EBL in the

optimal irrigation increased the RWC by 7.12, 6.01, and

Table 2 Primer sequences of reference (ACT) and target (CSD) genes used in qRT-PCR

Gene name Accession number Primer sequence (50 ? 30) Primer length (nt) Ta (�C) Product size

CSD XM_007147050.1 Forward ACAGCCAGATTCCTCTTACT 20 56 153

Reverse GCAGACCAATGATACCACAG 20

ACT KF033476.1 Forward GAGACCTTCAACACTCCTGCTA 22 56 131

Reverse CCTTCATAGATAGGAACCGTGT 22
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Fig. 1 Mean comparison for interaction effects of irrigation

levels 9 genotypes on RWC. Mean values sharing similar letter(s) are

not significant at p B 0.05, according to Duncan’s multiple range

tests
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3.68% compared with the control respectively, but in the

drought stress, it increased the RWC by 20.10, 25.79, and

16.77% respectively compared with the control (Fig. 2).

Proline content

Drought stress in the 2016 and the 2017 periods increased

the proline content by 126.06% and 31.06% respectively in

contrast with the optimal irrigation (Fig. 3). Moreover, the

application of different concentrations of EBL increased

the proline content compared with the control (Table 3).

The application of 4 lM EBL resulted in the highest

increase in proline content by 49.01% in contrast with the

control, but it was not significant with the concentration of

2 lM EBL (Table 3).

MDA content

Drought stress in the 2016 and the 2017 periods increased

the MDA content by 93.96% and 14.22% respectively in

contrast with the optimal irrigation (Fig. 4). Moreover, the

application of 2, 4, and 6 lM EBL in the optimal irrigation

decreased the MDA content by 16.08, 15.20, and 15.20%

compared with the control respectively, but in the drought

stress, it decreased the MDA content by 12.27, 15.18, and

25.16% respectively compared with the control (Fig. 5).

Antioxidant enzymes activity

Drought stress increased the CAT and APX activities by

38.89% and 34.42% respectively in contrast with the

optimal irrigation (Table 3). Drought stress in the 2016 and

the 2017 periods increased the POD activity by 84.09% and

47.25% respectively in contrast with the optimal irrigation

(Fig. 6). Also, the POD activity in the COS16 genotype

was higher than that in the Kusha cultivar (Table 3).

Drought stress in the 2016 and the 2017 periods increased

the SOD activity by 27.37% and 8.92% respectively in

contrast with the optimal irrigation (Fig. 7). Moreover, the

application of different concentrations of EBL increased

the CAT, POD, APX, and SOD activities compared with

the control (Table 3). The application of 2, 4, and 6 lM
EBL in the optimal irrigation increased the CAT activity

by 38.46, 46.15, and 46.15% compared with the control

respectively, but in the drought stress, it increased the CAT

activity by 38.89, 66.67, and 55.56% respectively com-

pared with the control (Fig. 8). Also, the application of 2,

4, and 6 lM EBL in the optimal irrigation increased the

POD activity by 32.39, 38.03, and 33.80% compared with

the control respectively, but in the drought stress, it

increased the POD activity by 50.47, 57.01, and 45.79%

respectively compared with the control (Fig. 9). The

application of 4 lM EBL resulted in the highest increase in

the APX activity by 78.57% in contrast with the control,

but it was not significant with the concentration of 6 lM
EBL (Table 3). Also, the application of 6 lM EBL resulted

in the highest increase in the SOD activity by 46.38% in

contrast with the control, but it was not significant with the

other concentrations of EBL (Table 3).

NR activity

The NR activity in 2016 was higher than that in 2017

(Table 3). Moreover, the application of 2, 4, and 6 lM
EBL in the optimal irrigation increased the NR activity by

15.13, 26.95, and 32.15% compared with the control

respectively, but in the drought stress, it increased the NR

activity by 50.53, 76.14, and 61.05% respectively com-

pared with the control (Fig. 10).

Cu/Zn-SOD expression

In response to the drought stress, Cu/Zn-SOD was up-

regulated, but two common bean genotypes showed
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different expression at two levels of exogenous EBL. So

that, Cu/Zn-SOD was up-regulated 7.29 and 4.05 fold-

changes in the COS16 genotype at the conditions of non-

application of hormone and application of hormone,

respectively, and the Kusha cultivar at the conditions of

non-application of hormone and application of hormone

showed up-regulation 2.51 and 3.08 fold-changes, respec-

tively (Fig. 11).

Also, Cu/Zn-SOD was up-regulated in response to the

exogenous EBL, but this up-regulation of Cu/Zn-SOD was

lower than the up-regulation of this gene in response to the
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drought stress (Fig. 12). In response to the exogenous EBL,

two common bean genotypes showed different expression

at two levels of irrigation. So that, Cu/Zn-SOD was up-

regulated 2.27 and 1.26 fold-changes in the COS16 geno-

type under optimal irrigation and drought stress conditions,

respectively, and the Kusha cultivar under optimal irriga-

tion and drought stress conditions showed up-regulation

1.12 and 1.38 fold-changes, respectively (Fig. 12).

In general, Cu/Zn-SOD was up-regulated in response to

the drought stress and exogenous EBL. The COS16

genotype (9.19 fold change) showed a higher increase in

the relative expression of Cu/Zn-SOD in response to the

drought stress and exogenous EBL compared with the

Kusha cultivar (3.46 fold change) (Fig. 13).

Phylogenetic analysis

The activity site of the Cu/Zn-SOD enzymes can be

chloroplasts or cytoplasm. In some plants, the activity site

of this enzyme has been identified, but in the common

bean, no attempt has been made to identify the likely site of

its activity. In this study, the protein sequences of all

known Cu/Zn-SODs of the plants where their activity sites

were determined was compared with common bean Cu/Zn-

SOD. The results showed that all chloroplastic Cu/Zn-

SODs were placed in one group and also cytoplasmic Cu/

Zn-SODs were placed together in another group. Consid-

ering that, the studied common bean Cu/Zn-SOD is

localized in the cytoplasmic Cu/Zn-SODs group, it can be

said that the Cu/Zn-SOD activity site is in the cytoplasm

(Fig. 14). The results also showed that the Cu/Zn-SOD in

common bean is most similar to the Cu/Zn-SODs in pea

and soybean (Fig. 14). The results are also confirmed using

the Softberry online tool to predict the potential site of the

Cu/Zn-SOD activity.
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Discussion

RWC is one of the important physiological parameters that

shows a good correlation with drought tolerance (Colom

and Vazzana 2003). RWC of both genotypes was reduced

by drought stress, but reduction was higher in cultivar

Kusha (Fig. 1). In drought stress, because of decreasing

soil moisture content, the roots are not able to provide

water lost through transpiration. As a result, leaf water

potential and leaf water content decreased. The researchers

reported that water scarcity reduced the RWC of bean

(Korir et al. 2006; Lizana et al. 2006), which is in line with

the findings of this study. Under optimal irrigation, the

Kusha cultivar is superior than the COS16 genotype in

RWC. While, the situation is changed under drought stress,

so that the COS16 genotype is superior than the Kusha

cultivar in terms of this trait. In fact, the COS16 genotype

is more tolerant to drought stress than the Kusha cultivar

(Fig. 1). The high RWC in drought tolerant genotypes can

be due to mechanisms that reduce water loss through

stomata or increase water absorption through the devel-

opment of a root system (Rosales-Serna et al. 2004).

Researchers investigated the reaction of two susceptible

and tolerant soybean cultivars to drought stress and showed

that drought stress reduced the RWC, which was more

severe in drought sensitive cultivar than drought tolerant

cultivar (Angra et al. 2010). In this study, different con-

centrations of exogenous EBL caused a slight increase in

RWC under optimal irrigation condition but signifi-

cantly increased the RWC under drought stress compared

with the control, indicating the more effective use of EBL

in drought stress relative to optimal irrigation (Fig. 2). The

more effective use of BRs in adverse conditions relative to

favorable environmental conditions has also been reported

in other studies (Talaat and Shawky 2016; Vardhini and

Anjum 2015). The increase in the RWC may be due to the

effect of BRs as a result of osmotic regulation and

increased water absorption from the soil. Drought stress

has been reported to reduce the RWC of maize leaves, but

the application of 0.1 mg l-1 of brassinolide improved the

RWC of leaves in both drought stress and optimal irriga-

tion conditions (Anjum et al. 2011). Also, under severe

drought stress, RWC of leaves and water potential of

Robinia pseudoacacia seedlings treated with 0.2 mg l-1 of

BRs was significantly higher than control treatment, and

the researchers considered that increasing in the RWC was

associated with a reduction in water loss of seedlings due to

transpiration (Li et al. 2008). Researchers demonstrated

that the ability of exogenous application of BRs to maintain

high RWC in stressed plants might be attributed to their

contribution to osmotic adjustment by increasing the

internal total free amino acid concentration (Talaat and

Shawky 2016). The application of BRs in various plants,

including bean (Rady 2011), wheat (Talaat and Shawky

2012), tomato (Hayat et al. 2012; Yuan et al. 2010), and

rice (Thussagunpanit et al. 2015) also increases the RWC

of leaves.

Drought stress increased the amount of proline com-

pared to optimal irrigation in both years, and this increase

was higher in the 2016 period than the 2017 period

(Fig. 3). Probably because of the difference in weather

conditions during the measurement of this trait, drought

stress has shown a greater increment in proline content in

the 2016 period compared to the 2017 period. Increasing

proline content under stress conditions protects cell mem-

branes, proteins, cytoplasmic enzymes, and reduces the

amount of reactive oxygen species (Liang et al. 2013).

Drought stress significantly increased the amount of proline

in chickpea (Najaphy et al. 2010) and faba bean (Siddiqui

et al. 2015). Proline accumulation in drought stress can be

due to stimulation of its synthesis or prevention of its

decomposition or protein degradation (Gomes et al. 2010).

Although in some plants, it has been proven that changes in

proline content are associated with their ability to tolerate

stress conditions and can be used as an indicator for

selecting tolerant plants (Niknam et al. 2006), but it has

been seen that in drought-sensitive plants such as cassava

(Sundaresan and Sudhakaran 1995) and bean (Andrade

et al. 1995), proline accumulation is just a sign of stress.

Considering that, in this experiment there was no signifi-

cant difference between the two common bean genotypes

in terms of proline changes, it seems that in this study

proline accumulation is just a sign of stress. The applica-

tion of 4 lM EBL significantly increased the proline con-

tent compared with the control (Table 3). It has been

reported that BRs increase proline content by affecting the
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expression of proline biosynthesis genes (Talaat and

Shawky 2013). On the other hand, BRs increase biosyn-

thesis of nucleic acids in plant cells (Bajguz 2000).

Therefore, the increase in proline content with the appli-

cation of EBL is probably due to the increment in synthesis

of nucleic acids in plant cells and their conversion to the

amino acids needed, such as proline. It has been reported

that BRs increased the proline content in stress conditions

(Agami 2013; Rady 2011).

Peroxidation of membrane lipids is considered as a sign

of oxidative damage and is often used as an indicator for

determining the extent of damage to the membrane under

stress (Khan and Panda 2008). The levels of peroxidation

of membrane lipids increase in drought stress, and as a

result, MDA levels increase in cells under stress (Eraslan

et al. 2007; Gunes et al. 2006). Low MDA levels indicate a

low level of damage caused by stress to the cell membrane,

which itself means that the plant is more tolerant to stress.

In this study, drought stress increased the MDA content

compared to optimal irrigation in both years, and this

increase was higher in the 2016 period than the 2017 period

(Fig. 4). Researchers have been reported that MDA content

increased in stress conditions (Svetleva et al. 2012; Yuan

et al. 2010). Since peroxidase activity is related to the

amount of peroxidation of membrane lipids, a significant

increase in the level of MDA of plants under stress indi-

cates an inadequate activity of the peroxidase in collecting

reactive oxygen species to prevent membrane damage and

MDA production. In this study, different concentrations of

exogenous EBL caused a slight decrease in MDA content

under optimal irrigation condition but the application of

6 lM EBL decreased the MDA content under drought

stress, significantly compared with the control, indicating

the more effective use of EBL in drought stress relative to

optimal irrigation (Fig. 5). Reducing MDA content due to

the use of BRs demonstrates the role of these compounds in

maintaining the structure and stability of plasma mem-

branes in the presence of stress. Therefore, reduction of

MDA accumulation in EBL treatment under drought stress

indicates a decrease in lipid peroxidation and maintaining

membrane health under drought stress conditions. Reduc-

tion in the accumulation of MDA by the application of BRs

has also been reported by other researchers (Hayat et al.

2010; Yuan et al. 2010; Rady 2011; Thussagunpanit et al.

2015; Talaat and Shawky 2013).

Fig. 14 Investigation of the phylogenetic relationship of the Cu/Zn-SOD in common bean
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Drought stress increased the activities of CAT, POD,

APX, and SOD, which indicates the inhibition of reactive

oxygen species in drought stress conditions (Figs. 6, 7,

Table 3). There is a strong correlation between tolerance to

oxidative stress caused by environmental stresses and an

increase in the activity of antioxidant enzymes in plants

(Mittler 2002). Increasing the activity of antioxidant

enzymes in drought stress has also been reported by other

researchers (Habibi 2013; Hameed et al. 2011; Khanna-

Chopra and Selote 2007; Zeid and Shedeed 2006). This

suggests that plants have been shown to increase the

activity of their antioxidant enzymes to cope with drought

stress and eliminate reactive oxygen species. The activity

of POD in the COS16 genotype was higher than that in the

Kusha cultivar, which indicates higher capacity for trap-

ping the reactive oxygen species in this genotype, and thus

damage to plasma membrane lipids in this genotype is

lower (Table 3). The results of study in tolerant and sus-

ceptible cultivars of rice to salinity stress showed that

under salinity stress, the level of POD activity in salinity

resistant cultivar was more than salinity sensitive cultivar

(Khan and Panda 2008). The CAT, APX, and SOD

enzymes had the same activities in the two genotypes, and

there was no significant difference in the activities of these

enzymes between the two genotypes (Table 3). In other

words, due to the type of activities of these enzymes,

genotypes can’t be differentiated and none of the genotypes

was superior to the other in terms of the activity levels of

these enzymes. The application of EBL increased the

activities of APX and SOD compared with the control

(Table 3), and also caused a slight increase in CAT and

POD activities under optimal irrigation condition and

increased the CAT and POD activities under drought stress,

significantly compared with the control (Figs. 8, 9). In

general, different concentrations of exogenous EBL

increased the seed yield of both common bean genotypes

under both conditions of drought stress and optimal irri-

gation and decreased the seed yield loss and induced tol-

erance to drought stress by decreasing the MDA content

and increasing the RWC, proline content and CAT, POD,

APX, and SOD activities (Table 4). The use of BRs sig-

nificantly improved the plant drought tolerance and

reduced the accumulation of reactive oxygen species by

increasing the activity of antioxidant enzymes (Talaat et al.

2015). The effect of BRs on antioxidant enzymes may be

due to its effect on transcription or translation of genes

(Bajguz 2000; Bajguz and Hayat 2009; Cao et al. 2005;

Choe 2006). Increase in the activity of antioxidant enzymes

after application of BRs has also been reported in bean

(Rady 2011), maize (Bhardwaj et al. 2007), tomato (Yuan

et al. 2010), mustard (Arora et al. 2010; Fariduddin et al.

2009; Sirhindi et al. 2009), soybean (Zhang et al. 2008),

and barley (Kartal et al. 2009).

Several studies have been reported different responses

of NR activity in different environmental conditions. It has

been reported that drought stress reduced NR activity and

decreased nitrate absorption (Casadebaig et al. 2008;

Fresneau et al. 2007; Talaat and Shawky 2016). In this

study, drought stress decreased the NR activity by 16.53%

in contrast with the optimal irrigation, which was not sta-

tistically significant (Table 3). In this study, different

concentrations of exogenous EBL caused a slight increase

Table 4 Seed yield of two

common bean genotypes

evaluated at two levels of

irrigation and four

concentrations of exogenous

EBL in 2 years and seed yield

loss in drought stress condition

Years Genotypes Exogenous EBL (lM) Seed yield (kg ha-1) Seed yield loss (%)

Optimal irrigation Drought stress

2016 COS16 0 1921.79 659.93 65.66

2 2537.76 880.57 65.30

4 2320.53 1159.84 50.02

6 2318.15 1223.23 47.23

Kusha 0 2329.23 752.73 67.68

2 3426.31 1428.35 58.31

4 3229.47 1296.80 59.84

6 3116.79 1313.99 57.84

2017 COS16 0 1911.66 800.99 58.10

2 2336.77 1179.65 49.52

4 2659.33 1192.53 55.16

6 2515.24 1028.75 59.10

Kusha 0 3393.57 1187.48 65.01

2 3496.45 2076.01 40.63

4 3709.55 2052.56 44.67

6 3048.17 1675.23 45.04

470 Physiol Mol Biol Plants (March 2020) 26(3):459–474

123



in NR activity under optimal irrigation condition but

increased the NR activity under drought stress, signifi-

cantly compared with the control, indicating the more

effective use of EBL in drought stress relative to optimal

irrigation (Fig. 10). Improvement in the activity of NR can

be related to the effect of BRs to transcription or translation

of NR (Bajguz 2000) or nitrate absorption at the membrane

surface (Mai et al. 1989). BRs have been reported to

maintain the fluidity of the plasma membrane that has been

altered by water stress and improve nitrate absorption,

which induces the activity of NR (Talaat and Shawky

2016). In a study, the use of BRs led to an increase in the

activity of NR, and the researchers considered this increase

to be due to improved leaf water balance and increased leaf

water potential under water deficit conditions (Sairam

1994). The use of BRs has led to an increase in the activity

of NR in other studies (Fariduddin et al. 2009; Zheng et al.

2017; Talaat and Shawky 2016).

Drought stress increased the relative expression of Cu/

Zn-SOD (Fig. 11). The induction of Cu/Zn-SOD expression

in drought stress has also been reported in Caragana

(Zhang et al. 2014), maize (Malan et al. 1990), and tomato

(Perl-Treves and Galun 1991). Also, the use of EBL

increased the relative expression of Cu/Zn-SOD (Fig. 12).

BRs increase the tolerance of plants in a wide range of

environmental stresses, and this increase is generally due to

the increase in transcription of genes in response to stress

(Clouse et al. 1992). Resistance to stress due to BRs is

associated with the increased activity of SOD, CAT,

APOX, DHAR, MDHAR, and GR as well as their

expressions (Vardhini and Anjum 2015). It has also been

reported that BRs increase the expression of APOX, CAT,

and SOD in Brassica juncea under salinity stress (Kaur

et al. 2015). Lower decrease in RWC in the COS16

genotype under drought stress (Fig. 1), lower negative

effects of drought stress on photosynthesis and gas-ex-

change parameters and chlorophyll and carotenoids con-

tents in the COS16 genotype as we reported in our previous

study (Mohammadi et al. 2019), and also a higher increase

in the relative expression of Cu/Zn-SOD in response to the

drought stress and exogenous EBL in the COS16 genotype

compared to the Kusha cultivar (Fig. 13) may indicate that

the COS16 genotype is more tolerant to drought stress than

the Kusha cultivar. In an experiment, the SOD expression

pattern in maize was investigated under drought stress and

the effect of water stress on SOD isozymes of two resistant

and sensitive genotypes was studied. The results showed

that transcription of Mn-SOD and Fe-SOD in the resistant

plant was more pronounced than the sensitive genotype

(Shiriga et al. 2014). The Tortula ruralis (drought tolerant)

showed lower lipid peroxidation and higher Cu/Zn-SOD

activity than Cratoneuron filicinum (drought sensitive)

(Dhindsa and Matowe 1981).

The density of the detected elements was very high at

the upstream of the studied CSD, and there were 67 types

of regulatory elements in the promoter of this gene. AP2

transcription factor binding site was observed to be the

most frequent regulator sequence at the upstream of this

gene (25 binding sites). There are several reports in relation

to the role of AP2 transcription factor in activating genes

responsive to abiotic stresses (Mizoi et al. 2012). Other

extant elements in the upstream of this gene are the bZIP

Fig. 15 Investigation of cis-regulatory elements in the upstream regions of CSD
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transcription factor binding site. These transcription factors

play an essential role in adjusting the plant’s response to

different environmental conditions (Wang et al. 2017).

Other important elements involved in plant response to

environmental stresses are shown in the following fig-

ure (Fig. 15). The presence of high levels of this regulatory

element on the upstream side of this gene can indicate the

role and importance of regulation of this gene in response

to stresses. The results of this study showed that there are

high numbers of specific regulatory elements in the

upstream of this gene, which provide the interface of

important regulatory proteins in the stress. Further studies

in this field will provide an understanding of how this gene

will respond in different situations.

Conclusion

The results of this study showed that drought stress

decreased the RWC and increased the proline content,

MDA content, and CAT, POD, APX, and SOD activities.

Regarding the importance of antioxidant enzymes in the

removal of radical superoxide and hydrogen peroxide, and

the prevention of oxidative stress caused by drought stress,

it seems that increasing the activity of antioxidant enzymes

leads to less negative effects of oxidation stress induced by

reactive oxygen species. As a result, tolerance to drought

stress is achieved. Application of EBL reduced the seed

yield loss and increased the tolerance to drought stress in

both common bean genotypes by decreasing the level of

MDA and increasing the RWC, proline content, antioxi-

dant enzymes activity, NR activity, and seed yield. The

effect of EBL on the SOD activity may be due to its effect

on the relative expression of cyt Cu/Zn-SOD. With the

findings of the current study, we can conclude that foliar

spray of 4 lM EBL as the best concentration may enhance

the RWC, proline content, antioxidant enzymes activity,

and NR activity and enhance the stress tolerance ability of

common bean. In addition, the achievement of compre-

hensive information on the positive effects of EBL requires

a study of this hormone in different weather conditions and

with other different bean genotypes.
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López C, Jn Ortiz-Cereceres, Kelly JD (2004) Biomass distri-

bution, maturity acceleration and yield in drought-stressed

common bean cultivars. Field Crops Res 85(2–3):203–211

Sairam R (1994) Effects of homobrassinolide application on plant

metabolism and grain yield under irrigated and moisture-stress

conditions of two wheat varieties. Plant Growth Regul

14(2):173–181

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by

the comparative CT method. Nat Protoc 3(6):1101–1108

Sharma P, Jha AB, Dubey RS, Pessarakli M (2012) Reactive oxygen

species, oxidative damage, and antioxidative defense mechanism

in plants under stressful conditions. J Bot 2012:1–26

Shiriga K, Sharma R, Kumar K, Yadav SK, Hossain F, Thiruna-

vukkarasu N (2014) Genome-wide identification and expression

pattern of drought-responsive members of the NAC family in

maize. Meta Gene 2:407–417

Siddiqui MH, Al-Khaishany MY, Al-Qutami MA, Al-Whaibi MH,

Grover A, Ali HM, Al-Wahibi MS, Bukhari NA (2015)

Response of different genotypes of faba bean plant to drought

stress. Int J Mol Sci 16(5):10214–10227

Sirhindi G, Kumar S, Bhardwaj R, Kumar M (2009) Effects of

24-epibrassinolide and 28-homobrassinolide on the growth and

antioxidant enzyme activities in the seedlings of Brassica juncea

L. Physiol Mol Biol Plants 15(4):335–341

Sundaresan S, Sudhakaran P (1995) Water stress-induced alterations

in the proline metabolism of drought-susceptible and-tolerant

cassava (Manihot esculenta) cultivars. Physiol Plant

94(4):635–642

Svetleva D, Krastev V, Dimova D, Mitrovska Z, Miteva D, Parvanova

P, Chankova S (2012) Drought tolerance of Bulgarian common

bean genotypes, characterised by some biochemical markers for

oxidative stress. J Cent Eur Agric 13(2):349–361

Sytar O, Kumari P, Yadav S, Brestic M, Rastogi A (2019)

Phytohormone priming: regulator for heavy metal stress in

plants. J Plant Growth Regul 38(2):739–752

Talaat N, Shawky B (2012) 24-epibrassinolide ameliorates the saline

stress and improves the productivity of wheat (Triticum aestivum

L.). Environ Exp Bot 82:80–88

Talaat N, Shawky B (2013) 24-Epibrassinolide alleviates salt-induced

inhibition of productivity by increasing nutrients and compatible

solutes accumulation and enhancing antioxidant system in wheat

(Triticum aestivum L.). Acta Physiol Plant 35(3):729–740

Talaat N, Shawky B (2016) Dual application of 24-epibrassinolide

and spermine confers drought stress tolerance in maize (Zea

mays L.) by modulating polyamine and protein metabolism.

J Plant Growth Regul 35(2):518–533

Talaat NB, Shawky BT, Ibrahim AS (2015) Alleviation of drought-

induced oxidative stress in maize (Zea mays L.) plants by dual

application of 24-epibrassinolide and spermine. Environ Exp Bot

113:47–58

Thussagunpanit J, Jutamanee K, Sonjaroon W, Kaveeta L, Chai-Arree

W, Pankean P, Suksamrarn A (2015) Effects of brassinosteroid

and brassinosteroid mimic on photosynthetic efficiency and rice

yield under heat stress. Photosynthetica 53(2):312–320

Tuba Bicer B, Narin Kalender A, Akar D (2004) The effect of

irrigation on spring-sown chickpea. J Agron 3(3):154–158

Vardhini BV, Anjum NA (2015) Brassinosteroids make plant life

easier under abiotic stresses mainly by modulating major

components of antioxidant defense system. Front Environ Sci

2:1–16

Wang X-L, Chen X, Yang T-B, Cheng Q, Cheng Z-M (2017)

Genome-wide identification of bZIP family genes involved in

drought and heat stresses in strawberry (Fragaria vesca). Int J

Genom 2017:1–14

Yuan G, Jia C, Li Z, Sun B, Zhang L, Liu N, Wang Q (2010) Effect of

brassinosteroids on drought resistance and abscisic acid concen-

tration in tomato under water stress. Sci Hortic 126(2):103–108

Zeid I, Shedeed Z (2006) Response of alfalfa to putrescine treatment

under drought stress. Biol Plant 50(4):635–640

Zhang M, Zhai Z, Tian X, Duan L, Li Z (2008) Brassinolide

alleviated the adverse effect of water deficits on photosynthesis

and the antioxidant of soybean (Glycine max L.). Plant Growth

Regul 56(3):257–264
Zhang W, Li N, Qi F, Chen X, Hao J, Yu C, Lin X (2014) Isolation

and expression analysis of Cu/Zn superoxide dismutase genes

from three Caragana species. Russ J Plant Physiol

61(5):656–663

Zheng Y, Xu B, Ren K, Zhang Y, Wu J (2017) Impact of soil drench

and foliar spray of 24-epibrassinolide on the growth, yield, and

quality of field-grown Moringa oleifera in southwest china.

J Plant Growth Regul 36(4):931–941

Zlatev Z, Lidon FC (2012) An overview on drought induced changes

in plant growth, water relationsand photosynthesis. Emir J Food

Agric 24(1):57–72

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

474 Physiol Mol Biol Plants (March 2020) 26(3):459–474

123


	Study the effect of 24-epibrassinolide application on the Cu/Zn-SOD expression and tolerance to drought stress in common bean
	Abstract
	Introduction
	Materials and methods
	Growth conditions, treatments, and application of treatments
	Measurements
	Estimation of RWC
	Determination of proline content
	Determination of MDA content
	Determination of antioxidant enzymes activity
	Determination of NR activity
	Determination of the amount of soluble proteins in enzymes extracts
	Determination of seed yield and seed yield loss
	Study of Cu/Zn-SOD expression
	Phylogenetic analysis
	Investigation of cis-regulatory elements in the upstream regions of CSD

	Data analysis

	Results
	RWC
	Proline content
	MDA content
	Antioxidant enzymes activity
	NR activity
	Cu/Zn-SOD expression
	Phylogenetic analysis

	Discussion
	Conclusion
	References




