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Abstract Drought stress is one of the most prevalent

environmental factors limiting faba bean (Vicia faba L.)

crop productivity. b-aminobutyric acid (BABA) is a non-

protein amino acid that may be involved in the regulation

of plant adaptation to drought stress. The effect of exoge-

nous BABA application on physiological, biochemical and

molecular responses of faba bean plants grown under 18%

PEG-induced drought stress were investigated. The results

showed that the application of 1 mM of BABA improved

the drought tolerance of faba bean. The application of

BABA increased the leaf relative water content, leaf pho-

tosynthesis rate (A), transpiration rate (E), and stomatal

conductance (gs), thereby decreased the water use effi-

ciency. Furthermore, exogenous application of BABA

decreased production of hydrogen peroxide (H2O2),

malondialdehyde and electrolyte leakage levels, leading to

less cell membrane damage due to oxidative stress.

Regarding osmoprotectants, BABA application enhanced

the accumulation of proline, and soluble sugars, which

could improve the osmotic adjustment ability of faba bean

under drought challenge. Interestingly, mended antioxidant

enzyme activities like catalase, guaiacol peroxidase,

ascorbate peroxidase and superoxide dismutase and their

transcript levels may lead to counteract the damaging

effects of oxidative stress and reducing the accumulation of

harmful substances in BABA-treated faba bean plants. In

addition, exogenous BABA significantly induced the

accumulation of drought tolerance-related genes like

VfMYB, VfDHN, VfLEA, VfERF, VfNCED, VfWRKY,

VfHSP and VfNAC in leaves and roots, suggesting that

BABA might act as a signal molecule to regulate the

expression of drought tolerance-related genes.

Keywords b-Aminobutyric acid (BABA) � Drought
stress � Gene expression � Vicia faba � qRT-PCR

Introduction

Water deficit is one of the most prevalent environmental

stress factors that greatly influence plant growth and

development, and cause substantial decline in crop yields

worldwide. Faba bean (Vicia faba L.) is used for human

consumption, animal feed and green-manure legume, as

well as in the wheat based cropping systems due to its

ability to fix atmospheric nitrogen in the northern favorable

regions of the country. According to Amri et al. (2016),

faba bean is the most important grain legume cultivated in

Tunisia occupying more than 75% (55,000 ha) of the total

food legume planted area in the country. However, the

& Ghassen Abid

gha_abid@yahoo.fr

1 Laboratory of Legumes, Biotechnology Center of Borj

Cedria, University of Tunis El Manar, 901,

2050 Hammam-Lif, Tunisia

2 Laboratory of Plant Molecular Physiology, Biotechnology

Center of Borj Cedria, University of Tunis El Manar, 901,

2050 Hammam-Lif, Tunisia

3 Department of Life Sciences, Walloon Agricultural Research

Centre, Chaussée de Charleroi, 234, 5030 Gembloux,

Belgium

4 Laboratory of Biotechnology and Bio-Geo Resources

Valorization, Olive Tree Institute, University of Sfax, 1087,

3000 Sfax, Tunisia

5 Laboratory of Bioactive Substances, Biotechnology Center of

Borj Cedria, University of Tunis El Manar, 901,

2050 Hammam-Lif, Tunisia

6 Department of Biology, College of Science, University of

Ha’il, P. O. Box 2440, Hail 81451, Kingdom of Saudi Arabia

123

Physiol Mol Biol Plants

https://doi.org/10.1007/s12298-020-00796-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s12298-020-00796-0&amp;domain=pdf
https://doi.org/10.1007/s12298-020-00796-0


Tunisian dry grain yield average (about 1 t/ha) is below the

worldwide average yield (1.7 t/ha). The low harvest is

mainly due to the lack of adapted cultivars, the sensitivity

of local material to environmental stresses (mainly water

deficit, especially in semi-arid regions), diseases and pests.

It is worth to note that the genome complexity (13,000 Mb)

compared to other legume species (450 Mb and 1200 Mb

in Medicago sativa and Glycine max, respectively) made it

difficult to breed elite cultivars suitable for local and

regional ecosystem and enhancing the role of faba bean for

conservation agriculture in arid and semi-arid regions in

Tunisia. Ouji et al. (2017) showed that drought affects the

development, growth and yield components in that plant,

leading to a significant loss in productivity. Drought stress

induces several physiological, biochemical and molecular

disruptions on faba bean plant (Abid et al. 2017; Siddiqui

et al. 2015). Moreover, Kabbadj et al. (2017) reported that

drought disturbed various enzymatic pathways and caused

impaired photosynthesis. In addition to traditional breeding

methods and molecular tools, new various recent strategies

have been proposed to improve plant performance against

environmental stresses. Among these strategies, the stim-

ulation of natural defense in plants by inducing resistance

could be considered one of the best. These methods include

the use of antioxidants, vitamins and osmoprotectant

compounds as seed priming or as foliar spray. In this

regard, previous studies indicated that exogenous applica-

tion of various plant growth regulators (such as abscisic

acid, brassinolides, cytokinins, salicylic acid and gib-

berellins) and osmoprotectants (like proline, trehalose and

glycinebetaine) can also enhance drought tolerance of

crops as sunflower (Hussain et al. 2014), lucerne (An et al.

2014), maize (Akter et al. 2014) and soybean (EL Sabagh

et al. 2018). According to the above cited authors, the

application of these compounds promotes compatible

solutes and antioxidants accumulation in order to maintain

osmotic balance and scavenging of the reactive oxygen

species (ROS) and consequently ensure stability of mem-

brane structures, enzymes, and other macromolecules

under drought stress. Such priming treatment is a very

promising strategy in modern crop production management

as it allows the plants to respond faster and stronger to

abiotic or biotic stress (Xiao et al. 2017). Several studies

revealed that polyamines (like putrescine, spermidine and

spermine) and non-protein amino acids such as c-
aminobutyric acid (GABA) accumulated in response to

abiotic stresses could play key role in the response of plants

to environmental factors (Li et al. 2016a, b; Yuan et al.

2016).

It is well documented that inducing priming by exoge-

nous application of natural compound GABA or b-
aminobutyric acid (BABA), its isomer synthetic form,

could promote osmotic balance via synthesis of osmolytes

and increase antioxidant enzymes activity and their tran-

script levels hence contributing to the reduction of oxida-

tive damage (Vijayakumari et al. 2016). It has been

reported that BABA-treated plants showed enhanced

accumulation of abscisic acid (ABA), a phytohormone

playing a crucial role in drought-stress response and tol-

erance in plants. Suggesting that BABA priming led to an

ABA-dependent mechanisms (Jakab et al. 2005), later on

Tworkoski et al. (2011) demonstrated that both ABA-de-

pendent and independent mechanisms act through BABA

priming. These two protection mechanisms through the

exogenous application of BABA have been reported in

several plant species. Ton et al. (2005) revealed that BABA

usage improved the response of Arabidopsis to drought

stress by enhancing the transcript accumulation of ABA-

dependent RAB18 and RD29 genes. Shaw et al. (2016)

indicated that BABA-induced the up-regulation of antiox-

idant enzymes (APX, SOD, GR and GSH) in maize

enhancing the plant defense and detoxification processes

against drought. Moreover, an ABA accumulation, induc-

ing a partial stomatal closure and leading to reduced water

use under drought conditions have been reported in BABA

treated maize (Shaw et al. 2016), wheat (Du et al. 2012)

and Arabidopsis (Jakab et al. 2005). However, no studies of

priming effects of BABA on drought stress tolerance in

faba bean were carried out so far. The objective of this

study was to determine the effect of exogenous application

of BABA on faba bean response and tolerance to water

deficit stress.

Materials and methods

Plant material, growth condition and treatments

Faba bean seeds (cv. Badii cultivated in sub-humid areas of

Tunisia) were surface-sterilized for 5 min in 5% sodium

hypochlorite (NaClO) solution and then rinsed 5 times with

sterile distilled water to remove all sterilizing agents and

followed by germination at 23 �C. One week after germi-

nation, uniform seedlings were transplanted in plastic pots

filled with perlite and were irrigated with half-strength

Hoagland nutritive solution (Hoagland and Arnon 1950)

when required. Three-week-old seedlings (corresponding

to four fully expanded leaves) were uprooted, washed with

distilled water and transferred to aerated hydroponic sys-

tem (height 14 cm, width 17 cm, length 40 cm). 15 seed-

lings where considered for each hydroponic system

containing 5 l of Hoagland solution. At interval of 48 h,

the nutrient medium was replaced and the seedlings’ root

were exposed to BABA pretreatment for 2 days by adding

0.5, 1 and 1.5 mM of BABA to the Hoagland solution (pH

6.5). After BABA pretreatment, seedlings were subject to
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drought stress by adding 18% of polyethylene glycol (PEG-

6000; - 0.58 MPa) in the nutritive solution (Michel and

Kaufmann 1973). Untreated seedlings in nutrient solution

were taken as control. In total, five treatments were created:

(1) control; (2) PEG treatment (18% PEG-6000); (3)

BABA (0.5 mM) ? PEG (18% PEG-6000); (4) BABA

(1 mM) ? PEG (18% PEG-6000) and (5) BABA

(1.5 mM) ? PEG (18% PEG-6000). Drought stress was

induced for 2 days. The experiment was conducted in a

completely randomized design with three replications in a

growth chamber under controlled conditions (temperature

of 23 ± 2 �C, relative humidity 55–65%, light 270 lmol

of photons m-2 s-1 photosynthetic active radiations and a

16/8 h day/night photoperiod). The experimental boxes

were covered with black plastic to reduce the exposure of

roots to light, and continuously aerated in order to avoid

the algal growth and prevent the roots from developing

hypoxia. Two days after treatments, seedlings were har-

vested and physiological and biochemical parameters were

measured. For molecular analyses, leaf and root samples

were snap frozen in liquid N2, and stored at - 80 �C for

further analysis.

Measurement of photosynthesis

Gas exchange measurements such as photosynthetic rate

(A), stomatal conductance (gs), intercellular CO2 concen-

tration (Ci), and transpiration rate (E) were made at 10 a.m.

on the youngest fully expanded attached leaves and uni-

form in terms of age using a Portable Photosynthesis

System (LCpro ?, Inc., UK). The photosynthetically active

radiation in the leaf chamber was set at 980 lmol m-2 s-1

during the monitoring. Five seedlings were used as repli-

cates for each treatment.

Determination of relative water content (RWC)

RWC was estimated in the fully-expanded leaf (from the

top) according to the method of González and González-

Vilar (2001). Leaf samples were weighed for fresh weights

(FW) and then saturated in deionized distilled water at 4 �C
in the dark for 24 h and their turgid weights were recorded

(TW). Then, they were oven-dried at 65 �C for 72 h and

their dry weights (DW) were recorded. The RWC was

finally calculated using the following formula: RWC

(%) = [(FW - DW)/(TW - DW)] 9 100.

Determination of proline, soluble sugars, hydrogen

peroxide (H2O2) and malondialdehyde (MDA)

contents and leaf electrolyte leakage (EL) level

Proline content was determined by ninhydrine reaction

according to Bates et al. (1973) with slight modifications.

Leaf dry samples (100 mg) were homogenized with 3 ml

of a 3% (w/v) sulfosalicylic acid solution and centrifuged

at 13,800 rpm for 10 min. Then, 2 ml of supernatant was

added with 2 ml of glacial acetic acid and acid ninhydrin

reagent. The mixture was incubated at 100 �C in water bath

for 1 h and then cooled on ice. The homogenate was

extracted with 4 ml of toluene at room temperature and the

upper phase was separated and absorbance was measured at

520 nm using spectrophotometer (Spectro UV–Vis Dual

Beam PC, UV-S-2007; LABOMED, INC.). L-proline was

used for standard curve construction.

Soluble sugars content was determined spectrophoto-

metrically according to Dubois et al. (1951) based on the

method of phenolsulfuric acid. About 100 mg dry weight

of leaves was homogenized with 5 ml of 80% ethanol,

extract was filtered and 1 ml of the extract was mixed with

0.5 ml of 5% phenol solution and 2.5 ml of 98% sulphuric

acid. The mixture was incubated for 1 h and absorbance

was measured at 490 nm. The level of soluble sugars was

expressed in lg g-1 DW.

Content of H2O2 was measured according to the pro-

cedure of Velikova et al. (2000). About 0.5 g fresh weights

of leaves was homogenized with 5 ml 0.1% (w/v) tri-

chloroacetic acid (TCA) in ice bath and the mixture was

centrifuged at 13,800 rpm for 15 min. Then 1 ml of

10 mM potassium phosphate buffer and 2 ml of 1 M KI

were added to 1 ml of the supernatant. The absorbance of

supernatant was measured at 390 nm and H2O2 content

was quantified using a standard curve.

Lipid peroxidation was estimated by the level of

malondialdehyde (MDA) production as described by

Dhindsa et al. (1981). Fresh leaf samples (1 g) were

homogenized in 5 ml of 0.1% (w/v) trichloroacetic acid

(TCA) solution and centrifuged at 13,800 rpm for 15 min.

To 1 ml of supernatant, 4 ml of 0.5% thiobarbituric acid

(TBA) in 20% TCA was added and heated at 100 �C for

30 min before cooled at room temperature. The absorbance

of the supernatant was recorded at 532 nm and corrected

for nonspecific turbidity by subtracting the absorbance at

600 nm. The concentration of MDA was expressed in

nmol g-1 FW, using a molar extinction coefficient equal to

155 9 105 mM-1 cm-1.

Electrolyte leakage (EL) level was determined accord-

ing to the method of Murray et al. (1989) with slight

modifications. Leaf discs were cut from fully expanded

leaves and placed in 5 ml deionized water for 3 h at 25 �C
and initial conductivity (Ci) of the solutions were deter-

mined. Then, leaf samples were boiled at 100 �C for

30 min and cooled at room temperature to measure the

final conductivity (Cf). EL was estimated as a percentage

(%) of initial to final conductivity by the following for-

mula: EL (%) = (Ci/Cf) 9 100%.
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Assays of antioxidant enzymes

Enzyme extract was prepared by homogenizing 1 g of

plant leaves from each treatment in an ice cold mortar with

10% (w/w) polyvinylpyrrolidone (PVP) and 1 ml of

50 mM phosphate buffer (pH 7.8) containing 0.1% (v/v)

triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF)

and 2 mM EDTA. The homogenate was centrifuged at

13,800 rpm for 15 min at 4 �C and the obtained super-

natant was collected for determining the activities of

antioxidant enzymes. Protein content was determined

according to the method of Bradford (1976).

Superoxide dismutase (SOD) activity was assayed by

monitoring the inhibition of photochemical reduction of

nitro blue tetrazolium (NBT) at 560 nm following Del

Longo et al. (1993). One unit (U) of SOD activity was

defined as the quantity of enzyme necessary to inhibit the

NBT reduction by 50% at 25 �C. The reaction mixture

contained 50 mM K phosphate (pH 7.8), 0.1 mM EDTA,

13 mM L-methionine, 2 lM riboflavin and 75 lM NBT.

Catalase (CAT) activity was assayed according to Cakmak

and Marschner (1992) by measuring the decline of absor-

bance at 240 nm caused by the catabolization of H2O2

(10 mM) for 1 min calculated using extinction coefficient

(e = 39.4 mM-1 cm-1).

Ascorbate peroxidase (APX) activity was assayed

according to Nakano and Asada (1981) by monitoring the

decrease of ascorbate at 290 nm during 1 min using

extinction coefficient (e = 2.8 mM-1 cm-1). The reaction

mixture contained 1.5 mM H2O2 in 50 mM phosphate

buffer (pH 7.8).

Guaiacol peroxidase (GPX) activity was assayed

according to Polle et al. (1994) by following the increase in

absorbance at 470 nm due to guaiacol oxidation in a

reaction solution for 1 min and calculated using extinction

coefficient (e = 25.5 mM-1 cm-1). The reaction solution

contained 100 mM potassium phosphate buffer (pH 7.8),

20 mM guaiacol, 10 mM H2O2 and 50 ll enzymes extract.

Total RNA extraction and cDNA synthesis

Total RNA was isolated from frozen root and leaf samples

following the protocol described by Chang et al. (1993).

Total RNA was quantified using micro-spectrophotometry

(NanoDrop Technologies, Inc.). Then, RNA integrity and

possible DNA contamination were checked by agarose gel

electrophoresis (1.5%). Before cDNA synthesis, the total

RNA samples were treated with 5 U of RNase-free DNase I

(Thermo Fisher Scientific) for 30 min at 37 �C in order to

eliminate the DNA contamination. cDNA was synthesized

from 5 lg of total RNA using 200 U of RevertAid

M-MuLV reverse transcriptase (Biomatik; Wilmington,

Delaware, USA) as described by the manufacturer.

Real-time reverse transcription-PCR (qRT-PCR)

qRT-PCR was carried out in a 7300 Real-Time PCR

Detection System (Applied Biosystems, Foster City,

USA). VfELFA-1 gene was used as endogenous control

for all reactions, and primer pairs were designed using the

Primer3 Input (version 0.4.0) software (Rozen and

Skaletsky 2000) (http://frodo.wi.mit.edu/primer3/). For

qRT-PCR, Maxima SYBR Green/ROX qPCR Master Mix

(2 9) kit (Biomatik; Wilmington, Delaware, USA) was

used according to manufacturer’s instruction. The reac-

tions were performed in 30 ll volume containing 2 ll of
first strand cDNA, 200 lM each of gene specific primers

(Table 1), 15 ll Maxima SYBR Green/ROX qPCR Mas-

ter Mix (2 9) and 12 ll H2O. The thermal protocol

consisted of 95 �C for 10 min, followed by 40 cycles of

95 �C for 30 s and 60 �C for 1 min. All reactions were

performed in triplicate. Melting curves were obtained by

slow heating from 65 �C to 95 �C at 0.5 �C/s and con-

tinuous monitoring of the fluorescence signal. The relative

expression levels were calculated using the 2-DDCt

method (Schmittgen and Livak 2008). The heat maps are

generated using R package (http://www.r-project.org/) to

compare the expression profiling of the transcriptome in

different stress treatments.

Statistical analysis

All data obtained was subjected to one-way analysis of

variance (ANOVA) with three replications per treatment

and means were separated by Tukey’s post hoc test (P

B 0.05) using SPSS program version 16.

Results

Photosynthesis and gas exchange parameters

In order to determine the effects of drought stress and

BABA treatment on the gas-exchange parameters of Badii

plants, A, E, gs and Ci were measured. Water deficit

considerably affected A, gs, Ci, and E (Fig. 1). ANOVA

analysis of gas exchange parameters showed significant

differences between treatments for all parameters. Treated

plants showed significant decrease in Ci by 19.31% for

PEG (18%) in comparison with the control plants (Fig. 1a)

and by 21.66%, 18.50% and 25.55% under the combined

effect of PEG and BABA (0.5, 1 and 1.5 mM, respec-

tively). Variation amongst treatments was significant for A

(Fig. 1b). Indeed, A decreased more for treatments PEG

(72.95%) and PEG ? 1.5 mM BABA (71.87%) than for

PEG ? 0.5 mM BABA and PEG ? 1 mM BABA (61.77

and 61.89, respectively). Interestingly, gs showed similar
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trends to A for all treatments with a decrease of 67.05%

and 62.94% for PEG and PEG ? 1.5 mM BABA,

respectively and 51.17% and 49.41% for PEG ? 0.5 mM

BABA and PEG ? 1 mM BABA, respectively (Fig. 1d). E

decreased by 62.42%, 58.28%, 55.73% and 59.87% in

PEG, PEG ? 0.5 mM BABA, PEG ? 1 mM BABA and

PEG ? 1.5 mM BABA, respectively, compared with that

in controls (Fig. 1c). As compared to treated BABA plants,

PEG-stressed plants without BABA application exhibited a

significant reduction in A, gs and E. Furthermore, 1 mM

BABA-treated plants showed significantly higher E than

0.5 and 1.5 mM BABA-treated plants under water deficit

whilst gs and A were significantly higher in 0.5 and 1 mM

BABA-treated plants than that in 1.5 mM BABA-treated

plants.

RWC and electrolyte leakage (EL) level, soluble

sugars, proline, H2O2 and MDA content

Drought stress resulted in a significant decrease in RWC in

BABA untreated plants, but exogenous application of

BABA alleviated drought-induced decline in RWC

(Fig. 2a). When treated with 18% PEG solution for 2 days,

leaf RWC dropped from almost 81% to only 57.5% (de-

creased 0.29 fold). It was shown that BABA-treated plants

maintained significantly higher RWC than untreated plants

under water deficit. Indeed, 0.5, 1 and 1.5 mM BABA-

treated plants had 32.17%, 46.52% and 20.86% higher

RWC than BABA-untreated plants. Interestingly, 1 mM

BABA-treated plants showed significantly high RWC than

plant treated with PEG, PEG ? 0.5 mM BABA and

PEG ? 1.5 mM BABA.

As shown in Fig. 2b, drought stress had strongly

affected the accumulation of soluble sugars in Badii leaves

in different treatments to reach its maximum after 2 days of

drought stress with application of 1 mM BABA. Thus,

compared to control treatment, plants treated with PEG,

PEG ? 0.5 mM BABA, PEG ? 1 mM BABA and

PEG ? 1.5 mM BABA, had 19.53%, 12.50%, 50% and

31.25% higher soluble sugars content, respectively. How-

ever, when comparing the soluble sugars accumulation in

leaves of BABA-untreated plants under drought stress with

PEG ? BABA treatments, we noted an increase percent-

age of 33% and 11% under PEG ? 1 mM BABA and

Table 1 Primers used for

quantitative real time PCR

assays

Transcript GenBank accession ID Forward and reverse primer 50–30 Tm (�C)

VfCAT JQ043348 Forward: 50-TGCATTTTGTCCTGCCATTA-30 58

Reverse: 50-TCCAAGTCTGTGCCTCTGTG-30

VfAPX FL507355 Forward: 50-CATTGAAAAGGCCAAGAGGA-30 59

Reverse: 50-TGCTTAATGGTTCCGAAAGGT-30

VfSOD JQ043347 Forward: 50-CAGGGCTTCATGGTTTTCAT-30 60

Reverse: 50-GACGGGTTTCATCTTCAGGAG-30

VfGST JR964463 Forward: 50-CTTACCGCACCCAAAAACTT-30 59

Reverse: 50-CCAATCTTGCCTTCAGATCC-30

VfMYB FL505090 Forward: 50-TCCGTTCGACCAGGTAACTT-30 60

Reverse: 50-ATCCTGGTCTCAAACGTGGT-30

VfDHN FL506814 Forward: 50-CAGATGAAACAAACTACTCAAAC-30 58

Reverse: 50-AAGCTTCCTGGTACTGGAGGA-30

VfLEA FL507910 Forward: 50-TGACCAGAAGCCAGTGTGAG-30 59

Reverse: 50-CGGGAGTACCAACGGATATG-30

VfERF EU543659 Forward: 50-TGCTGCTTTTCATTTTCGTG-30 59

Reverse: 50-AGGCGCTGTAAGAGGCATAG-30

VfNCED FL505829 Forward: 50-ACAATGTCAGCAGATCCCGT-30 60

Reverse: 50-GCAATGGTTGTCTGCCTGTT-30

VfWRKY KO324181 Forward: 50-CCGCTGTTTGCAGTTATTGA-30 60

Reverse: 50-TCATTCATTTCGGTCCACAA-30

VfHSP FL504801 Forward: 50-TCTCAAGCTGGTGGGTCTTT-30 59

Reverse: 50-AAATCCTTCAATCGGCGCTC-30

VfNAC JR969093 Forward: 50-ATGCTGCATCGTTCTCAGTG-30 59

Reverse: 50-TGATTGGGTTCTGTGTCGAA-30

VfELF1A AJ222579 Forward: 50-GTGAAGCCCGGTATGCTTGT-30 58

Reverse: 50-CTTGAGATCCTTGACTGCAACATT-30
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PEG ? 1.5 mM BABA treatments, respectively, and

almost no effect of 0.5 mM BABA.

Regarding proline content, an obvious increase in the

leaves of Badii after 2 days of drought was recorded.

Moreover, proline content on BABA-treated plants was

significantly higher compared to the non-treated plants

under drought stress (Fig. 2c). Thus, proline content was

50.31%, 54.08%, 79.24% and 27.04% higher in plants

treated with PEG, PEG ? 0.5 mM BABA, PEG ? 1 mM

BABA and PEG ? 1.5 mM BABA than that in control

plants. As a result, PEG ? 1 mM BABA-treated plants

showed significantly higher (increased by 19%) proline

content throughout the drought stress as compared to non-

treated BABA plants. On the other hand, exogenous

0.5 mM BABA-treatment had no effect on proline accu-

mulation in leaves of Badii under drought stress even more

this content decreased by 15.50% in PEG ? 1.5 mM

BABA treated plants comparing with only PEG treated

plants.

With application of drought challenge, no significant

change of H2O2 content in leaves of Badii treated with

1 mM BABA compared to controls was observed.

Although, PEG, PEG ? 0.5 mM BABA and PEG ? 1.5

mM BABA-treated plants exhibited 117%, 100% and 70%,

respectively, higher H2O2 content than controls (Fig. 2d).

Lipid peroxidation, measured as MDA content in leaves,

did differ between treatments. MDA content showed an

increase by 18%, 15.50% and 11.50% after PEG, PEG ?

0.5 mM BABA and PEG ? 1.5 mM BABA treatment,

respectively in leaves of Badii, while decreased by 10% in

plants treated with PEG ? 1 mM BABA compared to

controls (Fig. 2e). Interestingly, only exogenous applica-

tion of 1 mM BABA effectively reduced the increase trend

of MDA in drought stressed plants. PEG ? 1 mM BABA-

treated plants showed significant lower MDA content (al-

most 23%) compared to PEG, PEG ? 0.5 mM BABA and

PEG ? 1.5 mM BABA treated plants.

At 2 days of drought challenge, PEG, PEG ? 0.5 mM

BABA, PEG ? 1 mM BABA and PEG ? 1.5 mM

BABA-treated plants showed 19%, 9%, 7% and 8%,

respectively, higher EL than controls with a measurable

significant difference (Fig. 2f). Drought stress caused a

considerable increase of EL level in leaves of Badii, but

exogenous BABA effectively reduced the increase trend of

EL. However, BABA concentration almost had no effect

on EL level in leaves of Badii under drought stress.

Antioxidant enzymes activities

Activities of CAT, SOD, APX and GPX antioxidant

enzymes were measured (Fig. 3). In general, drought stress

and exogenous application of BABA induced changes in

antioxidant enzymes actions. At 2 days of drought stress,

significant differences of CAT activity between PEG ?

BABA-treated plants and non-treated plants were observed

(Fig. 3a). Except PEG ? 0.5 mM BABA treated plants

that did not show any significant difference compared to

controls. CAT activity increased by 82%, 318% and 156%

Fig. 1 Effects of PEG (18%) and BABA treatments (0.5 mM, 1 mM

and 1.5 mM) on intercellular CO2 concentration (a), photosynthetic
rate (b), transpiration rate (c) and stomatal conductance (d). Vertical

bars indicate ± SE of mean (n = 3). Different letters denote signif-

icant differences (Tukey’s HSD, P\ 0.05)
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in PEG, PEG ? 1 mM BABA and PEG ? 1.5 mM

BABA-treated plants, respectively, as compared to con-

trols. Accordingly, the degree of increase in CAT activity

was the highest in 1 mM BABA-treated plants. SOD

activity was relatively unchanged or slightly increased in

untreated-BABA plants during drought application.

Nonetheless, SOD activity slightly decreased in PEG ?

0.5 mM BABA treated plants but significantly increased

by 318% and 227% in PEG ? 1 mM BABA and PEG ?

1.5 mM BABA-treated plants, respectively (Fig. 3b).

With the imposition of drought stress for 2 days, the

activity of APX increased with 140%, 130%, 550% and

221% in PEG, PEG ? 0.5 mM BABA, PEG ? 1 mM

BABA and PEG ? 1.5 mM BABA-treated plants com-

pared to controls (Fig. 3c). All the BABA treatments

increased the activity of APX in leaves of Badii under

drought, but this increase was much more prominent in

1 mM BABA-treated plants. Except in PEG ? 1 mM

BABA treated plants, the GPX activity was lowered in all

drought-stressed compared with well-watered plants at

2 days of treatment (Fig. 3d). A 41.46%, 40.19% and

20.09% reduction in GPX activity was observed in PEG,

PEG ? 0.5 mM BABA and PEG ? 1.5 mM BABA-trea-

ted plants. However, the application of 1 mM BABA

resulted in a 47% higher GPX activity in drought-stressed

than control plants. When compared with drought stress

alone, exogenous BABA application significantly

increased GPX activity in 1 mM BABA and 1.5 mM

BABA-treated plants, while exogenous application of

0.5 mM BABA almost have no effect on GPX activity.

Fig. 2 Effects of PEG (18%) and BABA treatments (0.5 mM, 1 mM

and 1.5 mM) on relative water content (a), soluble sugars (b), Proline
(c), hydrogen peroxide (d), malondialdehyde (e) content and

electrolyte leakage level (f). Vertical bars indicate ± SE of mean

(n = 3). Different letters denote significant differences (Tukey’s HSD,

P\ 0.05)
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Moreover, the increase in GPX activity following BABA

application was more pronounced in 1 mM BABA than in

1.5 mM BABA-treated plants.

Effect of exogenous application of BABA on drought

stress-related genes expression

To reveal the effect of exogenous BABA on drought stress-

related genes expression, qRT-PCR experiment was per-

formed and data were visualized using heat maps. Heat

map of the changes in the expression patterns of 12 drought

stress-related genes (VfCAT, VfAPX, VfSOD, VfGST,

VfMYB, VfDHN, VfLEA, VfERF, VfNCED, VfWRKY,

VfHSP and VfNAC) in response to exogenous application

of BABA and drought in Badii leaves (Fig. 4) and in roots

(Fig. 5) were depicted. Data analysis showed that all genes

were found to be expressed under drought and control

conditions. Furthermore, as compared to control plants,

higher level of expression was measured for all genes

including genes encoding antioxidant enzymes (CAT,

SOD, APX and GST) in treated and untreated-BABA under

drought stress condition in leaves and roots of Badii. All

studied genes were expressed diversely under drought

stress in treated and untreated-BABA plants. In leaves, the

genes expression could be divided into four clusters

(Fig. 4). Cluster 1 included 4 members (VfAPX, VfNCED,

VfWRKY and VfNAC, 33.50%) of 12 studied drought

related genes, which were widely upregulated in PEG,

PEG ? 0.5 mM BABA and PEG ? 1 mM BABA-treated

plants compared to control plants. However, under

PEG ? 1.5 mM BABA treatment VfWRKY and VfNAC

were weakly upregulated but VfAPX and VfNCED were

weakly downregulated. The 4 members (VfDHN, VfLEA,

VfHSP and VfMYB, 33.50%) of cluster 2 were mainly

upregulated after drought treatment. Indeed, VfDHN was

upregulated under PEG and BABA treatments. However,

VfLEA and VfHSP were upregulated in PEG, PEG ? 1

mM BABA and PEG ? 1.5 mM BABA-treated plants

compared to controls. And VfMYB was upregulated in PEG

and PEG ? 1 mM BABA-treated plants and nearly

unchanged under PEG ? 0.5 mM BABA and PEG ? 1.5

mM BABA treatment. All members (VfCAT, VfSOD,

VfGST, 25%) of cluster 3 were mainly upregulated under

PEG and BABA treatments. The VfERF of cluster 4 (8%)

was upregulated under PEG and PEG ? 0.5 mM BABA

treatments but nearly unchanged under PEG ? 1 mM

BABA and PEG ? 1.5 mM BABA treatments. For roots,

the heat map also clustered the analyzed genes in four

groups (Fig. 5). Cluster 1 contains 5 members (42%).

Overall, drought stress up-regulated the expression of

VfCAT, VfLEA, VfWRKY, VfHSP and VfAP in faba bean

treated BABA (both 0.5 mM and 1 mM) but showed

downregulated in drought-stressed plants treated with

1.5 mM BABA. Cluster 2 mainly consists of 5 genes (42%)

and was divided into 3 sub-clusters. Sub-cluster I had 2

genes (VfSOD and VfDHN), which were widely

Fig. 3 Effects of PEG (18%) and BABA treatments (0.5 mM, 1 mM

and 1.5 mM) on the activities of catalase (a), superoxide dismutase

(b), ascorbate peroxidase (c) and guaiacol peroxidase (d) in leaves of

Badii. Vertical bars indicate ± SE of mean (n = 3). Different letters

denote significant differences (Tukey’s HSD, P\ 0.05)
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upregulated in PEG and PEG ? 0.5 mM BABA treated

plants. Sub-cluster II had also 2 genes (VfNCED and

VfNAC). VfNCED was upregulated under PEG ? 1 mM

BABA-treated plants while VfNAC was upregulated under

both PEG ? 1 mM BABA and PEG ? 1.5 mM BABA-

treated plants. Sub-cluster III, had only 1 member (VfGST),

this gene was expressed at high level only under PEG

treatment but BABA treatments did not affect VfGST

Fig. 4 Heat map representation

of the effects of PEG (18%) and

BABA treatments (0.5 mM,

1 mM and 1.5 mM) on the

genes expression in the leaves

of Badii. White and red indicate

higher and lower expression

values, respectively. Intensity of

the colors is proportional to the

absolute value of log2 of the

fold difference in expression

(color figure online)

Fig. 5 Heat map representation

of the effects of PEG (18%) and

BABA treatments (0.5 mM,

1 mM and 1.5 mM) on the

genes expression in the roots of

Badii. White and red indicate

higher and lower expression

values, respectively. Intensity of

the colors is proportional to the

absolute value of log2 of the

fold difference in expression

(color figure online)
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expression compared to control plants. Cluster 3 had only 1

gene (VfERF, 8%), which showed a significantly upregu-

lation under PEG and PEG ? 0.5 mM BABA treatments

but downregulated in PEG ? 1.5 mM BABA-treated

plants. Cluster 4 contained VfWRKY gene (8%), which was

mainly upregulated in PEG, PEG ? 0.5 mM BABA and

PEG ? 1.5 mM BABA-treated plants and in particular was

highly induced in PEG ? 1 mM BABA-treated plants

compared to controls.

Discussion

Drought stress is one of the major environmental stresses

that can severely limit faba bean plant growth and pro-

ductivity. Several studies reported that exogenous appli-

cation of plant growth regulators (PGRs) including c-
aminobutyric acid (GABA) and b-aminobutyric acid

(BABA) might play an important role in regulating growth

and development as well as in enhancing abiotic and biotic

stress tolerance in plants (Ton et al. 2009; Yong et al.

2017). BABA induces drought tolerance and constitute an

effective strategy to mitigate drought damage in plants like

Arabidopsis thaliana (Jakab et al. 2005), Brassica napus

(Mohamadi et al. 2017), Vigna radiata (Jisha and Puthur

2016a, b), Linum usitatissimum (Quero et al. 2015), Sola-

num tuberosum (Sos-Hegedus et al. 2014) and Zea mays

(Shaw et al. 2016). All these reports support the hypothesis

that BABA exhibits a protective function against drought

and other abiotic stresses. A significant reduction in A, gs,

Ci, and E under drought stress had been reported earlier in

a number of crops including faba bean (Abid et al. 2017).

Exogenous GABA application improved maize seedlings

growth by improving net photosynthetic rate and gas

exchange capacities (Li et al. 2016a, b). More recently,

Wang et al. (2017a, b) suggested that exogenous GABA

application alleviated salt damage and improved maize

seedlings growth by improving photosynthesis and

chlorophyll fluorescence parameters. In the present inves-

tigation, drought stress caused a marked reduction in A, gs,

Ci, and E in Badii. However, exogenous application of

BABA mitigated the adverse effects of drought on photo-

synthesis especially at 1 mM. The PEG ? 1 mM BABA-

treated plants were superior to the PEG, PEG ? 0.5 mM

BABA and PEG ? 1.5 mM BABA-treated plants with

respect to these gas exchange attributes. The improvement

of gas exchange parameters in Badii plants under 1 mM

BABA treatment could be due to the maintenance of cell

turgor and the regulation of various physio-biochemical

processes. Previous research showed that after 7 days of

dehydration, BABA-treated apple trees demonstrated

higher E, gs and A compared to untreated trees (Workoski

et al. 2011). However, according to Jakab et al. (2005)

application of BABA may induce drought and salt stress

tolerance in Arabidopsis thaliana but not directly affect gas

exchange parameters. The result obtained in the present

investigation agrees with the previous report of Du et al.

(2012) which suggested that exogenous application of

BABA through the rooting medium was more effective

compared to the other modes of application in alleviating

the adverse effects of drought on different gas exchange

attributes. A significant decline in RWC was clearly

observed in plants grown only under water stress while

BABA treated plants maintained significantly higher RWC

under drought stress than non-treated plants. The present

study revealed that exogenous application of BABA at

1 mM via rooting medium helped Vicia faba plants to

maintain the RWC and hence to mitigate the adverse

effects of drought stress. These data indicates that BABA

has influence on the osmotic potential suggesting that the

observed increase in RWC may be due to a net accumu-

lation of solute content. These findings are in line with an

earlier report on apple (Tworkoski et al. 2011).

The accumulation of soluble sugars and proline as

osmoprotectants in response to drought is well documented

(Pomortsev et al. 2018). In other crop species, osmotic

adjustment of leaf is strongly correlated with drought

resistance. Both analyzed osmoprotectants increased com-

pared to the controls. Moreover, BABA application resul-

ted in a significant increase in these osmoprotectants

contents in PEG ? 1 mM BABA and PEG ? 1.5 mM

BABA-treated plants relative to untreated plants. Interest-

ingly, PEG ? 1 mM BABA-treated plants exhibited higher

osmoprotectants accumulation. The present findings indi-

cated that BABA promoted soluble sugars and proline

accumulations in faba bean plants under drought stress.

The increase of both osmoprotectants in the BABA-treated

plants could facilitate the maintenance of favorable turgor

pressure resulting in a better osmotic adjustment which

ultimately promotes the expansion of cells and thus pro-

moting the growth. This effect of BABA corroborated with

the results of previous studies in Vigna radiata where

exogenous BABA increased soluble sugars and proline

contents under NaCl/PEG-stressed conditions (Jisha and

Puthur 2016a, b). The authors proposed the positive effects

of exogenous BABA on alleviating the oxidative stress

associate with osmolytes accumulation.

Du et al. (2012) found that BABA reduced oxidative

damage in drought-stressed wheat. They reported that

under drought pressure ROS (O2– and H2O2) accumulation

in BABA-treated wheat was lower than that without BABA

application. The results in the present study disclosed that

H2O2 contents were significantly affected by PEG and

BABA concentrations. Actually, the leaf H2O2 content

increased significantly under drought stress relative to the

controls. However, BABA-treated plants showed
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significant reduction in H2O2 content as compared to non-

treated under drought stress, indicating that BABA reduced

the level of ROS in faba bean (cv. Badii) under drought.

This result is similar to the one previously observed in

rapeseed cultivar Madonna (Mohamadi et al. 2017).

Interestingly, PEG ? 1 mM BABA-treated plants exhib-

ited the lowest H2O2 level, almost similar to the level

measured in control plants.

The MDA level, index of lipid peroxidation was higher

in PEG, PEG ? 0.5 mM BABA-treated plants and

PEG ? 1.5 mM BABA-treated compared to the controls.

Only PEG ? 1 mM BABA-treated plants showed reduc-

tion of MDA content in comparison to the control plants.

Thus, 1 mM BABA treatment could reduce MDA content

in drought-stressed faba bean, thereby reducing the mem-

branes oxidative damage. The reduction in MDA content in

leaves of BABA-treated plants under abiotic challenge was

already reported in V. radiata (Jisha and Puthur 2016a, b),

Brassica napus (Mohamadi et al. 2017) and wheat (Du

et al. 2012).

PEG-induced drought stress caused steep rise of EL

level in leaves of Badii, but exogenous BABA effectively

reduced the increase trend of EL. This result is similar to

that observed previously by Mohamadi et al. (2017), which

reported that progressive drought stress induced significant

increase of EL level in leaves of Brassica napus L. (cv.

Madonna) but BABA application observably inhibited the

rising trend. The data suggest that BABA lead to main-

taining the integrity of cellular membrane under drought

pressure considered as a part of drought tolerance

mechanisms.

Previous studies demonstrated that the application of

BABA decreased MDA, O2– and H2O2 contents in

drought-stressed plants which exhibited elevated enzymatic

activities in antioxidant related enzymes such as glu-

tathione reductase (GR), peroxidase (POX), APX, SOD

and CAT compared to untreated controls. Thus BABA

application may mitigate the adverse effects of ROS,

thereby effectively alleviated drought-caused oxidative

damage and improved plant response to drought stress (Du

et al. 2012; Jisha and Puthur 2016a, b). In the current study,

ROS accumulation was lower in treated plants with BABA

(specifically by 1 mM) compared to untreated, which

might be attributed to the enhancement of antioxidant

enzymes activities (APX, GPX, CAT and SOD) responsi-

ble to alleviate the negative effect of ROS and reduce the

oxidative damage, which was consistent with the results of

Du et al. (2012) in wheat. Those BABA-activated antiox-

idant enzymes could play key roles in scavenging ROS like

H2O2 and reducing membrane lipid peroxidation under

drought stress in faba bean. Moreover, exogenous appli-

cation of BABA significantly improved SOD, APX and

POD activities in B. napus seedlings exposed to drought

stress (Rajaei and Mohamadi 2013). Also, it has been

shown that BABA treatment influenced the nitrogen

metabolism of Vigna radiata drought-stressed seedlings

through enhancing the activity of nitrate reductase (NR)

enzyme (Jisha and Puthur 2016a, b). Moreover, Shaw et al.

(2016) found that exogenous BABA can improve drought

stress effects in Zea mays by the activation of antioxidant

defense systems through modulating glutathione metabo-

lism or increasing the activity of O2– and H2O2-scavenging

enzymes such as APX, SOD, GR, dehydroascorbate

reductase (DHAR) and monodehydroascorbate reductase

(MDAR).

Our findings also suggested that BABA mediated

antioxidant defense in Vicia faba at the molecular level

through up-regulating multiple genes (VfSOD, VfCAT,

VfAPX and VfGST) encoding antioxidant enzymes in

response to drought. Interestingly, RT-qPCR analysis

showed that the expression pattern of VfSOD, VfCAT and

VfAPX involved in antioxidant defense mechanism largely

corroborated with biochemical analysis. The study of Shaw

et al. (2016) showed that BABA promote the accumulation

of genes encoding antioxidant enzymes in maize under

drought stress, thereby mediated antioxidant defense in this

species. Moreover, these authors revealed the accumulation

of various signaling proteins such as transcription factors

(including NAC, ERF, WRKY and MYB) playing funda-

mental role in plant response to abiotic stress. In the current

study exogenous BABA significantly increased the accu-

mulation of some selected genes (VfMYB, VfDHN, VfLEA,

VfERF, VfNCED, VfWRKY, VfHSP and VfNAC) encoding

abscisic acid (ABA)-dependent and ABA-independent

signaling indicating that BABA could significantly pro-

mote the accumulation of selected genes in leaves and roots

of faba bean under drought stress, thereby improving

drought tolerance of faba bean. Previous research showed

that BABA-treated wheat (Du et al. 2012) displayed higher

ABA accumulation compared to non-treated plants under

drought, suggesting that BABA-induced tolerance in plants

by increasing ABA under drought stressed conditions. In

addition, Jakab et al. (2005) demonstrated that BABA-in-

duced water stress tolerance in Arabidopsis is based on

elevated ABA accumulation resulting in higher expression

of the ABA-dependent RAB-18 and RD-29A genes. In the

current study, almost all the genes tested were up-regulated

in leaves and roots of BABA-treated plants, suggesting that

BABA might act as a signal molecule to regulate the ABA-

dependent and independent genes expressions in response

to drought stress in Vicia faba. VfNCED, VfLEA, VfDHN,

VfNAC, VfMYB and VfWRKY which are ABA-dependent

(Agarwal and Jha 2010; Yang et al. 2012; Zhang et al.

2016) were up-regulated; suggesting that ABA may play a

crucial role in the BABA enhancement of drought stress

tolerance in that crop. Interestingly, exogenous BABA
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significantly increased the accumulation of genes encoding

dehydrins (VfLEA and VfDHN) in leaves and roots of faba

bean under drought stress, indicating that BABA-enhanced

expression of VfLEA and VfDHN could contribute to

improve drought tolerance associated with the maintenance

of better membranes stability and water status in the plant

(Li et al. 2018). Previous research showed a positive cor-

relation of dehydrins expression with crops tolerance to

drought like shown in rice (Kumar et al. 2014). According

to these authors, over-expression of OsDhn1 gene

improved drought and salt stress tolerance through scav-

enging reactive oxygen species. Heat shock proteins

(HSPs) can play an essential role in protecting plants

against stress by reestablishing normal protein conforma-

tion and thus cellular homeostasis (Wang et al. 2004).

Previous studies demonstrated that overexpression of cer-

tain HSPs improved rice drought tolerance (Xiang et al.

2018). Current results showed that VfHSP, known as

molecular chaperones, was up-regulated by BABA under

drought stress, indicating regulatory roles of BABA for

activation of HSPs. The data of current study demonstrated

that exogenously applied BABA up-regulated four tran-

scription factors (VfERF, VfNAC, VfWRKY and VfMYB)

under drought stress, indicating their positive association

with drought tolerance in faba bean. The results of Jin et al.

(2018) confirmed that the overexpression of an OsERF101

factor could significantly enhance drought tolerance of

Oryza sativa. Gao et al. (2018) also found that transgenic

wheat overexpressing TaWRKY2 significantly increased its

drought tolerance. In addition, transgenic Arabidopsis lines

transformed with maize MYB48 gene displayed drought

tolerance (Wang et al. 2017a, b). In rice, transgenic seed-

lings overexpressing OsNAC14 exhibited significantly

improved drought tolerance (Shim et al. 2018). Exogenous

application of GABA in creeping bentgrass (Agrostis sto-

lonifera) up-regulated some drought stress-related genes

including HSP90, DHN3, MYB13 and WRKY75 and genes

encoding antioxidant enzymes (SOD, CAT, POD, APX,

MDHAR, DHAR and GR) under drought and heat stresses

(Li et al. 2018). In the current study, the exogenous

application of BABA promoted the up-regulation of

selected drought stress-related gene transcripts suggesting

that these genes may be involved in BABA-improved

drought tolerance and could be used as key candidate genes

for improving drought tolerance in this species.

The results from this study demonstrate that exogenous

application of BABA was effective in mitigating physio-

logical response of drought stress damage and the effects

were more pronounced at the application rate of 1 mM than

0.5 mM and 1.5 mM. Indeed, a significant up-regulation of

genes related to the abscisic acid (ABA) pathway such as

VfNCED (a key gene involved in ABA biosynthesis) and

VfMYB (involved in both stomatal and non-stomatal

limitations of photosynthesis) has been shown in faba bean

plants treated with PEG ? 1 mM BABA which could lead

to decrease stomatal conductance in order to minimize

water loss. Therefore, stomatal closure is followed by

reduced photosynthesis, the rate of transpiration under

water deficit conditions which reduces the inflow of CO2

into the leaves results in the accumulation of ROS (H2O2)

which is the lower in treated plants with PEG ? 1 mM

BABA compared to other treatments due to the enhance-

ment of antioxidant enzymes activities (SOD, CAT, APX

and GPX) responsible to mitigate the negative effect of

ROS and reducing the oxidative. Osmotic adjustment in

plants treated with PEG ? 1 mM BABA is also could be

provided by accumulation of osmoprotectants such as

proline and soluble sugars and overexpression of VfLEA

and VfDHN proteins which help the treated plants to

maintain a state of osmotic balance and turgor in the cell,

cell respiration and contributes to membrane stabilization,

which ensures the increase in required energy.

Conclusion

In summary, we can conclude that exogenous application

of the appropriate concentration of BABA (1 mM) could

be an effective technique to alleviate adverse effects of

drought stress on faba bean through the prevention of ROS

accumulation by activating the plant antioxidant system

and improving osmotic adjustment. Indeed, exogenous

BABA increased RWC and improved photosynthetic

capacity through the improvement of A, gs and E in leaves

of this legume. In addition, exogenous application of

BABA improved proline and soluble sugars accumulation,

but reduced MDA and H2O2 synthesis. BABA could also

increase antioxidant enzyme activities (CAT, SOD, APX

and GPX) and genes transcript levels associated with better

maintenance of cell membrane stability in faba bean plants

under drought stress. Moreover, in the present study, leaves

and roots of BABA-treated plants exhibited significantly

higher VfGST, VfMYB, VfDHN, VfLEA, VfERF, VfNCED,

VfWRKY, VfHSP and VfNAC transcript levels compared to

the non-treated during drought stress, suggesting that these

selected genes may be involved in BABA-improved

drought tolerance in Vicia faba.
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