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A B S T R A C T   

Glutathione S-transferases (GSTs) are a class of multifunctional enzymatic antioxidants that play a significant 
role in several aspects of plant physiology, including growth, development, and cellular protection from biotic 
and abiotic stressors. A total of 59 GST genes were found in Phaseolus vulgaris genome, which were categorized 
into 11 distinct classes according to their evolutionary connection and the existence of conserved structural 
domains and motifs. Gene duplication analysis revealed that the evolution of the members of the GST gene family 
in P. vulgaris was driven by both segmental and tandem duplication events. Analysis of the expression profiles of 
identified PvGST genes using the available transcriptome data demonstrated notable expression patterns and 
organ specificity of many genes throughout several developmental stages and under drought or salinity. Sub
sequent RT-qPCR analysis of several drought-responsive or salinity-responsive candidate genes showed that 
PvGSTF4 was up-regulated solely by drought, PvGSTU11 was up-regulated only by salinity, and PvGSTU3, 
PvGSTU12, PvGSTU13, PvGSTU14, PvGSTU16, PvGSTT1, and PvGSTZ2 were up-regulated by both salt and 
drought. The up-regulated PvGSTs under drought and/or salinity might enable P. vulgaris to adapt to stressful 
environments. These candidate genes could be explored in genetic engineering programs for development of 
stress-tolerant P. vulgaris varieties.   

Introduction 

Continually facing with a barrage of environmental stresses like 
drought and salinity, plants have developed intricate detoxification 
mechanisms to counteract the harmful effects of stress-induced accu
mulation of reactive oxygen species (ROS) that cause oxidative damage. 
Among these protective systems, glutathione S-transferases (GSTs, EC 
2.5.1.1.8) function downstream of cytochrome P450 to maintain key 
metabolic processes of ROS detoxification and redox buffering 

(Lallement et al., 2014). Moreover, GSTs play a pivotal role in 
combating oxidative stress by detoxifying peroxidized lipids, and thus 
contribute to the preservation of membrane integrity during stress 
conditions (Estévez and Hernández, 2020). In essence, through the 
versatile functions of enzymes like GSTs, plants are equipped to deal 
with a diverse array of environmental challenges, ensuring their survival 
and the health of ecosystems at large (Kumar and Trivedi, 2018). 

Common bean (Phaseolus vulgaris) is an important dietary staple for 
humans. Its seeds are considered as a significant component of balanced 
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diets, mostly due to their substantial nutritional content characterized 
by high protein levels and low-fat content (Yang et al., 2018). Addi
tionally, common beans are rich in carbohydrates, vitamins, phytate, 
lectins, soluble fiber, and phenolics, which further contribute to their 
recognized importance (Alcázar-Valle et al., 2020; Yang et al., 2018). 
Despite their economic and nutrient importance in many countries, 
especially in Latin America, common beans have not attracted strong 
interests from research community compared with other legumes like 
soybean (Glycine max) and chickpea (Cicer arietinum). Common beans 
are morphologically and genetically highly diverse due to their indi
vidual domestication from Mesoamerican and Andean gene pools (Kwak 
and Gepts, 2009). Additionally, common bean genome size is much 
smaller and less complex compared with other beans (McConnell et al., 
2010). All these characteristics make common beans a suitable model 
crop for comparative genomics research in legumes. 

Being domesticated from its wild counterparts, which occupy a very 
limited ecological niche, common bean encounters an array of biotic and 
abiotic stressors throughout its broad range of agroecological environ
ments (Arteaga et al., 2020; Burbano-Erazo et al., 2021; Sofi et al., 
2021). Particularly, abiotic stresses like drought and salinity substan
tially affect the production and quality of this economically important 
crop (Arteaga et al., 2020; Burbano-Erazo et al., 2021; Sofi et al., 2021). 
The availability of detailed genome sequence information of common 
bean (Schmutz et al. 2014) is useful for the investigation of the functions 
of stress-responsive genes like GSTs. Prior studies have shown that the 
overexpression of different GST members can enhance tolerance of 
transgenic plants to various abiotic stresses. For example, ectopic 
expression of the rice (Oryza sativa) OsGSTU4 and OsGSTU30 increased 
tolerance of transgenic Arabidopsis thaliana plants to salt and oxidative 
stresses (Sharma et al., 2014) and drought and heavy metal stresses 
(Srivastava et al., 2019), respectively, while overexpression of AtG
STU19 increased tolerance of transgenic Arabidopsis plants to drought 
and oxidative stresses (Xu et al., 2016). Similarly, ectopic expression of 
A. thaliana AtGSTF11 increased tolerance of transgenic tobacco (Nico
tiana tabacum) plants to cold and salt stress (Kuluev et al., 2022), while 
that of grape (Vitis vinifera) VvGSTF13 improved drought, salt, and 
oxidative stress tolerance of transgenic A. thaliana plants (Xu et al., 
2018). Likewise, overexpression of OsDHAR1 increased salt tolerance of 
transgenic O. sativa plants (Kim et al., 2022), whereas ectopic expression 
of OsGSTL1 enhanced tolerance of transgenic A. thaliana against multi
ple stresses, including heavy metal, salinity, cold, and osmotic stresses 
(Kumar et al., 2013). 

To date, genome-wide analyses of the GST family have been per
formed in a large number of higher plant species, including A. thaliana 
(Sappl et al., 2009; Wagner et al., 2002), rice (Jain et al., 2010), wheat 
(Triticum aestivum) (Hao et al., 2021; Wang et al., 2019), barley (Hor
deum vulgare) (Rezaei et al., 2013), cottons (Gossypium raimondii and 
G. arboreum) (Dong et al., 2016), barrel clover (Medicago truncatula) 
(Han et al., 2018), mung bean (Vigna radiata) (Vaish et al., 2018), 
chickpea (Ghangal et al., 2020), soybean (Hasan et al., 2020), apple 
(Malus domestica) (Fang et al., 2020), and foxtail millet (Setaria italica) 
(Wang et al., 2023), highlighting the large interest of the research 
community in elucidating the functions of the members of this gene 
family in plant development and stress adaptation. Thus, in this study, 
we aimed to systematically identify, characterize, and provide a 
comprehensive overview about the expression patterns of the GST 
family members in P. vulgaris in different organs and under drought and 
salinity. Findings of this study will serve as a crucial foundation for 
identifying stress-responsive GST genes in common bean and advancing 
development of improved stress-tolerant common bean varieties. 

Materials and methods 

Bioinformatic analyses 

The current study used the GSTs from Arabidopsis (Sappl et al., 

2009), rice (Jain et al., 2010), soybean (Hasan et al., 2020), and barrel 
clover (Hasan et al., 2021) to identify putative GST members in 
P. vulgaris. Annotated Arabidopsis, rice, soybean, and barrel clover GST 
protein sequences were obtained from the Ensembl Plants database 
(http://plants.ensembl.org/index.html). BLASTp searches were per
formed against the whole common bean protein sequences obtained 
from the Ensembl Plants database with a 10− 10 cut-off e-value and a 
bit-score ≥ 100 (Islam et al. 2021). After filtering out duplicate se
quences, we searched for transmembrane domains using the Pfam 
(http://pfam.xfam.org) (Mistry et al., 2021) and NCBI conserved 
domain database (NCBI CDD, https://www.ncbi.nlm.nih.gov/Structu 
re/cdd/wrpsb.cgi) (Lu et al., 2020). The protein sequences possessing 
the GST-related domain were compiled, and all the candidate GST 
proteins were named using the previously proposed approach, with the 
prefix ‘Pv’ for P. vulgaris, followed by a class identifier (e.g., PvGSTU, 
PvGSTF, PvGSTT, PvGSTZ, PvGSTL, PvTCHQD, PvDHAR, PvEF1BG, 
PvMGST, PvGHR, and PvGSTM represents tau, phi, theta, zeta, lambda, 
TCHQD, DHAR, EF1Bγ, mPEGS2, GHR, and metaxin class, respectively) 
and a sequential number (e.g., PvGSTU1) for each protein (Dixon et al., 
2002; Hasan et al., 2021). The ProtParam software (https://web.expasy. 
org/protparam) was employed to estimate the length, molecular weight 
(mW), instability index (II), isoelectric point (pI), aliphatic index (AI), 
and grand average of hydropathicity (GRAVY) of identified common 
bean GST proteins (Gasteiger et al. 2005). 

The chromosomal distribution of the PvGST genes in P. vulgaris 
genome was explored using the Ensembl Plants BioMart (Con
treras-Moreira et al., 2022), and their location on the P. vulgaris genome 
was then illustrated using the TBtools software (Chen et al., 2020). To 
examine the duplication events among the putative PvGST genes, an 
identity matrix was developed based on their nucleotide sequences, 
applying a threshold of greater than 70 % identity. Duplication events 
were classified as segmental or tandem, depending on whether the 
duplicated PvGST genes were located on different chromosomes or 
within the same chromosome in a region spanning 20 Kb, respectively. 
The non-synonymous substitution rate, denoted by Ka, the synonymous 
substitution rate, denoted by Ks, and the ratio of Ka to Ks were calcu
lated using the TBtools. The TBtools was also used to estimate the syn
teny links between the GST genes of P. vulgaris and those of many other 
plant species, including Arabidopsis, rice, mung bean, soybean, chickpea, 
and barrel clover. 

Full-length PvGST protein sequences from common bean, Arabi
dopsis, rice, soybean, mung bean, barrel clover, and chickpea were used 
to generate a phylogenetic tree using the maximum likelihood algorithm 
(Islam et al., 2021, 2017) with the aid of MEGA11 software (Tamura 
et al., 2021). A total of 1000 bootstrap values were utilized in the pro
cess. TBtools was used to determine the exon-intron distribution within 
each of the PvGST genes by aligning the coding sequences and their 
associated genomic sequences. Subcellular localizations of the PvGST 
proteins were predicted using Cello (http://cello.life.nctu.edu.tw) (Yu 
et al., 2006). 

The GST domains obtained from the NCBI CDD database were used 
in the structural analysis and visualized using the TBtools. Conserved 
motifs in the PvGST protein sequences were predicted by exploring the 
Multiple Expectation Maximization for Motif Elicitation (MEME, htt 
p://meme-suite.org/tools/meme) tool (Bailey et al., 2015). Only 10 
motifs, with the breadth of each motif limited to 10 - 50 amino acid 
residues, were shown using TBtools. The Ensembl Plants BioMart data
base was employed to retrieve the 2 Kb promoter sequences of 59 
PvGSTs from upstream region of the start codon, which were then 
uploaded to PlantCARE (https://bioinformatics.psb.ugent.be/webtoo 
ls/plantcare/html/) (Lescot et al., 2002) in order to locate the cis-re
gulatory elements (CREs). 

We used the PvGEA: Common Beam Gene Expression Atlas and 
Network Analysis (https://www.zhaolab.org/PvGEA/) database to 
obtain the gene expression datasets of P. vulgaris under normal growth 
conditions across six organs at several developmental stages, including 
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fully developed 2nd trifoliate leaves (leaf), stem internodes atop the 
cotyledon collected at the 2nd trifoliate stage (stem), shoot tips with 
apical meristem collected at the 2nd trifoliate stage (shoot), flower 
collected before floral emergence (flower), pods (excluding seeds) 
collected at one to four days after floral senescence [pod (young)], pods 
(excluding seeds) around 9 cm long [pod (9 cm)], pods (excluding seeds) 
between 10 and 11 cm [pod (10 cm)], pods (excluding seeds) between 
12 and 13 cm [pod (12 cm)]; seeds at heart stage weighted around 7 mg 
[seed (7 mg)], stage one seeds weighted around 50 mg [seed (50 mg)], 
stage two seeds weighted around 50 mg [seed (50 mg)], root tips 
collected at 2nd trifoliate stage (root tip), whole root with root tips 
collected at 2nd trifoliate stage (root) (O’Rourke et al., 2014). To 
explore the expression profiles of the PvGST genes in common bean 
under drought and salinity, the following RNA-sequencing datasets were 
used: drought [GSE123381, leaves of common bean plants subjected to 
progressive drought imposed by suspending irrigation for 14 days at the 
V4 stage (45-days after planting)] (Gregorio Jorge et al., 2020), salinity 
[GSE156113, leaves and roots from two contrasting common bean 
plants subjected to gradual salinity at early seedling stage (14-day-old 
seedlings)] (Niron et al., 2020). The “gradual step acclimation” 
approach was employed by providing salt (NaCl) to hydroponic nutrient 
solution at 50 mM on the 1st day, 100 mM on the 2nd day, and 125 mM 
on days three to five. All the expression data were further visualized 
using the R Studio 1.4.1717 (http://www.rstudio.com/). A gene was 
considered up- or down-regulated in drought treatment if its log2 (fold 
change) ≥ 1.00 or ≤ − 1.00 (p ≤ 0.05) (Gregorio Jorge et al., 2020), 
whereas a gene was considered up- or down-regulated in saline condi
tion if its log2 (fold change) ≥ 1.00 or ≤ − 1.00 (q ≤ 0.01) (Niron et al., 
2020). In the heatmap, the PvGST genes were divided into separate 
clusters depending on their expression levels/changes using Euclidean 
distance-based hierarchical clustering method. 

Plant materials and stress treatment 

Healthy common bean (pinto bean) seeds (15 seeds per pot) were 
directly sown in 1-gallon plastic pots containing 1 Kg BM-7 professional 
potting mix (https://www.berger.ca/en/horticultural-products/ 
bm7-bark/). Ten equally grown seedlings were kept in each pot. The 
experiment was carried out in a growth chamber with the following 
conditions: temperature: 30 ◦C, photon flux density: 200 μmol m–2 s–1, 
day/night ratio: 14-h light/10-h dark, and relative humidity: 50 %. The 
seedlings were grown till V2 stage (2nd trifoliate). After that, plants 
were separated into three groups (each group containing 10 pots): 1st 
group was subjected to water-withholding-induced drought stress, 2nd 
group was subjected to 200-mM NaCl-induced salinity stress, and 3rd 
group were kept growing under normal irrigation system (0 mM NaCl). 
For salinity stress treatment, two pots were kept in a tray and 3 L of 200- 
mM NaCl solution were provided at 3-day intervals. In both stress con
ditions samples were collected at five and seven days after stress. The 
2nd trifoliate leaves from the top were chosen for physiological, 
biochemical, and gene expression analyses. For biochemical and reverse 
transcription-quantitative polymerase chain reaction (RT-qPCR) ana
lyses, collected samples were immediately frozen in liquid nitrogen and 
then stored at − 80 ◦C. 

Physiological and biochemical analyses 

Leaf relative water content (RWC) and electrolyte leakage (EL%) 
were determined following the methods of Nishiyama et al. (2011) and 
Emamverdian et al. (2023) respectively. Histochemical detection of 
hydrogen peroxide (H2O2) in common bean leaves was performed using 
3,3′-diaminobenzidine (DAB) staining following the method described 
by Mostofa and Fujita (2013). For quantifying the activities of GSTs, leaf 
samples (0.3 g) were crushed in 1 mL of 50 mM ice-cold potassium-
phosphate buffer (pH 7.0), containing 1 mM EDTA. The homogenized 
plant material was centrifugated at 12,000 × rpm (revolutions per 

minute) for 12 min, and the supernatant was collected for estimating 
GST activity using the Glutathione S-Transferase Assay Kit (Cayman 
Chemical, Ann Arbor, MI, United States; catalog number: 703,302) ac
cording to the manufacturer’s instructions. The same sample extract was 
also used to measure the content of H2O2 using the Amplex Red 
Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, Eugene, OR, 
United States; catalog number: A22188) according to the manufac
turer’s instructions. 

RNA extraction and RT-qPCR analysis 

The total RNA was extracted from collected leaf samples using the 
RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany; catalog number: 
74,903 and 74,904) with the aid of QUIcube Connect (QIAGEN, Hilden, 
Germany) nucleic acid extraction machine according to the manufac
turer’s instructions. Genomic DNA (gDNA) was removed from the 
extracted RNA using RNase-free DNase Set (QIAGEN, Hilden, Germany; 
catalog number: 79,254) according to the manufacturer’s instructions. 
One µg of gDNA-free total RNA was utilized for the synthesis of com
plementary DNA (cDNA) using QuantiTect Reverse Transcription Kit 
(QIAGEN, Hilden, Germany; catalog number: 79,254) for a RT-qPCR 
analysis. The expression levels of selected PvGST genes (Table S1) 
were analyzed by RT-qPCR using SsoAdvanced Universal SYBR Green 
Supermix (Bio-Rad, Hercules, CA, United States; catalog number: 
1,725,274) following manufacturer’s instructions. Bio-Rad CFX96 Real- 
Time System (Bio-Rad, Hercules, CA, United States) was used to carry 
out the RT-qPCR. PvTubulin beta8 gene was used as housekeeping gene 
(Borges et al., 2012). The data of RT-qPCR was analyzed using 2− ΔCq 

method. A gene was defined as up-regulated when its expression level 
increased by ≥ 2.00 fold with a p-value ≤ 0.05. 

Statistical analysis 

The data were presented as the mean values together with their 
corresponding standard deviation, which were calculated based on five 
biological replicates for each treatment in case of biochemical and 
physiological analyses, and three biological replicates for each treat
ment in case of RT-qPCR analysis. The data were subjected to a statis
tical analysis using a one-way analysis of variance (ANOVA) followed by 
a least significant difference test to compare the means of the different 
treatments. The significance level was set at p < 0.05. The statistical 
analyses were conducted using the Statistix 10.0 software (https:// 
www.statistix.com/). 

Results 

Identification and annotation of the PvGST genes in P. vulgaris 

A comprehensive set of 59 PvGST proteins were identified in 
P. vulgaris which can be classified in 11 classes (Table S2). Twenty-seven 
PvGST proteins were classified under the tau class. The phi class had 12 
members and lambda class consisted of four members, while the theta, 
zeta, TCHQD, DHAR, EF1Bγ, mPEGS2, GHR, and metaxin classes each 
comprised two PvGST members (Table S2). The protein sequences under 
consideration were derived from a total of 59 PvGST genes. The lengths 
of the coding sequences ranged from 1263 (PvEF1BG1) to 420 bp 
(PvGSTU27) (Table S3). Additionally, the amino acid lengths of the 
proteins ranged from 420 (PvEF1BG1) to 139 residues (PvGSTU27) 
(Table S3). According to the mW data, PvEF1BG2 exhibited the highest 
protein size of 47.99 kDa, while PvGSTU27 displayed the smallest pro
tein size of 15.76 kDa (Table S3). Furthermore, an analysis was con
ducted on additional parameters including the II (with a range spanning 
from 23.26 to 54.77), pI (ranging from 5.03 to 9.61), AI (ranging from 
75.27 to 105.76), and GRAVY (ranging from − 0.514 to 0.01) (Table S3). 
The cytoplasm was shown to be the primary subcellular localization for 
the bulk of the PvGST proteins, followed by the mitochondria, 
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chloroplast, endoplasmic reticulum, extracellular space, and nucleus. 

Chromosomal distribution and gene duplication event of the PvGST genes 

The studied PvGST genes were mapped on 11 chromosomes of 
P. vulgaris genome. The highest number of PvGSTs, 11 genes, was 
mapped on chromosome 7 followed by seven genes on each of chro
mosomes 5 and 6, six on each of chromosomes 2, 8, and 9, five on each of 
chromosomes 1 and 3, four on chromosome 10, and one gene on each of 
chromosomes 4 and 11 (Fig. 1). The PvGST family members exhibited a 
total of 12 segmental duplication events across 10 different chromo
somes (Fig. 1, Table S4). Additionally, eight tandem duplication events 
were also observed in the PvGST gene family (Fig. 1, Table S4). To 
facilitate further examination into the selection pressure exerted on the 
duplicated genes, the Ka/Ks value was computed. The Ka/Ks values for 
all duplicated genes were below 1, ranging from 0.10 to 0.74. These 
results suggested that purifying selection pressure has played a signifi
cant role in shaping the evolutionary process of these gene pairs. 
Furthermore, the estimated divergence period of the duplicated gene 
pairs exhibited a range from 209.61 to 2.17 million years ago (Table S4). 

Structure of the PvGST genes 

The gene structure of the PvGST family members exhibited a sub
stantial amount of diversity. While there was considerable structural 
heterogeneity among distinct classes of PvGSTs, genes within the same 
class had comparable gene architectures (Fig. 2). All members of the tau 
class exhibited singular introns and were classified as phase 0 introns. 
The members of the phi class exhibited the presence of one to two in
trons, which were classified as phases 0 and 1 introns. The lambda class 
members were shown to possess a total of eight to nine introns, 
distributed among phases 0, 1, and 2. All members of the theta class 
possessed a total of six introns, which were categorized into phases 0, 1, 
and 2. The members of the zeta class were found to possess a total of 
eight to nine introns, which were classified as either phase 0 or phase 1. 
All members of the DHAR class possessed a total of five introns, 
belonging to all three phases (0, 1, and 2). All members of the mPEGS2 
group were found to possess a total of five introns, which were classified 
as either the 1 or 2 phases. All members of the TCHQD possessed a single 
intron that belonged to phase 2. The members of the EF1Bγ class were 
found to possess a total of four to five introns, which were classified as 
either phase 0 or phase 1. Members of the GHR class exhibited either two 
or four introns and were classified as phase 0 or 2. Lastly, members of the 
metaxin class had five introns and were categorized into either phase 1 
or 2. 

Conserved domain and motif analyses of the PvGST proteins 

Analysis of the domain architecture revealed that 33 of the PvGST 
proteins contained both N-terminal and C-terminal GST domains, while 
21 PvGST contained only N-terminal GST domain and five PvGST con
tained only C-terminal GST domain (Figure S1). PvEF1BG1 and 
PvEF1BG2 were found to contain specific C-terminal EF1Bγ domain in 
addition to N-terminal GST domain (Figure S1). PvMGST1 and 
PvMGST2 proteins contained distinct C-terminal mPEGS2 domain along 
N-terminal GST domain, while PvGSTM1 and PvGSTM2 proteins 
possessed C-terminal metaxin and N-terminal GST domains (Figure S1). 

In this study, a total of 10 motifs that exhibit a high degree of con
servation and possess a length exceeding ten amino acids were suc
cessfully found on PvGST proteins (Figure S2 and Table S5). No 
conserved motif was found for PvGSTM1 and PvGSTM2 proteins. A total 
of 51 PvGST proteins, excluding PvGHR1, PvGHR2, PvGSTU24, 
PvGSTU27, PvMGST2, PvGSTF1, PvGSTM1, and PvGSTM2, contained 
motif 1. Motif 2 was exclusive for the tau, lambda, and zeta class PvGST 
proteins. Motif 3 was observed to be ubiquitously present in most 
members of the PvGST family except for PvGSTU17, PvGSTM1, and 
PvGSTM2. Motif 4 was unique to tau, phi, DHAR, zeta, and TCHQD 
PvGST proteins. Motif 5 was only found in PvGSTs of the tau and lambda 
classes, whereas motif 10 was found only in the tau PvGSTs. The EF1Bγ 
and phi classes of PvGST proteins shared motif 6, but only phi class 
PvGSTs possessed motif 7. Motif 8 appeared in the majority of PvGST 
proteins, while motif 9 was unique to the GHR and lambda class PvGST 
proteins. 

Phylogenetic and synteny analyses of the PvGST proteins 

To infer the evolutionary relatedness of PvGST family proteins, a 
phylogenetic tree was created using the maximum likelihood method. 
This involved a comprehensive set of 442 GST protein sequences ob
tained from several plant species, including Arabidopsis, rice, soybean, 
mung bean, barrel clover, and chickpea. The GST proteins were classi
fied into 12 distinct clusters, as depicted in Figure S3. Despite the in
clusion of GST proteins from both monocot and dicot plant species in the 
construction of the phylogenetic tree, it was observed that the GST 
proteins from both monocots and dicots were clustered together. 
Another interesting observation is that all the clusters were exclusively 
composed of monophyletic groups. Moreover, the clustering analysis 
provided strong support for the domain-based classification of the 
PvGST proteins. It was evident from the phylogenetic tree that the tau- 
class GSTs exhibit the highest magnitude in terms of member size among 
all GST classes, followed by the phi and lambda classes. The members of 
the other GST classes were variable in size among the species. 

Fig. 1. Schematic diagram of chromosomal location and duplication events of 59 PvGST genes. The vertical scale (Mb) on the side indicates chromosome (Chr) 
size and gene position on the chromosomes. Black and red lines connected the segmental and tandem duplicated gene pairs, respectively. 
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Additionally, we examined the syntenic association between PvGST 
genes and other bean species as well as model plants (Figure S4). No 
syntenic GST pair was identified between common bean and rice, 
whereas a total of 16 syntenic GST gene pairs were identified between 
common bean and Arabidopsis (Figure S4 and Table S6). On the other 
hand, a total of 41 syntenic GST gene pairs were found between the 
common bean and soybean, 26 between the common bean and barrel 
clover, 24 between the common bean and chickpea, and 23 between the 
common bean and mung bean (Figure S4 and Table S6). 

Identification of the CREs in the promoter regions of the PvGST genes 

In order to investigate the responsiveness of the PvGST genes to 
different stimuli, an analysis was conducted on a 2 Kb region upstream 
of the start codon to identify the CREs. This investigation primarily 
concentrated on the unique CREs associated with plant stress responses 
and phytohormone signaling. A total of five stress-responsive CREs, 
including MYB-binding site (MBS), dehydration-responsive element 
(DRE), MYC-binding site (MYCR), low temperature-responsive element 

(LTRE), and TC-rich repeats, were identified within the 46 out of the 59 
promoter sequences of PvGST genes (Table S7). Among these five stress- 
responsive CREs, MBS and MYCR were mostly found in the promoter 
regions of the PvGST genes (Table S7). These findings suggested that 
those PvGST genes that contain stress-responsive CRE(s) in their pro
moter region might be involved in plant response to drought stress. 

We next predicted the phytohormone-responsive CREs in the pro
moter regions of the PvGST genes. As expected, various types of 
hormone-responsive CREs, including abscisic acid (ABA)-responsive 
element (ABRE), ethylene-responsive element (ERE), CREs related to 
gibberellin responsiveness (GARE-motif and P-box), CREs related to 
auxin responsiveness (TGA-element and AuxRR-core), CREs related to 
salicylic acid responsiveness (TCA-element), and CREs related to jas
monic acid responsiveness (TGACG-motif and CGTCA-motif), were 
found in the promoter regions of 47 out of 59 PvGST genes (Table S7). 
More specifically, 34 and 35 PvGST genes contained ABRE and ERE, 
respectively, while 18 PvGSTs harbored one or both of the two 
gibberellin-responsive CREs in their promoter regions (Table S7). 
Additionally, the promoter regions of 16 PvGST genes contained one or 

Fig. 2. The schematic diagram plotted the structure of the 59 PvGST genes. The clustering dendrogram was created based on the PvGST gene sequences. The 
relative length of the exon, intron, and full transcript is proportionally provided at the bottom in kilobase (Kb) scale. Numbers shown on the structure of each gene 
indicate the intron phases. 0, intron located between two consecutive codons; 1, intron located between the 1st and 2nd nucleotides of a codon; 2, intron located 
between the 2nd and 3rd nucleotides of a codon. 
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both of the two auxin-responsive CREs. Finally, 24 PvGST genes 
possessed the salicylic acid-responsive CRE, while 51 PvGSTs harbored 
one or both of the two jasmonic acid-responsive CREs in their promoter 
region (Table S7). Taken together, the PvGST genes containing 
hormone-responsive CRE(s) might participate in pathways associated 
with hormones in common bean. 

Expression analysis of the PvGST genes in various organs at different 
developmental stages and under drought and salinity 

To explore the potential functions of PvGST genes in the growth and 
development of P. vulgaris, an examination of the expression patterns of 
all identified PvGSTs was conducted across six organs at various devel
opmental stages using publicly available RNA-sequencing datasets. 
Among the different PvGST genes, PvGSTU2, PvGSTU15, PvGSTF1, 

PvGSTF5, PvGSTF9, PvGSTF10, PvGSTF11, PvEF1BG1, PvEF1BG2, 
PvDHAR1, PvDHAR2, PvGSTL2, and PvGSTL3 exhibited high expression 
levels in all examined organs and throughout various developmental 
stages (Fig. 3A; cluster II). PvGSTU1, PvGSTU5, PvGSTU6, PvGSTU9, 
PvGSTU10, PvGSTU11, and PvGSTU22 exhibited root-specific expres
sion patterns, while PvGSTL1 showed specificity for both roots and seeds 
[seed (7 mg)] (Fig. 3A; cluster I). PvGSTF3 exhibited specific expression 
in flowers (cluster I), while PvGSTF2 showed specifically high expression 
in stems and flowers (cluster III) compared with their respective 
expression patterns in other organs (Fig. 3A). It was observed that 
PvGSTU3 exhibited a considerably higher expression level in seeds, 
PvGSTU17 showed elevated expression in root tips and roots, while 
PvGSTU8 and PvGSTU13 exhibited elevated expression levels in stems, 
shoots, and roots compared with their respective expression levels in 
other organs (Fig. 3A; cluster III). An intriguing observation is that the 

Fig. 3. Expression profiles of PvGST genes in various organs of common bean plants at various developmental stages and under drought or salinity. 
Publicly available RNA-sequencing data were used to analyze the expression levels or changes of PvGST genes in investigated organs and conditions. (A) The 
expression levels [log2 (RPKM)] of 59 PvGST genes in six organs at various developmental stages. (B) The expression changes [log2 (fold changes)] of 55 PvGST genes 
in leaves of common bean plants subjected to drought for 14 days at V4 stage. (C) The expression changes [log2 (fold changes)] of 58 PvGST genes in roots and leaves 
of susceptible (SG) and tolerant (TG) common bean genotypes subjected to gradual salinity (50, 100, and 150 mM NaCl) for five days at early seedling stage. The 
PvGST genes were divided into separate clusters depending on their expression levels or changes. The expression patterns or changes are indicated by intensities of 
the colors with saturation at − 10 and 10 (A), − 2 and 2 (B), and − 6 and 6 (C). RPKM, reads per kilobase of transcript per million mapped reads. 
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expression levels of the majority of the PvGSTs were relatively higher in 
roots than other organs. 

To gain an insight into the potential role of PvGST genes in common 
bean responses to drought and salinity, the expression changes of 59 
PvGSTs were first analyzed using publicly available transcriptome data. 
Under drought, no expression data were found for PvGSTU4, PvGSTU24, 
PvGSTL1, and PvGSTF7 genes (Fig. 3B). Among the down-regulated 
genes, PvGSTU8, PvGSTU9, PvGSTU11, PvGSTF10, PvGSTF11, and 
PvTCHQD2 were the most highly down-regulated genes in common bean 
leaves under drought at V4 stage (Fig. 3B; cluster I). On the other hand, 
PvGSTU3, PvGSTU16, PvGATU18, PvGATU21, PvGATU22, PvGATU27, 
PvGSTT1, and PvGSTF4 were the most highly up-regulated genes in 
leaves by drought (Fig. 3B; cluster III). 

Under salinity, the expression of two contrasting genotypes (SG, 
susceptible genotype; TG, tolerant genotype) were assayed in the roots 
and leaves of common bean at early seedling stage. No expression data 
was found for PvGSTU24. A number of genes, such as PvGSTU14 and 
PvGSTT2, showed up-regulation in roots of both SG and TG by salinity 
(Fig. 3C; clusters I and II). In the roots, no notable differences in the 
expression change patterns of the PvGST genes were observed between 
the two genotypes, except for the PvGSTU8 that showed a higher up- 
regulation level by salinity in SG roots than TG roots (Fig. 3C; cluster 
II). As for the leaves, the PvGST genes displayed more variable expres
sion change patterns in the SG than TG under salinity. Genes like 
PvGSTU11, PvGSTU12, PvGSTU13, PvGSTU14, PvGSTU22, PvGSTZ2, 
PvGHR2, PvGSTF10, and PvGSTF11 showed higher up-regulation pat
terns (cluster I and II), while PvGSTU1, PvGSTU3, PvGSTU15, 
PvGSTU21, PvGSTT1, PvMGST1, and PvGSTF2 showed higher down- 
regulation patterns (cluster III) in the SG leaves than TG leaves by 
salinity (Fig. 3C). Interestingly, PvGSTU22 was highly up-regulated in 
SG leaves but highly down-regulated in TG leaves (Fig. 3C; cluster I), 
while the opposite phenomenon was observed for PvGSTU21 under 
salinity (Fig. 3C; cluster III). 

Effect of drought and salinity on P. vulgaris plants and stress-responsive 
alteration of GST enzyme activities 

Drought and salinity brought noticeable negative changes to the 
phenotypic appearance of P. vulgaris plants. Wilting of the plants, yel
lowing, and drying of the leaves were observed in both stress conditions 
and the symptoms gradually increased with the increment of stress 
period (Fig. 4A-D). Consistent with these observations, leaf RWCs 
decreased significantly in responses to drought and salinity treatments 
(Fig. 4E). Furthermore, as the stress prolonged, the RWCs more highly 
dropped. A significantly higher accumulation of ROS like H2O2 was 
evident under both drought and salinity conditions (Fig. 5A, B). 

Likewise, significantly higher EL percentages were noticed in both 
drought- and salinity-exposed plants (Fig. 5C). Additionally, under our 
experimental conditions, salinity level at 200 mM showed more negative 
impact on the physiological and biochemical responses of common bean 
plants than drought triggered by water-withholding treatment (Figs. 4A- 
E and 5A-C). Nonetheless, with the increment of the stress length, a 
strong induction of the GST enzyme activity was evident in stressed 
plants, particularly under salinity (Fig. 5D). 

Fig. 4. Effects of drought and salinity on the phenotype of common bean plants. All pictures were taken after the plants were subjected to water withholding- 
induced drought and 200 mM NaCl-induced salinity treatments for five and seven days. (A, B) Plants subjected to drought (A) and salinity (B) for five days. (C, D) 
Plants subjected to drought (A) and salinity (B) for seven days. (E) Relative water contents of common bean leaves after exposure to drought or salinity. Data shown 
are means and standard deviations (n = 5). Significant changes (p < 0.05) among the treatments are denoted by different letters above the bars, calculated using the 
least significant difference test. DAS, days after stress. 

Fig. 5. Effects of drought and salinity on the oxidative stress-related 
markers and the activities of glutathione S-transferase (GST) in the 
leaves of common bean plants. Plants were subjected to water withholding- 
induced drought and 200 mM-NaCl-induced salinity treatments for five and 
seven days. (A) Diaminobenzidine (DAB)-staining for visual detection of 
hydrogen peroxide (H2O2). (B) H2O2 contents, (C) electrolyte leakage per
centages, and (D) GST activities in the leaves of common bean plants after 
exposure to drought and salinity. Data shown are means and standard de
viations (n = 5). Significant changes (p < 0.05) among the treatments are 
denoted by different letters above the bars, calculated using the least significant 
difference test. DAS, days after stress; FW, fresh weight. 
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Expression analysis of stress-responsive PvGST candidate genes under 
drought and salinity using RT-qPCR 

Four genes (PvGSTU3, PvGSTU16, PvGSTF4, and PvGSTT1) up- 
regulated by drought (Fig. 3B; cluster III) and five (PvGSTU11, 
PvGSTU12, PvGSTU13, PvGSTU14, and PvGSTZ2) genes up-regulated by 
salinity (in the SG) in the leaves of common bean plants as shown by the 
RNA-sequencing data (Fig. 3C; cluster II and III) were selected for 
examining their expression changes in leaves of common bean under 
drought and salinity under our experimental conditions using RT-qPCR. 
Under drought, except PvGSTU11, all remaining genes were up- 
regulated, while under salinity, except PvGSTF4, all other genes were 
up-regulated at least at one time point (Fig. 6A-I). More specifically, 
PvGSTU3, PvGSTU12, PvGSTU16, and PvGSTZ2 showed up-regulated 
expression patterns by drought and salinity at both time points 
(Fig. 6A, C, F, I), while PvGSTU13, PvGSTU14, and PvGSTT1 genes 
displayed up-regulated expression levels by drought and salinity at least 
at one time point (Fig. 6D, E, H). These genes may play a role in plant 

responses to both drought and salinity. We also detected several genes 
that were responsive to either drought or salinity. Specifically, 
PvGSTU11 (by 10.75- and 37.27-fold) was highly up-regulated only by 
salinity treatment (Fig. 6B), while PvGSTF4 (by 76.46- and 12.21-fold, 
respectively) was highly up-regulated only by drought at both five and 
seven days of treatment (Fig. 6G). These data suggested the specific roles 
of these genes in plant response to salinity or drought. 

Discussion 

Common bean holds significant importance as a legume in both 
human dietary consumption and the world economy (Alcázar-Valle 
et al., 2020). In recent years, a great deal of effort has been given to 
decipher the stress signaling and adaptation processes of common bean 
through the identification of key regulatory genes (Shi et al., 2021; 
Valdisser et al., 2020; Zhang et al., 2022b, 2022a). GSTs are a group of 
versatile antioxidant enzymes that are widely distributed and have 
diverse functions in several aspects of plant physiology, development, 

Fig. 6. Expression profiles of nine selected PvGST genes under drought and salinity. Expression levels of the nine PvGST genes were analyzed in the leaves of 
common bean plants in responses to the drought and salinity. Plants used for the analysis were subjected to water withholding-induced drought and 200 mM NaCl- 
induced salinity treatments for five and seven days. (A-K) Expression levels of the PvGST genes with standard deviations (n = 3). Significant changes (p < 0.05) 
among the treatments are denoted by different letters above the bars, calculated using the least significant difference test. DAS, days after stress. 
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and cellular defense against environmental stressors (Estévez and 
Hernández, 2020). 

In the current study, 59 PvGST genes, each with at least one 
conserved GST-related domain (Figure S1), have been identified using 
extensive in silico genome-wide analyses. The number of identified 
PvGST genes was higher compared with 42 GST genes in Zea mays 
(McGonigle et al., 2000), 55 genes in A. thaliana (Sappl et al., 2009), 44 
genes in V. radiata (Vaish et al., 2018), and 51 genes in C. arietinum 
(Ghangal et al., 2020), but lower compared with 79 genes in O. sativa 
(Jain et al., 2010), 74 genes in G. max (Ahmad et al., 2020), and 120 
genes in M. truncatula (Hasan et al., 2021). The identified 59 PvGSTs 
were divided into 11 distinct classes, of which the tau class was the most 
abundant followed by the phi and lambda classes. Other plant species 
have similar distribution patterns (Figure S3); and thus, the tau, phi, and 
lambda class GSTs are classified as plant-specific GSTs (Ahmad et al., 
2020; Hasan et al., 2021; Sappl et al., 2009). Interestingly, two metaxin 
class GSTs were identified in P. vulgaris, and this class of GSTs was only 
previously reported in M. truncatula among the studied legumes (Hasan 
et al., 2021). However, we did not find any hemerythrin class GSTs in 
P. vulgaris, although they were previously reported in M. truncatula. 
Duplicated genes are essential in the evolutionary process as it is 
required for the emergence of novel biological functions and the 
extension of gene families (Xu et al., 2020). Analysis of gene duplication 
events revealed that both segmental and tandem duplications played a 
role in the expansion of the PvGST family (Fig. 1). Additionally, the 
Ka/Ks ratio was employed to examine the selection pressures acting on 
duplicated genes. When the Ka/Ks ratio is more than one, it indicates 
positive selection. A Ka/Ks ratio of one suggests neutral selection, while 
a ratio below one indicates negative or purifying selection (Islam et al., 
2017). The Ka/Ks ratios of all duplicated PvGSTs (except for 
PvGHR1/PvGHR2, PvDHAR1/PvDHAR2, and PvGSTU23/PvGSTU24) 
were smaller than 1 (Table S4), indicating the presence of purifying 
selection in the evolutionary process of these gene pairs. 

In vitro stability of a protein can be predicted through its II. If a 
protein has II score below 40, it is predicted to be stable under in vitro 
conditions (Gamage et al., 2019). A total of 23 out of 59 PvGSTs had II 
below 40 (Table S3), suggesting their high stability under in vitro con
ditions. On the other hand, the AI quantifies the spatial occupancy in the 
volume by the aliphatic side chains of the amino acids alanine, isoleu
cine, leucine, and valine (Hoda et al., 2021). AI also measures the 
thermostability of a given protein. A protein is considered thermostable 
if the AI value is greater than 71 (Hoda et al., 2021). All the 59 PvGST 
proteins identified in the current study had an AI value higher than 71 
(Table S3), suggesting their functionality in a wide range of temperature 
regime. Nonetheless, based on pI values, 12 out of 59 PvGST proteins 
were basic (pI > 7), while 47 were acidic (pI < 7). There is a direct 
correlation between the pI of a protein and its subcellular localization. 
The proteins acidic in nature tend to localize in cytoplasm, while the 
proteins basic in nature localize in mitochondria and nucleus (Tokma
kov et al., 2021). This observation supports our findings as the PvGST 
proteins identified as acidic were mostly found to be localized in cyto
plasm, while those PvGSTs identified as basic mostly localized in 
mitochondria and nucleus (Table S3). Apart from cytoplasm and mito
chondria, some of the PvGST proteins were also predicted to localize in 
chloroplasts, endoplasmic reticulum, and extracellular matrix (Table 
S3). The wide range of subcellular distribution might suggest the wide 
range of functionality of the PvGST proteins. Except for PvDHAR2, all 
other PvGST proteins had a negative GRAVY value, suggesting that they 
are polar hydrophilic in nature (Bhattacharya et al., 2018). 

Gene structure analysis revealed that intron/exon number, position, 
and phase were homogeneous within the same class PvGSTs, and each 
class showed substantial differences in gene structure compared with the 
other classes (Fig. 2). The presence of structural heterozygosity may 
suggest that these gene classes had gone through divergent evolutionary 
trajectories. The conservation of splicing sites is closely linked to the 
intron phase and is believed to be connected to the evolutionary 

development of the spliceosome machinery (Poverennaya and Roytberg, 
2020). The level of conservation is highest in intron phase 0, whereas 
intron phase 2 exhibits the lowest conservation (Islam et al., 2017). 
Intron phase 1, on the other hand, has an intermediate level of conser
vation (Islam et al., 2017). The members of the tau class PvGST proteins 
exhibited the greatest degree of conservation as they were associated 
with intron phase 0, whereas the TCHQD class had the lowest level of 
conservation as they were associated with intron phase 2 (Fig. 2). The 
remaining classes exhibited higher intron counts, accompanied by a 
combination of conserved and non-conserved splicing site sequences 
(Fig. 2). 

The N-terminal domain of GSTs is the center of their catalytic activity 
(Islam et al., 2017), and 54 out of the 59 PvGST proteins found to 
contain N-terminal GST domain (Figure S1). On the other hand, the 
results of the motif analysis revealed that motif 1, which represents the 
N-terminal domain, was conserved across majority of the PvGST pro
teins (Figure S2 and Table S5). Most of the other motifs exhibited class 
selectivity, which might suggest that they possess distinct functions that 
are limited to the corresponding protein classes. 

Phylogenetic analysis of 442 GST proteins derived from P. vulgaris, A. 
thaliana, M. truncatula, C. arietinum, V. radiata, O. sativa, and G. max 
suggested high levels of similarity among different classes of GST pro
teins. All the GST proteins strictly follow the domain-based classification 
and were grouped into 12 monophyletic groups (Figure S3). This 
observation might suggest that the evolutionary and divergent processes 
of each GST class occurred prior to the divergence of monocotyledonous 
and dicotyledonous plants (Islam et al., 2017). The pattern of GST 
members distribution across different classes consistent with previous 
research (Islam et al., 2019; Wang et al., 2019). Nevertheless, synteny 
analysis suggested that the PvGST members exhibited a closer genetic 
relationship with G. max, M. truncatula, V. radiata, and C. arietinum in 
contrast with their counterparts in A. thaliana and O. sativa (Figure S4). 
This finding might suggest the fact that legumes, being part of the 
eudicot superfamily, were diverged more recently from a common 
ancestral lineage. 

Gene expression analysis of PvGSTs provided an insight into their 
function in plant physiology and development. Organ- and develop
mental stage-specific expression patterns were observed for most of the 
PvGSTs. In addition, 13 genes were found to maintain ubiquitous 
constitutive expression patterns in examined organs and across devel
opmental stages (Fig. 3A; cluster II). About half of the PvGSTs showed 
root-specific expression, suggesting their important function in the 
roots. Interestingly, most of the tandemly duplicated and some of the 
segmentally duplicated gene pairs exhibited variable expression pat
terns under normal and stress conditions (Figs. 1, 3), which might imply 
that the retention of gene duplicates in responses to stresses might be 
associated with the processes of gene expression divergence (Huerta-
cepas et al., 2011), and these gene pairs might have specific functions in 
certain organs during drought and/or salinity. For instance, PvGSTT1 
had a low expression level under control conditions in almost all 
examined organs and across investigated developmental stages (Fig. 3A; 
cluster I), while its expression was up-regulated in the leaves under 
drought (Fig. 3B; cluster III). On the other hand, its partner PvGSTT2 in 
the tandemly duplicated pair showed constitutive and ubiquitous 
expression patterns in all examined organs and across investigated 
developmental stages under normal conditions, while its expression was 
up-regulated under salt stress in the roots and leaves of both SG and TG 
(Fig. 3A; cluster III and C; cluster II). It is plausible to suggest that 
PvGSTT1 and PvGSTT2 might have played an important defensive 
function in P. vulgaris under water-deficit and salinity conditions, 
respectively. Nonetheless, the RT-qPCR data revealed that out of nine 
tested genes, PvGSTU3, PvGSTU12, PvGSTU13, PvGSTU14, PvGSTU16, 
PvGSTT1, and PvGSTZ2, exhibited the up-regulation in responses to both 
drought and salt conditions (Fig. 6A, C-F, H, I). On the other hand, 
PvGSTU11 was up-regulated only by salinity, while PvGSTF4 was only 
by drought (Fig. 6B, G). Interestingly, all these nine stress-inducible 
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genes were enriched with at least one drought-responsive MBS and/or 
MYCR cis-regulatory elements (Table S7). Additionally, PvGSTU3, 
PvGSTU13, PvGSTU14, and PvGSTF4 were enriched with LTRE (Table 
S7). The presence of multiple stress-responsive cis- regulatory elements 
might suggest their important role in mitigation of multiple stresses in 
plants. Nonetheless, apart from stress-responsive CREs, the promoter 
regions of all the above-mentioned stress-inducible genes were enriched 
with at least one type of phytohormone-responsive CREs (Table S7). It is 
well recognized that many plant hormones have a role in controlling 
stress responses (Gupta et al., 2020). Such enrichment with 
hormone-responsive CREs in their promoter regions suggests that 
related hormones may play an important role in modulating the 
expression of the above-mentioned genes. Nevertheless, the RT-qPCR 
results were partially in agreement with the RNA-sequencing data that 
revealed the up-regulation of PvGSTU3, PvGSTU16, PvGSTF4, and 
PvGSTT1 in the leaves of common bean plants at the V4 stage only by 
drought (Fig. 3B; cluster III) (Gregorio Jorge et al., 2020), and the 
up-regulation of PvGSTU11, PvGSTU12, PvGSTU13, PvGSTU14, and 
PvGSTZ2 in leaves of the susceptible 14-day-old common bean seedlings 
only by salinity (Fig. 3C; cluster III) (Niron et al., 2020). However, the 
RT-qPCR data shown in Fig. 6 revealed several genes, such as PvGSTU3, 
PvGSTU12, PvGSTU13, PvGSTU14, PvGSTU16, PvGSTT1, and PvGSTZ2, 
were up-regulated in common bean leaves by both drought and salinity 
as discussed above. The possible reason for the observed disparity 
among the RT-qPCR and RNA-sequencing results might be attributed to 
the utilization of a single timepoint in the RNA-sequencing and/or the 
variations in development stages and stress treatment conditions. 
Furthermore, genotype difference might also be a contributing factor to 
the observed disparity. Indeed, genotype-specific salinity-responsive 
expression patterns of PvGSTs in the leaves of P. vulgaris were observed 
in RNA-sequencing data, with SG showing a more up-regulating 
expression trend of PvGSTs than TG under salinity (Fig. 3C) (Niron 
et al., 2020). 

There is a widely accepted belief that the formation of stress-induced 
ROS is associated with oxidative damage and hinders the development 
of plants (Bano et al., 2021). This association has been clearly shown in 
common bean plants that were subjected to drought and salt stress 
(Figs. 4A-D and 5A-C). Plants under drought and salt stress exhibited 
elevated levels of H2O2, leading to an increased membrane damage as 
evident by higher degree of EL (Fig. 5A-C). Additionally, it was found 
that the overall activity of GST enzymes dramatically increased in the 
presence of drought or salt stressor (Fig. 5D), suggesting its potential 
correlation with the heightened buildup of ROS. The increased activity 
of GST in common bean plants in response to drought and salt stress 
might trigger the activation of the GST-dependent peroxide detoxifica
tion mechanism, which serves to boost the plants defense against 
oxidative damage caused by drought and salinity (Estévez and 
Hernández, 2020). Importantly, the up-regulated expression of many 
PvGST genes may contribute to the concurrent elevation of their 
respective enzyme activity. Collectively, our findings offer a thorough 
examination of the GST gene family in P. vulgaris and solidify the role of 
the GSTs as prominent stress biomarkers in plants. 
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