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Abstract
Background  Vigna radiata (mungbean) is a nutritionally valuable legume crop with notable stress resilience. 
However, the molecular basis of its salt tolerance remains poorly understood. The Chloride Channel (CLC) protein 
family, comprising Cl⁻ channels and Cl⁻/H⁺ antiporters, plays crucial roles in anion transport and salt stress regulation 
in plants. Despite their significance, the CLC gene family has not been systematically investigated in mungbean.

Results  We performed a genome-wide identification and characterization of CLC genes in mungbean. Seven 
putative VrCLC genes were identified through conserved domain searches. Phylogenetic analysis placed VrCLC 
members in close evolutionary proximity to legume CLCs, particularly from soybean. Motif analysis revealed 
conserved acidic/basic residues and glutamates essential for Cl⁻/H⁺ antiport, while structural modelling confirmed 
canonical α-helical pores, ligand-binding sites, and CLC/CBS domains. Promoter analysis identified multiple hormone 
(ABREs- Abscisic Acid Responsive Elements, AF1- auxin-responsive factor binding site) and stress-responsive (MBS-
MYB binding sites, STRE-stress response elements, ARE-anaerobic responsive element) cis-elements. qRT-PCR 
expression profiling revealed that under 100 mM NaCl treatment, VrCLC-b1 (in leaf and root) and VrCLC-g (in flower) 
were upregulated by approximately fourfold, whereas under 200 mM NaCl, VrCLC-e showed more than a threefold 
induction in roots. Chloride accumulation assays showed maximum Cl⁻ accumulation in leaves and stems, while 
root nodules and seeds exhibited no significant change under salt stress. These findings suggest that tissue-specific 
expression among VrCLC genes may influence differential chloride distribution patterns in mungbean.

Conclusion  This study provides the first comprehensive genome-wide analysis of the CLC gene family in mungbean 
and highlights their potential roles in salt stress adaptation. These findings lay a foundation for future functional 
validation and provide potential molecular targets for marker-assisted selection and genome editing aimed at 
improving salinity tolerance in mungbean.
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Background
Salinity is a major abiotic stress that limits plant growth 
and agricultural productivity, especially in arid and semi-
arid regions. Globally, more than 20% of irrigated lands 
are affected by salt stress, which is projected to increase 
at the rate of 0.25 to 0.5 million hectares annually due 
to climate change and unsustainable irrigation practices 
[1, 2]. Salinity impairs plant growth and development by 
inducing osmotic stress, ionic toxicity, nutrient imbal-
ance, and oxidative damage, ultimately reducing photo-
synthesis, water uptake, and yield [3].

Vigna radiata  (mungbean) is a short-duration legume 
crop. It is rich in protein, vitamins, and minerals, con-
tributing significantly to food security and soil fertility 
through nitrogen fixation [4–6]. However, it is highly 
sensitive to salinity, particularly during the early seed-
ling stage [3, 4]. Despite its potential yield of 1.8–2.5 t/ha, 
global productivity remains low (∼570–730  kg/ha) due 
to salinity and other environmental stresses [7]. Under 
saline conditions, mungbean accumulates toxic ions such 
as sodium (Na⁺) and chloride (Cl⁻), which disrupt cellu-
lar homeostasis, impair enzyme activity, and hinder the 
uptake of essential nutrients like potassium (K⁺), calcium 
(Ca2⁺), and magnesium (Mg2⁺) [8]. Thus, ion transporters 
that sustain cytosolic K⁺/Na⁺ and Cl⁻/NO₃⁻ balance are 
critical for maintaining ionic equilibrium and enhancing 
salt stress tolerance.

Chloride (Cl⁻), though essential, becomes toxic in 
excess and is less studied compared to the well-charac-
terised uptake, transport and sequestration of Na⁺ [9, 
10]. Cl⁻ does not bind soil particles, remain freely mobile 
and is readily absorbed by roots, often leading to toxicity 
[11]. Plants regulate Cl⁻ through four transporter fami-
lies as identified in Arabidopsis, SLAC/SLAH (slow anion 
channels), ALMT (aluminum-activated malate transport-
ers), CLC (chloride channels), and CCC (cation–chloride 
cotransporters) [12]. The CLC family is conserved across 
bacteria, yeast, animals, and plants [13]. It includes 
plasma membrane localised Cl⁻ channels and Cl⁻/H⁺ 
antiporters, mostly localized to the intracellular compart-
ments [14] and together they maintain ion homeosta-
sis, vacuolar Cl⁻/NO₃⁻ storage, and pH regulation [15]. 
Antiporter-type CLCs, couple Cl⁻ or NO₃⁻ transport to 
proton exchange, using the transmembrane H⁺ gradi-
ent to drive active ion sequestration and pH regulation 
[16, 17]. In contrast, channel-type CLCs mediate pas-
sive anion fluxes along electrochemical gradients with-
out H⁺ coupling [18]. Arabidopsis  has seven CLC genes 
(AtCLC-a–g) involved in nitrate storage, Cl⁻ sequestra-
tion, and stress responses [16, 17]. These are localized to 
the tonoplast, Golgi, or thylakoids and contain conserved 
voltage-gated and Cystathionine beta synthase (CBS) 
regulatory domains [15]. Differential Cl⁻ transport and 
compartmentalization mediated by these CLC’s is known 

to contribute to salt tolerance in crops such as soy-
bean, Lotus corniculatus, mungbean, and wheat [18–21]. 
In Lotus corniculatus, increased Cl− transport to aerial 
parts is associated with salt stress toxicity [22]. In soy-
bean, the vacuolar Cl⁻/H⁺ antiporter  GmCLC1  restricts 
shoot Cl⁻ accumulation and enhances salt tolerance 
through vacuolar sequestration [23]. Complementa-
rily, studies on GsCLC-c2  in wild soybean (G.soja) hairy 
roots/composite plants show that manipulating CLC 
expression alters Cl⁻/NO₃⁻ balance and ion partitioning 
between roots and shoots, reinforcing a role for legume 
CLCs in salt responses [24]. Previously, we compared the 
expression of two CLC genes (VrCLC-b2 and VrCLC-c) in 
salt-tolerant and salt-sensitive mungbean varieties, where 
lower CLC  expression and reduced Cl⁻ transport to leaf 
tissue were associated with salinity tolerance [3]. Despite 
their known roles in model and crop plants, CLC  genes 
remain uncharacterized in mungbean. This is a critical 
knowledge gap, especially considering mungbean’s sensi-
tivity to salinity and the importance of Cl⁻ regulation in 
legumes.

To this end, the present study aims to perform a 
genome-wide identification and characterization of 
the CLC  gene family in Vigna radiata  to elucidate their 
roles in salinity adaptation. Using an integrative bioinfor-
matics approach, we analyse gene structure, phylogenetic 
relationships, chromosomal distribution, and conserved 
motifs. We compare their expression patterns under salt 
stress using public RNA-seq datasets and in different tis-
sues using qRT-PCR and infer biological roles by analys-
ing co-expression network and functional annotation. 
This foundational knowledge will contribute to future 
functional studies and may enable the development of 
stress-resilient mungbean varieties via crop improvement 
strategies.

Material and methods
Identification of CLC family genes in mungbean genomes
The CLC domain (PF00654) from the pfam database in 
Interpro (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​i​​n​t​​e​r​p​r​o​/) was used 
to identify candidate sequences in the Vigna radiata 
genome (Vradiata_ver6) using default parameters via 
the Ensembl plants database (​h​t​t​p​​s​:​/​​/​p​l​a​​n​t​​s​.​e​​n​s​e​​m​b​l​e​​.​o​​r​
g​/​​V​i​g​​n​a​_​r​​a​d​​i​a​t​a​/​I​n​f​o​/​I​n​d​e​x). In parallel, BLASTp analy-
sis was performed using Arabidopsis thaliana AtCLC 
protein sequences as queries (Table S1), against the tar-
get Vigna radiata proteomes in Ensembl Plants [25]. 
Finally, the candidate VrCLC genes identified through 
both HMM-based searches and BLASTp were cross-
compared to ensure consistency of the results. All can-
didate VrCLC entries were checked for  completeness 
(full-length open reading frames)  and further validated 
by confirming the presence of the voltage-gated CLC 
domain using the NCBI Conserved Domain Database 

https://www.ebi.ac.uk/interpro/
https://plants.ensemble.org/Vigna_radiata/Info/Index
https://plants.ensemble.org/Vigna_radiata/Info/Index
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(NCBI-CDD) (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​c​d​d​/). 
Ultimately, seven VrCLC genes were identified in mung-
bean and were named VrCLCb1 to VrCLCg based on 
their chromosomal location and homology to Arabidop-
sis CLC protein sequences. The protein sequence length, 
molecular weight (MW), theoretical isoelectric point 
(pI), of the identified VrCLC proteins were analyzed 
using the Expert Protein Analysis System (EXPASY) (​h​t​t​p​​
s​:​/​​/​w​e​b​​.​e​​x​p​a​​s​y​.​​o​r​g​/​​c​o​​m​p​u​t​e​_​p​i​/) [26]. Subcellular ​l​o​c​a​l​i​z​
a​t​i​o​n of CLC proteins was predicted using WoLF PSORT 
(https://wolfpsort.hgc.jp/) [27].

Phylogenetic tree analysis of CLC genes of different crops
To delineate the evolutionary relationship of the mung-
bean CLC genes, multiple sequence alignments was 
performed between mungbean CLC proteins and CLC 
proteins from rice, soybean,  Arabidopsis, wheat, cotton, 
and tomato, using Clustal Omega (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​
k​/​T​​o​o​​l​s​/​m​s​a​/​c​l​u​s​t​a​l​o​/). The list of all protein sequences 
used is provided in Table S2. The neighbor-end-joining 
method (NJ) was used to create a phylogenetic tree with 
1000 bootstrap replications using MEGA11 software [28].
The resulting tree was further visualised and modified 
using iTOL (https://itol.embl.de) [29].

Gene structure analysis and conserved motif discovery
The coding sequences (CDS) and corresponding genomic 
sequences of all  mungbean CLC genes were retrieved 
from the Ensembl Plants database ​(​​​h​t​t​p​s​:​/​/​p​l​a​n​t​s​.​e​n​s​e​m​
b​l​.​o​r​g​​​​​) (Supplementary Table S1). Gene structure analy-
sis were performed using the Gene Structure Display 
Server 2 (GSDS2) (http://gsds.cbi.pku.edu.cn) to visual-
ize the exon–intron organization of the VrCLC genes. 
Conserved motifs within the VrCLC proteins were iden-
tified using the MEME Suite (​h​t​t​p​​s​:​/​​/​m​e​m​​e​-​​s​u​i​​t​e​.​​o​r​g​/​​m​
e​​m​e​/​t​o​o​l​s​/​m​e​m​e), with the maximum number of motifs 
set to 10 and default parameters for other settings. Addi-
tionally, conserved domains within the seven VrCLC pro-
teins were confirmed using the NCBI Conserved Domain 
Database (CDD) (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​​/​S​t​​r​u​c​t​​u​r​​
e​/​c​d​d​/​w​r​p​s​b​.​c​g​i) [30], and the domain ​a​r​c​h​i​t​e​c​t​u​r​e of the 
VrCLC proteins was visualized using TBtools.

Promoter analysis of mungbean CLC genes
To identify the cis-acting regulatory elements in the 
promoter regions of mungbean VrCLC genes, 1500  bp 
upstream sequences from the start codon of each VrCLC 
gene were extracted from the mungbean genome. There-
after, these sequences were submitted to PlantCARE 
database (​h​t​t​p​​:​/​/​​b​i​o​i​​n​f​​o​r​m​​a​t​i​​c​s​.​p​​s​b​​.​u​g​​e​n​t​​.​b​e​.​​w​e​​b​t​o​​o​l​s​​/​p​l​
a​​n​t​​c​a​r​e​/​h​t​m​l​/) to predict putative cis-regulatory ​e​l​e​m​e​n​
t​s [31].

Chromosomal locations and synteny analysis
To understand the chromosomal distribution of CLC 
genes in the mungbean genomes, the chromosomal 
positions of the VrCLC genes were extracted from the 
genome sequence and genome annotation downloaded 
from the Ensemble Plants database. The chromosomal 
distribution was visualised using MapGene2Chrom web 
v2. For identification of gene duplication events among 
the seven VrCLC genes, we employed the one step MCs-
canX module of TB tool software [32]. The ratio of non-
synonymous (Ka) to synonymous (Ks) substitutions (Ka/
Ks) in duplicated gene pairs was calculated using the 
Nei and Gojobori (NG) program of the TB tool software 
[33]. Selection pressure on duplicated genes was inferred 
based on the Ka/Ks ratio. The Multiple collinearity scan 
toolkit (MCScanX) in TBtools [34] was used to analyze 
greengram and four representative species (Vigna radi-
ata, Arabidopsis thaliana, Glycine max and Oryza sativa) 
for the synteny between the CLC genes [35].

Weighted Gene Co-expression Network Analysis (WGCNA)
RNA-sequencing data from control and 50  mM NaCl 
treated mungbean samples were downloaded from the 
NCBI database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​s​r​a) 
using the Galaxy platform web server [36]. Three rep-
lication accessions (SRR20997626, SRR20997627 and 
SRR20997628) for control samples and (SRR20997623, 
SRR20997624 and SRR20997625) for treated samples 
were used for co-expression analysis. All sequences 
were checked for quality and low-quality and adaptor 
sequences were removed using FastQC tool [37]. Clean 
reads were then mapped to the mungbean genome 
(Vigna_radiata.Vradiata_ver6 version) using the HISAT2 
tool on the Galaxy web server [38]. Mapped reads were 
quantified using FeatureCounts [39], and differen-
tial expression analysis was performed with DESeq2 
[40]. Fragments per kilobase of transcript per million 
mapped reads (FPKM) values were calculated. Genes 
with FPKM ≥ 1 were selected for co-expression analysis of 
VrCLC genes using the iDEP web server with the power 
of 4 as soft-thresholding value [41]. Cytoscape software 
was used to visualize the co-expressed VrCLC genes 
(https://cytoscape.org/). The top twenty co-expressed 
genes were analysed for gene ontology analysis (GO) 
(Supplementary Table S5) and KEGG pathway analysis 
using the KOBAS web server ​(​​​h​t​t​p​:​/​/​k​o​b​a​s​.​c​b​i​.​p​k​u​.​e​d​u​.​c​
n​/​​​​​)​.​​

Protein modelling
The seven VrCLC proteins were analysed for their three-
dimensional (3D) structure using the online webserver 
I-TASSER [42]. The 3D structures were generated using 
the two inbuilt assembly programs of I-TASSER: LOM-
ETS and TASSER. Protein analogs were created for each 

https://www.ncbi.nlm.nih.gov/cdd/
https://web.expasy.org/compute_pi/
https://web.expasy.org/compute_pi/
https://wolfpsort.hgc.jp/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://itol.embl.de
https://plants.ensembl.org
https://plants.ensembl.org
http://gsds.cbi.pku.edu.cn
https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://bioinformatics.psb.ugent.be.webtools/plantcare/html/
http://bioinformatics.psb.ugent.be.webtools/plantcare/html/
https://www.ncbi.nlm.nih.gov/sra
https://cytoscape.org/
http://kobas.cbi.pku.edu.cn/
http://kobas.cbi.pku.edu.cn/
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protein through multiple threading alignments. The best 
3D models were created based on the highest confidence 
score and homology with structures in the PDB database. 
The best 3D protein models were further refined using 
the ModRefiner program [43].The final 3D structures 
of the seven VrCLC proteins along with their predicted 
ligand-binding sites were visualized using Discovery Stu-
dio v.21.1 software.

Plant material and stress treatment
Seeds of mungbean genotype MGG295 (Madhira Green-
gram-295) were procured from Agricultural Research 
Station, Madhira, PJTSAU, Telangana. The experimental 
setup was carried out at the glass house facility at ICRI-
SAT, Patancheru. Nursery polybag of 5 kg capacity were 
filled with a soil mixture composed of black soil, sand, 
and vermicompost in a 1:2:1 ratio. 15 mungbean seeds 
were sown in each polybag and thinning was done to 
retain five plants per pot after one week of germination. 
These plants were maintained under well-watered condi-
tions up to 21 days at 28/20  °C day/night temperatures. 
Salt treatment was given after expansion of first trifoli-
ate leaf stage (21st days after sowing-DAS). Salinity stress 
was inflicted at two levels i.e., 100 mM and 200 mM NaCl 
with three replicates for each treatment. Polybags were 
irrigated with NaCl solution by adding a total volume of 
400  ml on alternative days. Two tissue types (root and 
shoot) were collected at control 0  h (control), 30  min, 
3 h, 6 h, 24 h, 48 h, 72 h, 7 d and 10 days, respectively, 
after salinity treatments. A parallel set of plants was 
maintained under the same salinity treatments until the 
reproductive stage. These plants were irrigated with NaCl 
solutions on alternate days until seed harvest. At 45 days 
of age, different tissue samples like root, shoot, stem, 
flower, immature cotyledon (IMC), root nodule (RN), 
and seeds were collected from both salinity treatments 
under the same experimental conditions (28/20  °C  day/
night temperature) with three biological replicates per 
treatment. All tissue samples were snap-frozen in liquid 
nitrogen and stored at –80 °C until further analysis.

Chloride ion uptake
Chloride ion (Cl⁻) concentrations in root, leaf, stem, 
flower, IMC, RN, and seed samples were determined 
titrimetrically following Mohr’s method [44]. Briefly, Cl⁻ 
was extracted by boiling 0.25  g of dried sample in dis-
tilled water, followed by titration with 0.5 N silver nitrate 
(AgNO₃). Potassium chromate was used as an indicator, 
and the formation of a red-brown silver chromate precip-
itate marked the titration endpoint.

Quantitative real time PCR validation
Expression anlaysis of identified VrCLC genes was con-
ducted in root and shoot tissues in mungbean plants 

treated with salinity using qRT-PCR. Additionally, upon 
reaching reproductive maturity, various tissues were 
analyzed for the expression of 7 VrCLC genes under 
both levels of salinity. We designd qRT-PCR primers 
using primers Designer Tool ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​t​h​e​r​m​o​f​i​s​h​
e​r​.​c​o​m​​​​​)​. Total RNA was extracted using Trizol method 
(Nucleospin RNA Plant, Macherey–Nagel, Duren, Ger-
many) from 100  mg of tissue (leaf, root, stem, flower, 
IMC, RN and seed of mungbean treated with or without 
NaCl). The purified RNA was converted to cDNA with 
the iScript™ cDNA synthesis kit, Biorad laboratories, 
California, United States. Quantitative real time PCR was 
then performed on a CFX96 Real-Time PCR system (Bio-
Rad, USA) using Fast SYBR Green Master Mix (Applied 
Biosystem, Thermo Fisher Scientific, North America, 
USA), following the manufacture’s protocol. Gene expres-
sion levels were calculated using the 2^–ΔΔCt method 
with Actin as the internal reference, and the resulting 
relative expression values were log₂-transformed for visu-
alization. Each reaction (10 µl total volume), containing 
5 µl of Fast SYBR Green master mix, 0.5 µl of each for-
ward and reverse primers, 1  µl of cDNA template and 
3 µl of nuclease free water. The PCR thermal cycler was 
set as follows: pre-denaturation at 95  °C for 5  min; 40 
cycles of 95 °C for 10 s and 60° C for 30 s; the dissociation 
stage was set as follows: 95 °C for 10 s, 60 °C for 5 s and 
95 °C for 5 s. For each condition, three independent bio-
logical replicates were analyzed for both shoot and root 
tissues, with each biological replicate assayed in  three 
technical replicates. For tissue-specific expression profil-
ing (root, shoot, leaf, stem, flower, immature cotyledon, 
root nodule, and seed),  three biological replicates  were 
used, each with  three technical replicates. VrActin was 
used as an internal reference gene. Primer sequences are 
listed in (Supplementary Table S10).

Statistical analyses
All data were analyzed using two-way analysis of variance 
(ANOVA) and are presented as mean ± SE of three inde-
pendent replicates. Dunnett’s multiple comparison test 
was performed using GraphPad Prism (version 9.0), and 
differences between stress treatments were considered 
significant at P ≤ 0.05.

Results
Identification of VrCLC genes in mungbean
The reference genome sequence and annotation files 
of Vigna radiata (assembly version Vradiata_ver6.0) were 
retrieved from the Ensembl Plants database (https://
plants.ensembl.org) for identification and ​c​h​a​r​a​c​t​e​r​i​z​a​t​i​o​
n of CLC genes. To identify VrCLC genes in mungbean, 
the conserved CLC domain (PF00654) was used to search 
annotated proteins of V.radiata. A total of 7 VrCLC genes 
were identified in the genome of V.radiata. The CDS and 

https://www.thermofisher.com
https://www.thermofisher.com
https://plants.ensembl.org
https://plants.ensembl.org
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the corresponding amino acid sequence lengths of the 
identified genes were tabulated. The amino acid lengths 
of VrCLCb1 to VrCLCg ranged from 653 to 786 amino 
acids. The predicted molecular weight of VrCLC proteins 
ranged from 83.98 to 86.72. The theoretical pI values 
ranged from 6.43 to 8.89. Subcellular localization analysis 
predicted that all VrCLC proteins are located primarily in 
the plastids and other organelles (Table 1).

Gene structure of VrCLC genes in mungbean
The seven VrCLC gene family members, labelled as 
VrCLC-b1,b2,c,d,e,f and g exhibit significant structural 
diversity. They vary considerably in their total gene 
length, number of exons, size of exons, intron, and extent 
of untranslated regions (UTRs). VrCLC-b1 has a total 
length of approximately 6.5 kb and contains six exon and 
five intron, VrCLC-b2 is around 6.2 kb with six exons and 
five intron, and a well-defined UTR region. VrCLC-c is 
longer with 9.2  kb length with nine exon, eight introns 

and a relatively shorter downstream UTR. VrCLC-d is 
the largest gene of 11 kb comprising 24 small exons and 
24 introns, along with extensive UTRs. VrCLC-e spans 
8.8  kb and includes seven exons and six introns, hav-
ing distinct 3’ UTR, VrCLC-f is approximately 10.5 kb in 
length, containing ten exons and nine introns, along with 
a long 3′ UTR. Finally, VrCLC-g is about 6.5 kb long, with 
seven exons, six relatively short introns, and short UTRs 
(Fig. 1) (Supplementary Table S1).

Phylogenetic analysis and classification of the VrCLC gene 
family
To understand the evolution and subclass differentiation 
of CLC family proteins in mungbean, a comparative phy-
logenetic analysis was performed with both monocot and 
dicot species viz. Oryza sativa, Solanum lycopersicum, 
Arabidopsis thaliana, Triticum aestivum, Gossypium 
hirsutum, Glycine max and Vigna radiata. CLC gene 
sequences were retrieved from the respective species 

Table 1  List of the identified CLC family genes in Vigna radiata: Characteristics of Vigna radiata chloride channel (VrCLC) gene family 
members, including their genomic, proteomic, and predicted subcellular localization features. The table listed shows that the gene 
name, corresponding gene ID, protein ID, gene length (in base pairs), chromosome location, protein length (number of amino acids), 
theoretical isoelectric point (pI), and molecular weight (MW, in kilodaltons). Predicted subcellular localization is indicated along with 
the number of prediction hits for each compartment, including plastid, vacuole, endoplasmic reticulum (E.R.), and Golgi apparatus. 
Gene IDs and protein IDs are based on the V. radiata genome annotation, with chromosome positions. These details provide insight 
into the structural diversity, chromosomal distribution, and potential functional specialization of VrCLC family proteins
Gene Name Gene Id Protein id Gene 

Length
Chromosome 
Position

Amino 
acid

PI MW
(kDa)

Subcellular 
localization

VrCLC-b1 LOC106769047
(Vradi07g07220)

XP_014509989.1 2349 Chr7 782 8.20 86.64 Plastid: 10; Vacu-
ole:2; E.R:2

VrCLC-b2 NW_014543262
(Vradi0007s01770)

NW_014543262.1 2337 Chr 7
scaffold_7

778 8.39 86.11 Plastid: 8; Vacuole:2; 
E.R:4

VrCLC-c LOC106771913
(Vradi01g06410)

XM_014657961.2 2334 Chr1 777 7.54 85.36 Plastid: 7; Vacuole:7; 
E.R: 3; Golg:1

VrCLC-d LOC106777769
(Vradi11g00590)

XP_014520999 2361 Chr11 786 7.89 86.72 Plastid:12; E.R:2

VrCLC-e NW_014542624
(Vradi0394s00010)

NW_014542624.1 1962 Chr 3
scaffold_394

653 6.43 70.14 Plastid:10;Vacuole:3; 
E.R:1

VrCLC-f LOC106762104
(Vradi05g22020)

XP_014501304.1 2007 Chr5 668 6.44 71.59 Plastid:11; Vacuole: 
1; E.R:2;

VrCLC-g LOC106768211
(Vradi07g20630)

XP_014508695.1 2301 Chr7 766 8.89 83.98 Plastid: 12; Vacuole: 
2

Fig. 1  Gene structures showing the organization of exons and introns of VrCLC genes. Gene Structure: Schematic representation of the gene structures 
of VrCLC-b1,VrCLC-b2, VrCLC-c, VrCLC-d, VrCLC-e, VrCLC-f, and VrCLC-g. The yellow boxes indicate coding sequences (CDS), blue regions depict upstream/
downstream untranslated regions, and black lines represent introns
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databases. A total of 80 CLC protein sequences collected 
from the seven plant species were used for phylogenetic 
analysis using MEGA11 software (Fig.  2). The phyloge-
netic analysis grouped CLC proteins from mungbean and 
six other plant species into seven distinct clades (CLC-a 
to CLC-g), consistent with previous classifications in 
other plants. The seven  VrCLC  proteins were distrib-
uted across six clades, with VrCLC-b1 and VrCLC-b2 
forming a duplicate pair in the CLC-b clade, suggesting 
a gene duplication event. Most VrCLC proteins clustered 
closely with their orthologs from G. max, suggesting the 
evolutionary proximity between the two legumes, while 
some also showed close relationships with  S. lycoper-
sicum  and  A. thaliana proteins. The clustering pattern 
indicates functional conservation of CLC proteins across 
species, with mungbean likely retaining a core set of CLC 
genes similar to other diploid plants (Supplementary 
Table S2).

Sequence analysis of VrCLC gene family
The structural analysis of VrCLC genes revealed consid-
erable variation in exon–intron organization, conserved 
motifs, and protein domains (Fig.  3). The phylogenetic 

tree (Fig.  3a) showed that  VrCLC-b1  and  VrCLC-b2  are 
closely related which supports their origin from a dupli-
cation event. Exon–intron mapping (Fig.  3b) showed 
that  VrCLCd  contains the highest number of introns, 
whereas  VrCLC-b1  and  VrCLC-b2  have the simplest 
gene structures with the fewest introns. VrCLC-d  con-
tained the highest number of exons (24), whereas VrCLC-
b1and VrCLC-b2 had the fewest (6). Thus, the number of 
exons in VrCLC genes ranged from 6 to 24, with an aver-
age of 9.85 exons per gene. Corresponding intron num-
bers varied from 5 to 23, resulting in an average of 8.85 
introns per gene and an average intron-to-exon ratio of 
approximately 1:1.1. Such variability in exon–intron orga-
nization suggests potential diversification in gene regula-
tion and evolutionary trajectory within the VrCLC family. 
Motif analysis (Fig.  3c) identified ten conserved motifs 
shared among most  VrCLC  proteins, although VrCLC-
e possessed none of the conserved motifs. It could indi-
cate that VrCLC-e might have diverged functionally from 
other VrCLC proteins, potentially acquiring a special-
ized or altered role. The sequence logos for all the 10 
conserved motifs identified in VrCLC proteins are dis-
played in Fig. 4. These motifs represent highly conserved 

Fig. 2  Phylogenetic trees showing relationships of CLC genes family of O. sativa, G. max, A. thaliana, S. lycopersicum, G.hirsutum, T.aestivum and V.radiata. 
The trees were constructed using muscle alignment method and a bootstrap replicate of 1000. The trees with the highest bootstrap support for each 
gene class have been shown here. Triticum aestivum (black), Arabidopsis thaliana (magenta), Vigna radiata (blue), Solanum lycopersicum (orange), Oryza 
sativa (purple), Gossypium hirsutum (red), and Glycine max (green). Gene labels use species prefixes (Ta, At, Vr, Sl, Os, Gh, and Gm) followed by the CLC 
subclass designation (a–g) based on the Arabidopsis nomenclature; wheat homeologs are further distinguished by subgenome/chromosome number 
and form (e.g., 2A/2B/2D, 6A/6B/6D)
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Fig. 4  Sequence logo of the VrCLC conserved motifs. Sequence logos representing conserved motifs in the protein sequences analyzed. Amino acid 
sequence logos for the ten most conserved motifs identified in the protein/gene family name, e.g., CLC transporter were generated using MEME Suite

 

Fig. 3  Phylogenetic relationships, gene characterization-exon intron region, conserved motif analysis of VrCLC proteins and conserved protein domain of 
CLC genes in Vigna radiata.a Phylogenetic tree of CLC proteins in vigna radiata: The phylogenetic tree was constructed using the neighbor joining method 
with MEGA 7 and including CLC proteins of vigna radiata.b Intron–exon structures of the CLC family in vigna radiata (a) and partial amino acid sequence 
alignment of the VrCLC family. c Distribution of the conserved motifs in mungbean CLC proteins. Ten conserved motifs are marked with different colored 
boxes. The scale bar indicates 100 aa. d Protein conserved domain in CLC genes of V. radiata. Green boxes represent the presence of CLC_6 like domain, 
yellow boxes represent CBS_pair_voltage-gated_CLC_euk_bac domain, pink boxes represent Voltage_gated_ClC superfamily domains while the dark 
green boxesrepresents the Voltage_gated_ClC, rest of the protein sequences except the conserved domain in the respective VrCLC protein sequences
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amino acid patterns characteristic of the voltage-gated 
chloride channel (ClC) superfamily. The conservation of 
acidic (E, D) and basic (K, R) residues in several motifs 
suggests their potential involvement in ion transport and 
gating, while hydrophobic residues likely contribute to 
membrane association and structural stability. Domain 
analysis (Fig.  3d and Supplementary Table S3) revealed 
that  VrCLC  proteins contain atleast one of the charac-
teristic voltage-gated ClC domains (Voltage_gated_ClC, 
ClC_6_like, or CBS pair) representing the core functional 
domain responsible for chloride ion transport. The over-
all similarity in motif composition and domain structure 
among  VrCLC  proteins within the same clade supports 
their functional conservation.

Analysis of the promoter cis-elements in the CLC gene 
family
Promoter analysis of seven VrCLC genes (VrCLC-b1 to 
VrCLC-g) revealed the presence of multiple cis-regula-
tory elements (CREs) (Fig.  5). These CREs were associ-
ated with hormonal responsiveness, stress responses, 
and other key regulatory functions. Hormone-responsive 
elements included ABRE (Abscisic Acid Responsive Ele-
ments), which were distributed in VrCLC-c, VrCLC-e, 
and VrCLC-f, suggesting potential ABA mediated tran-
scriptional regulation. The TGA element, associated with 
auxin responsiveness, was present in VrCLC-b1, VrCLC-
e and VrCLC-f. In addition, AF1 (auxin-responsive 
factor binding site) elements were detected in VrCLC-
b1,VrCLC-d,VrCLC-e,VrCLC-f and VrCLC-g. Stress-
related cis-elements such as MYB, MBS (MYB binding 
sites), and MYB recognition elements were found in 
VrCLC-b2, VrCLC-c, VrCLC-d, VrCLC-e, and VrCLC-g, 

Fig. 5  Promoter Analysis. Promoter regions upstream of VrCLC-b1, VrCLC-b2, VrCLC-c, VrCLC-d, VrCLC-e, VrCLC-f and VrCLC-g (1500 bp) were analyzed for 
cis-regulatory elements. Various transcription factor binding sites and stress-responsive elements are highlighted with different symbols marked on the 
panel on right
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implying a regulatory role during abiotic stresses such 
as drought and salinity. STRE (stress response elements) 
were found in VrCLC-d, VrCLC-e, and VrCLC-g, further 
supporting their potential involvement in stress adapta-
tion, whereas ARE (anaerobic responsive element) in 
VrCLC-b2, VrCLC-c, VrCLC-d, and VrCLC-g, suggests a 
possible role in gene expression under low-oxygen con-
ditions. Other notable elements included the TGACG 
motif, associated with jasmonic acid response; DRE 
core elements, linked to drought stress response; GT1 
elements for light responsiveness; and AS-I elements, 
known for enhancer binding activity. Detailed informa-
tion on the cis-elements is provided in Supplementary 
Table S4.

Chromosomal distribution of VrCLC genes
The genomic distribution of the  VrCLC  gene fam-
ily was analyzed and mapped onto the V. radiata 

chromosomes. The seven VrCLC genes were found to be 
unevenly distributed across six chromosomes. VrCLC-
b1, VrCLCb-2,  and VrCLC-g were located on chro-
mosome 7 at three loci, i.e., Vradi07g07220 at 17  Mb, 
Vradi0007s01770 at 5.6 Mb and Vradi07g20630 at 45 Mb 
respectively. VrCLC-c was located on chromosome 1 
(Vradi01g06410, 11  Mb), VrCLC-d on chromosome 11 
(Vradi11g00590, 0.5  Mb), VrCLC-e on chromosome 3, 
(Vradi0394s00010, scaffold_394) and VrCLC-f on chro-
mosome 5, (Vradi05g22020, 37.1 Mb) and (Fig. 6).

Synteny and evolutionary analyses of mungbean genes 
and other plants CLCs
VrCLC genes were further examined through a com-
prehensive synteny analysis with three reference spe-
cies i.e. Arabidopsis thaliana, Glycine max, and Oryza 
sativa which revealed multiple orthologous gene pairs, 
indicating conserved evolutionary relationships (Fig.  7). 

Fig. 7  Synteny analysis of CLC genes between V. radiata and representative plant species i.e., A. thaliana, G. max and O. sativa. Gray lines in the background 
indicate the collinear blocks within Vigna radiata and other plant genomes, while the blue lines highlight the syntenic CLC gene pairs

 

Fig. 6  The distribution of CLC genes on chromosomes of V. radiata. Chromosome numbers have been indicated on the top of each chromosome. The 
position of each gene on the respective chromosome has been depicted in terms of mega base-pairs of each gene. (MG2C_v2.1)
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Several VrCLC genes located on chromosomes 1, 5, and 
7 showed syntenic connections with  Arabidopsis  chro-
mosomes 1, 3, and 5, and with corresponding regions 
in G. max and O. sativa. The two legumes V.radiata and 
G.max showed the highest number of syntenic links con-
sistent with their close evolutionary relationship. Among 
the seven VrCLC genes, the Ka/Ks ratio values were 
calculated and observed to be less than one for all gene 
pairs, indicating that these genes are under purifying 
selection (Table 2).

WGCNA analysis
Using the RNA-seq data, WGCNA analysis was per-
formed for VrCLC genes that revealed numerous 
potential interacting partners, suggesting their involve-
ment in diverse cellular processes. A total of 220 genes 
were found to be co-expressed with five VrCLC genes 
(Fig.  8, Supplementary Fig, S1). Specifically, 60, 61, 14, 
60 and 25 hub genes were co-expressed with VrCLC-
b1, VrCLC-b2, VrCLC-d, VrCLC-e and VrCLC-f genes, 
respectively. The VrCLC-b1 gene was co-expressed 
with defence-related genes, namely disease resistance 
protein (VRADI07G10190), MYB transcription fac-
tors (VRADI07G11510, VRADI07G29010) and HSP70 
(VRADI07G21470). Similarly, the MYB transcription 
factor (VRADI0023S00060), zinc finger protein (VRA-
DI0169S00070) and FAD-binding Berberine family pro-
tein (VRADI0048S00200) involved in plant metabolism 
and defense were co-expressed with VrCLC-b2. Further-
more, genes involved in plant growth, such as the sugar 
porter (SP) family MFS transporter (VRADI11G00610), 
lipid transfer protein (VRADI11G00870), auxin efflux 
carrier family protein (VRADI11G07270) and a patho-
genesis-related thaumatin superfamily protein (VRA-
DI11G02300) were co-expressed with VrCLC-d.

Similarly, VrCLC-e gene was co-expressed with a 
set of genes including the WRKY transcription fac-
tor (VRADI04G07130), cytochrome P450 superfamily 
protein (VRADI03G01370), disease resistance-respon-
sive (VRADI04G10160), HSP70 (VRADI04G10800) 
and leucine-rich repeat receptor-like kinase (VRA-
DI05G03950). Additionally, two transcriptional factors, 

Table 2  Predicted Ka/Ks ratio of the duplicated gene pairs: NaN- 
not a number (In the Ka or Ks values, if zero occurs then it shows 
NaN)
Duplicated gene pair Ka Ks Ka/Ks 
Gene 1 Gene 2
Vradi01g06410.1 KRH09287 0.103487 0.245365 0.421768
Vradi01g06410.1 KRH38788 0.103627 0.267562 0.387303
Vradi05g22020.1 KRH62543 0.04949 0.194733 0.254141
Vradi05g22020.1 KRH56382 0.045594 0.215017 0.212047
Vradi05g22020.1 AT1G55620.2 0.20717 1.538307 0.134674
Vradi07g20630.1 KRH20184 0.395781 2.773392 0.142707
Vradi07g07220.1 AT3G27170.1 0.139222 1.982131 0.070239
Vradi07g07220.1 AT5G40890.1 0.146228 NaN NaN
Vradi07g07220.1 KRH06955 0.083131 0.530414 0.156728
Vradi07g07220.1 KRH57669 0.028815 0.303767 0.09486
Vradi05g22020.1 Os02t0720200 0.966538 NaN NaN
Vradi05g22020.1 Os08t0499200 0.225552 1.611344 0.139977
Vradi07g20630.1 Os08t0300300 0.94382 2.206148 0.427814
Ks, the number of synonymous substitutions per synonymous site; Ka, the 
number of non-synonymous substitutions per nonsynonymous site; NaN- not a 
number (if there is no ka or ks substitution or if zero accours then it shows NaN)

Fig. 8  WGCNA analysis. Weighted gene co-expression network analysis (WGCNA) of VrCLC genes.1–5: the co‐expressed genes in the network of (1) 
VrCLC-b1, (2) VrCLC-b2, (3) VrCLC-d (4) VrCLC-e and (D) VrCLC-f. The VrCLC genes are marked in red
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WRKY40 (VRADI06G13510) and C2-H2 zinc finger pro-
tein (VRADI06G13990) along with RING/FYVE/PHD 
zinc finger superfamily protein (VRADI06G08780) and 
scarecrow-like protein 32 (VRADI05G22860) belong-
ing to the GRAS transcription factor were co-expressed 
with VrCLC-f gene. KEGG pathway analysis catego-
rized these hub genes into several pathways, including 
phenylpropanoid biosynthesis, pentose and glucuronate 
interconversions, metabolic pathways, biosynthesis of 
secondary metabolites, glucosinolate biosynthesis, etc., 
(Fig.  9, Supplementary Table S6, and S7). However, a 
majority of the hub genes were not annotated in KEGG 
pathways. Similarly, Gene ontology (GO) analysis was 
performed categorizing most of the genes into voltage-
gated chloride channel activity, chloride channel activity, 

chloride transmembrane transport, chloride transport 
etc. (Fig. 10; Supplementary Table S5).

Protein modelling for VrCLC proteins
The 3D structural models of VrCLC proteins (A–G) 
revealed that all proteins adopt a typical CLC protein 
fold comprising multiple α-helices spanning the mem-
brane and short β-strands (Fig.  11). Their structure is 
composed of α-helixes, β-sheets, and coiled-coil (Fig. 11). 
The spatial arrangement of helices and loops varied 
slightly among the proteins, indicating possible structural 
divergence associated with their functional specializa-
tion. Seven VrCLC proteins consist of the following sec-
ondary structures: 26–31 α-helixes, 7–9 β-sheets, and 
33–37 coiled-coils (Supplementary Table S8). The TM 

Fig. 10  Co-Expressed GO analysis. Gene Ontology (GO) enrichment of genes related to ion and chloride transport. The x-axis shows fold enrichment for 
each GO term. Dot size represents the number of associated genes, and color indicates statistical significance (–log₁₀FDR). The enriched terms include 
voltage-gated chloride channel activity (GO:0005247), chloride transmembrane transport (GO:1,902,476), and chloride channel activity (GO:0005254), 
highlighting the importance of ion transport processes under the studied conditions

 

Fig. 9  Co-Expressed KEGG analysis. KEGG pathway enrichment analysis of differentially expressed genes. The x-axis indicates the fold enrichment of 
genes associated with each pathway. Dot size represents the number of genes involved, while color intensity corresponds to the statistical significance 
measured by –log₁₀(FDR). Pathways such as Stilbenoid, diarylheptanoid and gingerol biosynthesis, Flavonoid biosynthesis, and Phenylpropanoid biosyn-
thesis showed significant enrichment. The background color gradient corresponds to the corrected false discovery rate (FDR), with red indicating higher 
statistical significance
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scores and RMSD values of the predicted models ranged 
from 0.47 to 0.62 and 9.9 to 11.4, respectively. Similarly, 
c-scores, number of decoys, and cluster density values 
were calculated to assess confidence and quality of the 
conserved protein models. Additionally, potential ligand-
binding sites were also predicted to provide insights into 
possible interactions with diverse molecules (Supplemen-
tary Table S9).

Chloride ion estimation
Plant material from  mungbean  was used to estimate 
chloride (Cl⁻) accumulation in roots, leaves, stems, flow-
ers, IMC, RN, and seeds. Chloride content was measured 
under two NaCl treatments: control (untreated), 100 mM 
NaCl, and 200 mM NaCl. Leaves and stems showed the 
highest chloride accumulation, followed by flowers and 
IMC, whereas roots and RN had comparatively lower 
levels, and seeds exhibited the least chloride content. In 
roots, Cl⁻ content increased significantly from 0.9% in 
control to approximately 1.7% under 100 mM NaCl and 
1.9% under 200 mM NaCl treatment. In leaves, Cl⁻ con-
tent increased from 1.1% (control) to 2.2% (100  mM) 
and 3.4% (200  mM) under salt treatment. In stems, 
Cl⁻ content was 2.4% in control plants, which showed a 
significant increase to 3.2% at 200  mM. Similarly, flow-
ers also showed an increase in Cl⁻ content to 2.2% at 
200  mM NaCl stress as compared to 1.4% in control 
plants. In IMC samples, Cl⁻ content increased from 1.2% 
in control to 2.2% and 2.4% at 100 and 200  mM NaCl 
respectively. Root nodules showed relatively smaller 
insignificant changes. Finally, in seeds, Cl⁻ content 

remained consistent across treatments, with all three 
groups (control, 100  mM, and 200  mM) showing 0.6% 
Cl⁻, representing the lowest accumulation among all tis-
sues analysed (Fig. 12).

Heatmap for expression of VrCLC gene under salinity stress
Expression profiling of VrCLC genes was done in plants 
45 days after salt treatment that showed distinct tissue-
specific and concentration-dependent expression pat-
terns (Fig.  13). In the heatmap, lower expression levels 
are represented by deep purple/blue, while higher expres-
sion levels are shown in bright yellow/light green. At 
100  mM NaCl, VrCLC-b1 displayed the highest expres-
sion in roots and leaves, while VrCLC-g was strongly 
upregulated in flowers. VrCLC-b2, VrCLC-d, and VrCLC-
e exhibited moderate expression across vegetative tissues, 
whereas VrCLC-c and VrCLC-f showed comparatively 
lower expression. At 200 mM NaCl, VrCLC-e, VrCLC-g, 
and VrCLC-b1 were markedly upregulated in various tis-
sues, suggesting their potential roles in chloride transport 
under severe salt stress. These results indicate functional 
diversification of VrCLC genes in mediating tissue-spe-
cific responses to salinity.

Time-course expression profiling of different VrCLC genes 
in leaf and root tissues under NaCl stress
Time-course expression analysis of  VrCLC  genes under 
salt stress showed distinct temporal regulation patterns in 
leaves and roots (Fig. 14). In leaves, VrCLC-b1 exhibited 
an initial downregulation up to 24 h, followed by signifi-
cant upregulation at 72  h and beyond under salt stress. 

Fig. 11  Protein modelling for VrCLC genes. Predicted three‐dimensional homology structure of greengram VrCLC proteins. The final 3D structures of 
VrCLC proteins were built by Discovery Studio v.21.1. The secondary structural components: α‐helices (red), β‐sheets (cyan), coils (green), and loops (gray) 
as well as the top four putative-binding sites: site 1 (yellow sphere), site 2 (green sphere), site 3 (red sphere), and site 4 (blue sphere) are indicated in the 
predicted 3D models of A. VrCLC-b1; B. VrCLC-b2; C. VrCLC-c; D. VrCLC-d; E. VrCLC-e; F. VrCLC-f and G. VrCLC-g
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A similar pattern was observed in root tissues, where a 
significant down-regulation was observed till 72 h NaCl 
treatment and the upregulation was observed only at 
day 10 in 200 mM NaCl. In leaf, VrCLC-b2 was strongly 
upregulated after 7 d while in roots, it showed a distinct 
concentration dependent regulation where the expres-
sion was upregulated only at 200  mM NaCl. VrCLC-c 
showed consistent downregulation till 7  days post salt 
treatment in leaf and root, with VrCLC-d displaying late 
upregulation after 7–10 d in leaf and after 72  h in root 
tissue. These patterns suggest that VrCLC-b1, VrCLC-b2, 
and  VrCLC-d  are inducible under prolonged salt stress, 

while  VrCLC-c  is negatively regulated, indicating differ-
ential roles of these genes in salinity response.

VrCLC-e  showed strong and early induction in leaves 
under 200 mM NaCl, with significant upregulation per-
sisting up to 7  days, whereas in roots, its expression 
gradually increased after 24  h (Fig.  15).  VrCLC-f  was 
consistently downregulated in leaves at almost all time 
points, while in roots, it displayed transient upregu-
lation at 6  h, followed by repression at later stages 
(Fig.  15).  VrCLC-g  exhibited significant induction in 
leaves under 200 mM NaCl at multiple time points, while 
in roots it showed transient upregulation at 24  h but 
remained downregulated at other time points (Fig.  15). 

Fig.  13  Heatmap visualization of expression of CLC genes with different tissue samples Heatmaps showing the relative expression levels (log₂ fold 
change) of seven VrCLC genes in various tissues (Root, Leaf, Stem, Flower, IMC – immature cotyledon, RN – root nodule, Seed) of mungbean under (A) 
100 mM NaCl and (B) 200 mM NaCl treatments. Color scale represents expression values, with yellow indicating higher expression and purple indicating 
lower expression relative to control conditions

 

Fig. 12  Chloride estimation of greengram tissues with two NaCl treatment Chloride content (% dry weight) was quantified in root, leaf, stem, flower, im-
mature cotyledon (IMC), root nodule (RN), and seed tissues of plants subjected to control (black bars), 100 mM NaCl (gray bars), and 200 mM NaCl (white 
bars) treatments. Data represent mean ± SE of three biological replicates. *- indicate statistically significant differences (p < 0.05) compared to control
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Fig.  15  Expression profiles of VrCLC genes. Relative expression (log₂ fold change) of  VrCLC genes in leaves and roots of mungbean plants treated 
with 100 mM and 200 mM NaCl. Panels show expression of VrCLCe (I, J), VrCLCf (K, L), and VrCLCg (M, N). Bars represent mean ± SD of three biological 
replicates, each based on three technical replicates

 

Fig.  14  Expression profiles of VrCLC genes. Relative expression (log₂ fold change) of  VrCLC  genes in leaves and roots of mungbean plants treated 
with 100 mM and 200 mM NaCl. Panels show expression of VrCLCb1 (A, B), VrCLCb2 (C, D), VrCLCc (E, F), and VrCLCd (G, H). Bars represent mean ± SD of 
three biological replicates, each based on three technical replicates
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These results indicate that  VrCLC-e  and  VrCLC-g  are 
predominantly salt-inducible in leaves, whereas  VrCLC-
f is largely repressed, suggesting functional divergence of 
these genes in salt stress adaptation.

Discussion
CLCs are a well-characterized family of anion transport-
ers for Cl⁻, NO₃⁻, and SO₄2⁻ that play essential roles in 
nutrient uptake and transport, regulation of cellular tur-
gor, stomatal movement, and signal transduction [19, 45]. 
They are also actively implicated in plant salt tolerance 
[3]. Genome-wide identification and functional char-
acterization of CLC gene families have been reported in 
several plant species, including  Arabidopsis  [46], wheat 
[25], cotton [47], pomegranate [48], trifoliate orange 
[49], Nicotiana [13], and tomato [50] etc. However, such 
systematic studies remain limited to only a few crops, 
and no comprehensive analysis is currently available for 
mungbean. This knowledge gap prompted the present 
work, wherein we performed a comprehensive genome-
wide identification, structural and evolutionary char-
acterization, and expression profiling of the CLC gene 
family in mungbean, with particular emphasis on their 
potential roles in salinity stress responses.

We identified seven VrCLC genes in mungbean which 
is consistent with the modest size of the CLC gene fam-
ily observed in many diploid plant species like Ara-
bidopsis [50], pomegranate [48] and tomato [50] etc. 
Allopolyploid cotton has 22 CLC genes [47], and hexa-
ploid wheat contains 23 TaCLC genes grouped into mul-
tiple homoeologous subfamilies [25]. The occurrence of 
multiple CLC-b and CLC-d paralogs in wheat and cotton 
is ascribed to genome duplications [25, 47]. In contrast, 
the smaller diploid genome of mungbean contains only 
a single copy for most clades except VrCLC-b1/b2 that 
is the sole duplicate pair identified. This suggests that 
mungbean retains a core set of CLC genes that are func-
tionally sufficient for carrying out anion homeostasis and 
may have evolved under stronger purifying selection for 
maintenance of critical function.

The gene structures of VrCLCs show variability in 
exon number ranging from 6 (VrCLC-b1, -b2,—g) to up 
to 24 exons (VrCLC-d). This resembles the variability 
observed in other plants like Nicotiana [13]. Such com-
plex gene structures, could be a conserved phenom-
enon and potentially related to regulatory or splicing 
control mechanisms. Structural motifs identified in the 
in VrCLCs are rich in acidic (E, D) and basic (K, R) resi-
dues, which are characteristic of ion-binding and gating 
regions in known CLC antiporters [50]. Moreover, motifs 
3, 5, and 7 contained key glutamate residues which are 
important determinants of Cl⁻/H⁺ antiport activity [51]. 
Additionally, predicted 3D models showcase classic fea-
tures of CLC architecture such as predominant α-helical 

transmembrane domains forming ion conduction pores, 
presence of predicted ligand-binding pockets and at least 
one CLC-related domain (PF00654 or CBS-pair) in all 
gene, establishing their identity as functional CLC fam-
ily members [52, 53]. Based on conserved glutamate-con-
taining motifs (motifs 3, 5 and 7), domain organization, 
and phylogenetic relationship with Arabidopsis [46, 
54],  VrCLC-b1, VrCLC-b2, and  VrCLC-d  are predicted 
to function as  Cl⁻/H⁺ antiporters. In contrast,  VrCLC-c, 
VrCLC-e, VrCLC-f, and VrCLC-g  likely function as chlo-
ride channels, lacking key proton-coupling glutamates 
and grouping with channel-type Arabidopsis homologs.

Phylogenetic analysis revealed that each mungbean 
CLC protein clustered with an orthologous clade in other 
species, though mungbean lacked a CLC-a clade mem-
ber, unlike other legume crop soybean [13], suggesting 
a possible gene loss or divergence in its lineage. Com-
parative synteny between mungbean and soybean fur-
ther clarifies VrCLC evolution (Fig. 7). The Glycine max 
genome is palaeopolyploid and experienced two whole-
genome duplications (~ 59 and ~ 13 million years ago). 
This event left a high proportion of duplicated genes, 
whereas mungbean lacks the recent glycine-specific 
event and retains a more compact gene set [55, 56].Con-
sistent with this history, soybean harbours a duplicated 
CLC repertoire (e.g., duplicated pairs such as GmCLCb1/
b2, GmCLCc1/c2, GmCLCd1/d2), several of which are 
supported by functional or expression evidence under 
salinity [17, 23]. Our collinearity analysis shows that 
VrCLC loci on chromosomes 1, 5 and 7 correspond to 
duplicated GmCLC blocks on chromosomes 4, 5, 6, 9, 
13 and 16, consistent with segmental retention following 
soybean whole-genome duplications, whereas mungbean 
largely maintains single-copy VrCLC loci. This differ-
ence in duplication history likely underpins the contrast-
ing family sizes and paralog retention patterns between 
mungbean and soybean.

Promoter analysis of  VrCLC  genes revealed multiple 
hormone and stress-responsive cis-elements, includ-
ing elements like TGA and AF1 that are associated with 
auxin signaling, indicating potential cross-talk with 
developmental and stress pathways. Reports from other 
species, such as  PtrCLC2  and  PtrCLC4  in trifoliate 
orange [49],  and CLC genes in cotton [47] and soybean 
[57] shows that CLC transcripts are induced by NaCl and 
ABA, highlighting their integration into broader stress-
responsive regulatory networks and a likely co-activa-
tion with other defense-related genes under adverse 
environmental conditions. WGCNA complements this 
notion, as  VrCLC-b1, b2, d, e,  and  f  were co-expressed 
with WRKYs, HSP70, and genes linked to metabolism 
and transport, connecting VrCLCs to defense and sec-
ondary metabolism pathways. Moreover, transcriptional 
regulators like GmbHLH3  [23] and  GmZAT10-1  [58], 
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previously implicated in salt stress responses in soy-
bean, represent  potential candidates  that may regu-
late  VrCLC  expression in mungbean, although this 
requires further experimental confirmation.

In our previous work comparing three mungbean vari-
eties differing in salt tolerance, we demonstrated that 
selective exclusion of Cl⁻ ions, accompanied by reduced 
expression of CLC genes, VrCLC-b2 and VrCLC-c in leaf 
tissue contributed to the enhanced salinity tolerance of 
the salt resistant variety MGG 295, despite substantial 
Na⁺ accumulation in leaves [3]. In contrast, the salt-sen-
sitive line LGG 460 showed higher Cl⁻ uptake along with 
markedly increased expression of  VrClC-b2  and  VrClC-
c  in both roots and shoots, highlighting that excessive 
Cl⁻ accumulation likely contributes to salt-induced tox-
icity symptoms. In this study also, we performed the 
quantification of Cl⁻ ion accumulation in different tis-
sues of the plant under salt stress. It was interesting 
to observe that Cl⁻ content increased in leaf, IMC and 
roots at both the NaCl concentrations, while stem and 
flower accumulated Cl⁻ only at 200  mM NaCl. Expres-
sion heatmaps obtained from qRT-PCR analysis of CLC 
genes revealed strong induction of  VrCLC-b1 and  e  in 
leaf and roots under 100 mM and 200 mM NaCl, coincid-
ing with elevated Cl⁻ content in these tissues, VrCLC-b1 
particularly showed no change or rather downregulation 

in root nodules and seed where we observe no change 
in Cl− accumulation. This correspondence suggests that 
VrCLC-b1 may contribute to Cl⁻ transport from roots to 
leaves and IMC while its unchanged or lower expression 
prevented excessive Cl⁻ translocation to root nodules and 
seeds. Similarly, the Cl⁻ accumulation only at 200  mM 
NaCl in stem and flower could potentially be mediated by 
induced expression of VrCLC-b1, -e and -g. In contrast, 
genes such as  VrCLC-c  and  VrCLC-f  displayed weaker 
induction, indicating their minor contribution to Cl⁻ 
redistribution. Together, these patterns indicate that dif-
ferential activation of VrCLC members under salt stress 
may underpin the observed ionic balance and tissue-spe-
cific Cl⁻ compartmentation in mungbean. Time-course 
qRT-PCR expression analysis in root and leaf samples 
indicated that VrCLC-b1, -b2, and -d were initially down-
regulated but strongly induced at later stages, suggesting 
roles in long-term Cl⁻ sequestration. VrCLC-e’s early and 
sustained induction, could imply rapid stress sensing, 
whereas  VrCLC-g  showed robust but transient induc-
tion in leaves, and  VrCLC-f  was consistently repressed 
(Fig.  16). Early salt exposure often triggers osmotic 
adjustment and signaling (e.g., ROS, ABA, calcium), while 
suppressing energy-intensive processes like ion trans-
port/sequestration. This is consistent with the biphasic 
expression patterns reported for other stress-responsive 

Fig. 16  Proposed model of VrCLC gene expression and localization in mung bean under salt stress. Schematic representation of chloride ion (Cl⁻) ac-
cumulation in different tissues of mung bean under salt stress and the associated changes in VrCLC gene expression compared to control conditions 
(middle panel). Upregulated genes are indicated with a “ + ” sign, and downregulated genes with a “–” sign for each tissue type (Leaf, Flower, Stem, Root). 
The right panel shows the predicted subcellular localization of VrCLC proteins, including the vacuole, chloroplast, Golgi apparatus, endoplasmic reticulum, 
and plasma membrane, with proposed roles in Cl⁻ transport and exchange with protons (H⁺). Na⁺ distribution under salt stress is also represented
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genes in Arabidopsis, where an initial suppression phase 
is followed by later transcriptional activation [59]. Nota-
bly, our previous findings showed that MGG 295 limits 
Cl⁻ accumulation under salinity stress (80 and 160  mM 
NaCl), accompanied by downregulation of VrCLC-b2 and 
-c [3]. Here, also a similar down-regulation of expression 
was observed initially till 72 h and thereafter we observed 
upregulation in VrCLC-b1/b2 particularly at 200  mM, 
indicating that these genes are activated primarily under 
more severe stress conditions. This is in contrast to sensi-
tive mungbean and Arabidopsis genotypes [3, 47], where 
early and robust induction of CLC genes typically forms 
part of the acclimation response. These findings highlight 
distinct temporal and stress-intensity dependent regu-
latory strategies governing chloride homeostasis under 
salt stress. Taken together, our genome-wide analysis 
provides a foundational framework for understanding 
the structural and functional diversity of  VrCLC  genes 
in mungbean. The strong salt-responsive expression 
of  VrCLCb1/b2,  VrCLCe, and  VrCLCg, together with 
their association with Cl⁻ distribution, identifies these 
genes as promising candidates for improving ion balance 
and adaptation  under salinity stress. From an applied 
perspective, these VrCLC members could serve as molec-
ular markers in marker-assisted breeding programs or as 
functional targets for CRISPR/Cas-based genome editing 
to develop salt-tolerant mungbean cultivars.

Conclusion
This study provides the first comprehensive characteriza-
tion of the  VrCLC  gene family in mungbean, revealing 
seven members with diverse gene structures, conserved 
motifs, and phylogenetic relationships consistent with 
other dicot and monocot species. The strong synteny 
with Glycine max and Arabidopsis highlight their evolu-
tionary conservation and functional importance in anion 
transport. The strong induction of VrCLC-e and VrCLC-g 
between 30 min to 24 h at 200 mM NaCl (~ 2- to fourfold 
increase) suggests their possible role as  early respond-
ers to salt stress, functioning in initial Cl⁻ compartmen-
talisation or transport regulation (Fig. 16). On the other 
hand, the induction of VrCLC-b1, b2,  and  d (~ 2- to 
fourfold increase) from 72 h to 10 days under salt stress 
together with the chloride accumulation pattern, reveal 
that  VrCLC-b1/b2 and -d are potentially involved in 
long-term Cl⁻ sequestration. However, further functional 
validation is required to confirm this role. WGCNA and 
promoter analysis further suggest that these genes are 
integrated into broader stress-response networks and 
may influence not only ion homeostasis but also meta-
bolic and defense pathways. Besides, low Cl⁻ levels in root 
nodules and reduced expression of most of the  VrCLC 
genes, despite high salinity highlights a potential mecha-
nism to safeguard nitrogen fixation from high Cl− levels 

and could be promising targets for breeding salt-tolerant 
symbiotic performance (Fig.  16). Future work should 
focus on functional validation of key VrCLC genes, par-
ticularly  VrCLC-b1/b2,  VrCLC-e, and  VrCLC-g, using 
CRISPR/Cas-mediated genome editing to elucidate their 
precise roles in Cl⁻ transport and salt tolerance. In par-
allel, promoter engineering or cis-element modulation 
could be employed to fine-tune  VrCLC  expression for 
achieving optimal ion balance under salinity. Besides, 
exploring natural allelic variation in  VrCLC  genes 
across  Vigna  germplasm and identifying key transcrip-
tional regulator, could provide new avenues to enhance 
mungbean salinity tolerance. Such interventions may 
accelerate the development of salt-tolerant mungbean 
cultivars through precision breeding strategies.
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(Glyma.04G114800), GmCLC-f-2 (Glyma.06G320900), GmCLC-e 
(Glyma.14G000500), GhCLC-c1 (Gohir.A10G115100), GhCLC-c3 (Gohir.
A12G002100), GhCLC-c-2 (Gohir.A11G058300), GhCLC-c-4 (Gohir.
D11G062600), GhCLC-g-2 (Gohir.A06G053000), GhCLC-g-4 (Gohir.
D06G052000), GhCLC-g-1 (Gohir.A05G013900), GhCLC-g-3 (Gohir.
D05G015000), GhCLC-a-1 (Gohir.A05G339200), GhCLC-a-2 (Gohir.
A07G227500), GhCLC-a-4 (Gohir.D07G234600), GhCLC-f-2 (Gohir.A13G128000), 
GhCLC-f-4 (Gohir.D13G131500), GhCLC-f-1 (Gohir.A11G276100), GhCLC-f-3 
(Gohir.D11G286500), OsCLC-a (LOC_Os12g25200.1) OsCLC-b2 (LOC_
Os08g20570), OsCLC-g (LOC_Os08g20570), OsCLC-b1 (LOC_Os12g25200.1), 
OsCLC-c (LOC_Os02g35190), OsCLC-d (LOC_Os03g48940), OsCLC-e (LOC_
Os01g50860), OsCLC-f-2 (Os02t0720200-01), OsCLC-f-3 (Os08t0499200-01), 
OsCLC-f-4 (Os08t0499200-01), AtCLC-a (AT5G40890.1), AtCLC-b1 (AT3G27170), 
AtCLC-g (AT5G33280), AtCLC-d (AT5G26240), AtCLC-c (AT5G49890), AtCLC-f 
(AT1G55620), AtCLC-e (AT4G35440).*
—The following **publicly accessible web-based tools** were used for 
domain, motif, structural, and regulatory analyses. Pfam (http:/pfam.xfam.org/), 
InterPro (​h​t​t​p​s​:​/​w​w​w​.​e​b​i​.​a​c​.​u​k​/​i​n​t​e​r​p​r​o​/), NCBI Conserved Domain Database 
(NCBI-CDD) (​h​t​t​p​s​:​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​c​d​d​/), EXPASY (​h​t​t​p​s​:​/​w​e​b​.​e​x​p​a​s​y​.​o​
r​g​/​c​o​m​p​u​t​e​_​p​i​/), SMART (http:/smart.embl.de/), MEME Suite (​h​t​t​p​s​:​/​m​e​m​e​-​s​
u​i​t​e​.​o​r​g​/​m​e​m​e​/​t​o​o​l​s​/​m​e​m​e), GSDS2 (http:/gsds.cbi.pku.edu.cn), PlantCARE (​
h​t​t​p​:​/​b​i​o​i​n​f​o​r​m​a​t​i​c​s​.​p​s​b​.​u​g​e​n​t​.​b​e​/​w​e​b​t​o​o​l​s​/​p​l​a​n​t​c​a​r​e​/​h​t​m​l​/), iTOL (https:/
itol.embl.de/), Cytoscape (https:/cytoscape.org/), I-TASSER (​h​t​t​p​s​:​/​a​i​d​e​e​p​m​e​
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