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Abstract
The aim of this study was to provide a comprehensive analysis of the plant-specific B3 domain-containing transcription fac-
tors (TFs) in chickpea. Scanning of the chickpea genome resulted in the identification of 51 B3 domain-containing TFs that 
were located on seven out of eight chickpea chromosomes. Based on the presence of additional domains other than the B3 
domain, the candidates were classified into four subfamilies, i.e., ARF (24), REM (19), LAV (6) and RAV (2). Phylogenetic 
analysis classified them into four groups in which members of the same group had similar intron–exon organization and motif 
composition. Genome duplication analysis of the candidate B3 genes revealed an event of segmental duplication that was 
instrumental in the expansion of the B3 gene family. Ka/Ks analysis showed that the B3 gene family was under purifying 
selection. Further, chickpea B3 genes showed maximum orthology with Medicago followed by soybean and Arabidopsis. 
Promoter analyses of the B3 genes led to the identification of several tissue-specific and stress-responsive cis-regulatory 
elements. Expression profiling of the candidate B3 genes using publicly available RNA-seq data of several chickpea tissues 
indicated their putative role in plant development and abiotic stress response. These findings were further validated by real-
time expression analysis. Overall, this study provides a comprehensive analysis of the B3 domain-containing proteins in 
chickpea that would aid in devising strategies for crop manipulation in chickpea.
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Introduction

Transcription factors (TFs) are critical regulatory elements 
that bind to the specific DNA sequences present over the 
promoter regions of their target genes (Franco-Zorrilla et al. 
2014). With the availability of whole genome sequence, the 
numbers of candidate transcription factors with implicated 
regulatory roles from different species are continuously 
increasing in numerous transcription factor databases. At 
present, a total of 320,370 TFs from 165 species are sub-
mitted in the plant transcription factor database (Jin et al. 

2017). Amongst them, the B3 domain-containing transcrip-
tion factors are plant-specific TFs that play key roles in vari-
ous facets of plant development. In addition, these TFs are 
instrumental for plant adaptation and survival during various 
abiotic and biotic stresses (Sasnauskas et al. 2018; Swami-
nathan et al. 2008). The members of this family have also 
been found to be involved in various hormone-related sig-
nal transduction pathways, including abscisic acid (ABA), 
ethylene, cytokinin and jasmonates (JAs) (Romanel et al. 
2009; Swaminathan et al. 2008). All proteins, encoded by 
B3 genes contain a highly conserved region of ~ 110 aa 
that encodes a B3 domain. A typical B3 domain usually 
contains seven β strands arranged like an open barrel and 
two alpha helices (Romanel et al. 2009). The B3 domain 
was initially recognized in the VIVIPAROUS (VP1) gene 
of Zea mays (Suzuki et al. 1997). Members of this super-
family can be further classified into four subfamilies based 
on the occurrence of domains other than B3 domain such 
as LAV [Leafy Cotyledon2 (LEC2) Abscisic Acid Insensi-
tive3 (ABI3)-VAL], RAV (related to ABI3 and VP1), auxin 
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response factor (ARF) and reproductive meristem (REM) 
(Swaminathan et al. 2008). B3 family members from differ-
ent crop species have been identified utilizing whole genome 
sequences that include 92, 77, 55 and 88 B3 proteins from 
Arabidopsis, rice, maize and poplar, respectively (Peng and 
Weselake 2013; Romanel et al. 2009). Different binding 
sites of the B3 domain have been reported in various stud-
ies while analyzing B3 members of distinct families. The 
B3 domain of LAV family members binds to RY elements 
(CAT​GCA​) in the promoter regions of seed-specific genes 
(Reidt et al. 2000; Tsukagoshi et al. 2005). The members of 
the ARF family possess N-terminal B3 domains that rec-
ognize TGT​CTC​ motifs (Yamasaki et al. 2013). Similarly, 
the N-terminal region of RAV family proteins harbors an 
AP2 domain that can bind to the CAACA sequence, and 
C-terminal region containing B3 domain that recognizes the 
CAC​CTG​ motif (Magnani et al. 2004).

Three well-known B3 family members that belong to 
AFL network (ABI3, FUS3 and LEC2) under LAV sub-
family have been characterized in Arabidopsis (Devic and 
Roscoe 2016: Kim et al. 2013). Their roles in seed develop-
ment, particularly during storage and maturation stage, have 
been established using the loss-of-function mutants of the 
corresponding genes. Similarly, some members of RAV sub-
family such as Tempranillo1 (TEM1), (TEM2) and NAGA-
THA genes have been shown to play prominent roles during 
flower and leaf development (Castillejo and Pelaz 2008; Gu 
et al. 2017). A large number of studies identifying the ARF 
family members on a genome-wide scale in various plants 
have been done. In such studies, 23, 24, 31 and 51 ARF 
TFs have been reported in Arabidopsis, Medicago, Brassica 
and soybean, respectively (Li et al. 2016; Mun et al. 2012; 
Shen et al. 2015; Van Ha et al. 2013). Role of several ARF 
genes such as MONOPTEROUS (ARF5), ETTIN (ARF3), 
ARF6, ARF7 and ARF8 have been established in embryo 
patterning, carpel development, floral organ maturation, lat-
eral root formation and development of parthenocarpic fruit, 
respectively (Li et al. 2016; Vidaurre et al. 2007; Zhang 
et al. 2018).

Chickpea is one of the most important legume crops in 
the world, especially for human consumption as its seeds are 
good sources of protein, carbohydrate and minerals (Pradhan 
et al. 2014). As chickpea root nodules contribute to nitrogen 
fixation it offers benefits to cereal-based cropping systems 
through crop rotation (Kant et al. 2016). The available whole 
genome sequences of chickpea have facilitated identification 
of different members of various gene families (Jain et al. 
2013; Varshney et al. 2013). In chickpea, genome-wide anal-
yses of various transcription factor families such as NAC 
(Ha et al. 2014), AP2 (Agarwal et al. 2016), Aux/IAA (Singh 
and Jain 2015), and C3H (Pradhan et al. 2017) has been done 
soon after the availability of its whole genome sequence. 
However, the B3 superfamily that contains several members 

known to regulate various developmental processes remains 
largely unexplored in chickpea.

To this effect, in this study, identification of the members 
of B3 superfamily was undertaken at a genome-wide scale. 
The phylogenetic relationships of the identified members with 
homologs from Medicago and Arabidopsis were studied. In 
addition, these genes were subjected to gene structure analysis, 
promoter sequence analysis, and evolutionary analysis. Apart 
from this, expression profiling of the B3 members using the 
available RNA-seq data of various chickpea tissues and under 
stress conditions has also been carried out. Furthermore, 
quantitative real-time PCR (qRT-PCR) of selected B3 genes 
was done to validate the in silico expression patterns of the 
B3 genes. Additionally, expression profiling of selected B3 
members was examined in response to treatment with plant 
hormones.

Materials and methods

Plant materials, tissue collection and treatment

Cicer arietinum cv. ICCV2 was grown at National Institute 
of Plant Genome Research, India, and used for harvesting 
of developing seeds. Field-grown plants were observed for 
flowering. The individual flowers were tagged at the first day 
of anthesis and subsequently used for collecting seeds at dif-
ferent time points, i.e., 10, 20, 30 and 40 days after anthesis 
(DAA) in three biological replicates. For vegetative tissues 
collection, the plants were maintained in a growth chamber 
at a plant growth facility at NIPGR under optimal conditions 
with 16/8 h of light/dark at 22 °C and 64% relative humidity. 
Leaf and root tissue were collected from 10-day-old seed-
lings, flash-frozen in liquid N2 and used for RNA isolation.

To understand the response of chickpea B3 genes under 
various stress treatments, 10-day-old seedlings were sub-
jected to four different stresses: dehydration, desiccation, 
cold and salinity. Initially, chickpea seeds were germinated 
and grown in sterilized soilrite soaked with half-strength 
MS medium for 10 days in controlled growth conditions. For 
dehydration stress and salt stress, 10-day-old seedlings were 
transferred to the solutions of 20% PEG4000 and 150 mM 
NaCl in half-strength MS medium. For desiccation stress, 
seedlings were kept between the blotting sheets. The seed-
lings were kept at 4 °C to evoke cold stress. Shoots were 
harvested from stressed samples after 0 (control), 3, 6, 12 
and 24 h. For hormonal treatment, 10-day-old seedlings were 
transferred to ½ MS solution containing ABA (100 µM) and 
IBA (10 µM) hormones for 0 (control), 3, 6, 12, 24 h. Seed-
lings that were transferred to 1/2 MS solution without any 
additives were used as 0 h control for normalization. Shoots 
of six seedlings were bulked and used for RNA isolation.
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Identification of B3 domain‑containing proteins 
from the chickpea genome

To identify the B3 domain-containing proteins from the 
chickpea whole genome (Varshney et al. 2013), HMM pro-
file of B3 domain (PF02362) was downloaded from the Pfam 
database (http://www.pfam.xfam.org/) and used to carry out 
HMM search (HMMER v3.1) against all predicted proteins 
of kabuli chickpea (Varshney et al. 2013). The identified pro-
teins were retrieved and scanned using InterProScan v5.0 for 
the presence of specific B3 domain. Further, the sequences 
were checked for redundancy and subjected to Blast (https​://
www.blast​2go.com/) analysis in order to assign annotations. 
Sequences of the B3 domain-containing proteins of other 
plant species, i.e., Arabidopsis, Medicago and G. max were 
downloaded from Phytozome v10.

Chromosomal positions, duplication events 
and prediction of Ka/Ks values

The GFF file of kabuli chickpea genome was used to identify 
the start positions of the B3 genes and assign chromosomal 
locations on the eight chickpea chromosomes. Their loca-
tions were visualized using the MapChart software. Dupli-
cation events that occurred in the B3 genes were predicted 
using MCScanX (Wang et al. 2012). Ka/Ks values were 
calculated among orthologous and paralogous genes using 
a PAL2NAL web server (Suyama et al. 2006).

Analysis of phylogeny, gene structure, conserved 
domains and motifs

Full-length amino acid sequences were used for phylogenetic 
tree construction. Sequences were aligned using Clustal W. 
The phylogenetic trees were constructed using the neighbor-
joining method on MEGA6 (Tamura et al. 2013) with a num-
ber of bootstrap replications as 1000. Domain analysis was 
carried out using the InterProScan (http://www.ebi.ac.uk/
inter​pro/) web tool and CD search (https​://www.ncbi.nlm.
nih.gov/Struc​ture/cdd/wrpsb​.cgi). The Pfam database was 
used to examine the schemata of various domains present 
over the amino acid sequences (Finn et al. 2016). MEME 
v4.12.0 (Bailey et al. 2009) was used to search for conserved 
motifs in the candidate protein sequences. The maximum 
number of motifs was set as 10. Genomic organization of 
chickpea B3 genes was visualized using Gene Structure Dis-
play Server (GSDS) v2.0 (Guo et al. 2007). The intron–exon 
information of B3 genes in GFF3 file format was used as 
input.

Synteny analysis

To perform synteny analysis, the chickpea B3 gene sequences 
were aligned to the genomes of Medicago, soybean and Arabi-
dopsis (Phytozome v10) using BLASTn with an E value cut-
off of 1E−05. Mapped locations of B3 genes were utilized for 
comparison. Circos software (v0.61) (Krzywinski et al. 2009) 
was used for diagrammatical visualization of synteny.

Promoter analysis

For in silico promoter analysis, the 2 kb sequences upstream 
of the ATG start site of B3 genes were retrieved from chickpea 
genome (Varshney et al. 2013) and analyzed using PLACE 
database (Higo et al. 1998).

Expression profiling using RNA‑seq data

The expression pattern of the B3 genes was examined using the 
available RNA-seq data of different chickpea tissues: leaf, root, 
flower-bud, and pod (SRX048833, SRX048832, SRX048834, 
and SRX208035) and seed tissues (SRX125162). Further, 
the expression pattern of B3 genes was also analyzed under 
three abiotic stresses by using the available RNA-seq data of 
chickpea seedlings under desiccation, salinity and cold stresses 
(SRP034839). Filtered reads from all tissues were mapped 
onto the identified B3 genes using Burrows–Wheeler Aligner 
with default parameters (Li and Durbin 2009). Mapped reads 
were used for measuring RPKM values. Heat maps were 
generated using log2 normalized values in the MeV software 
(Howe et al. 2011).

RNA extraction and qRT‑PCR analysis

Total RNA from different chickpea tissues were extracted 
using lithium chloride (Choudhary et al. 2009). RNA yield 
and purity were assessed by measuring 260/280 and 260/230 
ratio using NanoDropTM 8000 (Thermo Fisher Scientific). 
Only the RNA samples with a 260/280 ratio of ~ 2.0 and 
260/230 ratio from 2.0 to 2.3 were used for the analysis. The 
integrity of RNA samples was also assessed by agarose gel 
electrophoresis. Primer pairs were designed employing the 
Primer Express software (Applied Biosystems, USA). All 
primer sequences are listed in Online Resource 1. cDNA 
synthesis and qRT-PCR was carried out according to the 
protocol as described in Verma and Bhatia (2019). Statistical 
significance was determined using the Student’s two-tailed 
t test. Genes that had ≥ 2-fold expression change (as com-
pared to control) with P ≤ 0.05 were considered as differen-
tially expressed/up-regulated or having significantly higher 
expression.

http://www.pfam.xfam.org/
https://www.blast2go.com/
https://www.blast2go.com/
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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Results

Identification of B3 domain‑containing proteins

To identify B3 domain-containing proteins, HMM search 
was carried out using the HMM profile of the B3 domain 
against chickpea protein dataset (Varshney et al. 2013). 
This resulted in the identification of 51 full-length B3 
domain-containing proteins that were further confirmed 
by the presence of at least one B3 domain in their amino 
acid sequences. Domains present in chickpea B3 proteins 
and their positions are listed in Online Resource 2. The 
corresponding genes of identified proteins were desig-
nated as CarB3_1–CarB3_51 according to the position 
on the chickpea chromosomes 1–8. Further, these genes 
were used to carry out Blast search against the NCBI data-
base using the Blast2GO tool to identify their annotation 
description which is listed in Table 1. These genes were 
classified into four subfamilies based on the presence of 
additional domains other than the B3 domain. Based on 
the presence of a conserved region (Auxin_resp), 24 pro-
teins were classified as ARF proteins. In addition to the 
B3 domain and Auxin_resp, some of them also contained 
Aux/IAA domain (PF02309). Those containing one or 
more than one B3 domain were classified as REM (19 
nos.), and proteins containing an additional AP2 domain 
were classified as RAV proteins (2 nos.). In Arabidopsis, 
the LAV subfamily consists of two subgroups: the LEC2-
ABI3 subgroup and the VAL subgroup. Based on the pres-
ence of an additional zf-CW domain, chickpea B3 proteins 
were classified into VAL subgroup. The three well-known 
members namely ABI3, FUS3 and LEC2 were classified 
into LEC2-ABI3 subgroup. A schematic representation 
of the domain composition of different subfamilies is 
depicted in Online Resource 3. The 51 identified CarB3 
proteins from chickpea ranged from 145 (CarB3_43) to 
1090 (CarB3_13) amino acids in length, with a relative 
molecular mass of 16.19 kDa (CarB3_43) to 123.34 kDa 
(CarB3_13) and protein pIs from 5.03 (CarB3_37) to 9.91 
(CarB3_36) (Table 1).

Chromosomal locations and duplication analysis

Out of 51 CarB3 genes, 46 could be mapped on all chick-
pea chromosomes except chromosome 8 whereas five 
genes, i.e., CarB3_1, 2, 3, 4, and 5 were located on scaf-
folds 151, 470, 682, 1281 and 1301, respectively. Chro-
mosomal locations of the chickpea B3 genes revealed 
that chromosome 4 and 6 had the highest number of B3 
genes (11 and 10, respectively) followed by chromosome 
2 (4) and chromosome 7 (4) (Fig. 1). Investigation of 

duplication events using MCScanX led to the discovery 
of 21 pairs of paralogous B3 genes distributed on different 
chromosomes. Seven pairs of B3 genes were identified as 
tandem gene duplications and 14 gene pairs were identi-
fied as segmental duplications (Fig. 1; Online Resource 4).

Analysis of phylogeny, gene structure and motifs

To gain insights into the diversity of chickpea B3 proteins, a 
phylogenetic tree was created using the NJ method. Multiple 
sequence alignment of full-length amino acid sequences of 
all 51 B3 proteins was utilized for phylogenetic tree con-
struction. According to the phylogenetic analysis, chickpea 
B3 proteins were classified into four independent groups 
designated I–IV (Fig. 2a). A total of 19 sister pairs were 
found among the 51 B3 proteins, and 16 of them exhibited 
high bootstrap value (≥ 99%). Five proteins, i.e., CarB3_30, 
CarB3_26, CarB3_43, CarB3_49 and CarB3_4 were quite 
diverse and could not be grouped into any of the major 
groups.

The phylogenetic relationships were further strengthened 
by the prediction of conserved domains present in the 51 
CarB3 proteins (Online Research 2). Interestingly, members 
of the same group contained similar types of domains. For 
example, all 24 members encoding ARF-type proteins were 
clustered in group I and group II as they possessed an Aux_
resp domain in addition to the B3 domain in their protein 
sequences. Remaining B3 proteins were clustered into group 
III and IV with some being exceptions (CarB3_30, 26, 43 
and 39). Group III contained 13 B3 proteins including 6 pro-
teins of REM family, 2 proteins of RAV family, 3 proteins of 
VAL family and, LEC2 and FUS3. Notably, all members of 
group IV except for CarB3_13, 36, and 27 contained more 
than one B3 domains in their protein sequences.

Further, the phylogenetic relationships between CarB3 
proteins and the members of the B3 domain-containing pro-
teins of Medicago and Arabidopsis were analyzed. For this, 
B3 protein sequences from Arabidopsis and Medicago were 
downloaded from phytozome v10. These sequences were 
scanned for redundancy and the presence of the B3 domain. 
After redundancy removal and domain confirmation, a total 
of 98 and 116 proteins were identified as B3 domain-con-
taining proteins from Arabidopsis and Medicago, respec-
tively. A phylogenetic tree was constructed utilizing the full-
length B3 protein sequences of chickpea, Arabidopsis and 
Medicago. The phylogenetic tree comprised 265 B3 proteins 
from Arabidopsis (98), Medicago (116) and chickpea (51). 
As shown in Fig. 3, the phylogenetic tree could be divided 
into 9 well-supported groups designated as A to I. Almost 
all groups contained at least one CarB3 protein except for 
the group G, where only B3 proteins of Arabidopsis were 
clustered. It was observed that all members of chickpea 
B3 proteins had very close phylogenetic relationship with 
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Table 1   Characteristics of chickpea B3 proteins

Gene name Chickpea_id Chromosome/
scaffold

Predicted protein Family NCBI annotation

Length (aa) Mw (Da) PI

CarB3_1 Ca_25633 scaffold151 322 37,072.85 7.78 REM b3 domain-containing protein at5g06250-like
CarB3_2 Ca_24123 scaffold470 382 41,763.25 8.99 RAV ap2 erf and b3 domain-containing transcription 

repressor tem1-like
CarB3_3 Ca_23185 scaffold682 907 100,349.05 6.33 VAL b3 domain-containing transcription repressor 

val2-like isoform x1
CarB3_4 Ca_21518 scaffold1281 794 88,689.71 5.71 LAV/ABI3 b3 domain-containing transcription factor abi3-

like isoform x1
CarB3_5 Ca_11175 scaffold1301_1 449 49,576.73 6.18 ARF Auxin response factor 17-like
CarB3_6 Ca_00244 Ca1 854 94,533.74 6.72 VAL b3 domain-containing protein os07g0563300-

like
CarB3_7 Ca_00347 Ca1 699 76,248.34 6.13 ARF Auxin response factor 3
CarB3_8 Ca_00467 Ca1 915 101,575.86 6.22 ARF Auxin response factor 6
CarB3_9 Ca_02541 Ca1 719 79,444.74 8.56 ARF Auxin response factor 18-like
CarB3_10 Ca_02516 Ca1 742 83,157.89 8.01 ARF Auxin response factor-like protein
CarB3_11 Ca_19289 Ca1 830 92,157.49 5.7 ARF Auxin response factor 19-like
CarB3_12 Ca_15659 Ca2 773 85,244.41 6.25 REM b3 domain-containing transcription repressor 

val1
CarB3_13 Ca_15677 Ca2 1090 123,348.24 9.45 REM Metal tolerance protein 4-like
CarB3_14 Ca_15694 Ca2 833 92,562.88 5.89 ARF Auxin response factor 8-like
CarB3_15 Ca_14329 Ca2 504 55,425.74 6.63 ARF Auxin response factor
CarB3_16 Ca_23296 Ca3 460 51,878.1 5.9 ARF Auxin response factor 9-like
CarB3_17 Ca_09486 Ca3 390 44,059.38 5.75 REM b3 domain-containing transcription repressor 

val2-like isoform x2
CarB3_18 Ca_05976 Ca3 327 36,606.97 5.81 LAV/FUS3 b3 domain-containing transcription factor 

fus3-like
CarB3_19 Ca_00826 Ca3 277 31,998.24 6.46 REM b3 domain-containing protein at2g36080-like
CarB3_20 Ca_01368 Ca3 413 47,875.65 5.84 REM b3 domain-containing transcription factor 

nga1-like
CarB3_21 Ca_08436 Ca4 384 41,588.05 8.95 RAV ap2 erf and b3 domain-containing transcription 

repressor tem1-like
CarB3_22 Ca_08488 Ca4 611 67,927.19 7.58 ARF Auxin response factor 18-like
CarB3_23 Ca_17136 Ca4 692 77,443.39 7.05 ARF Auxin response factor 18-like isoform x2
CarB3_24 Ca_14825 Ca4 434 49,413.7 8.84 REM b3 domain-containing transcription factor vrn1
CarB3_25 Ca_09188 Ca4 212 24,737.4 9.46 REM e1 protein
CarB3_26 Ca_10857 Ca4 557 62,256.9 8.68 REM b3 domain-containing protein os01g0723500-

like
CarB3_27 Ca_10856 Ca4 232 26,737.25 8.14 REM Plant-specific b3-dna-binding domain protein
CarB3_28 Ca_10855 Ca4 436 48,925.86 6.4 REM b3 domain-containing protein rem16-like
CarB3_29 Ca_10794 Ca4 279 31,246.94 8.24 ARF Auxin response factor 5-like
CarB3_30 Ca_10789 Ca4 291 31,955.22 6.86 REM Auxin response factor 5-like
CarB3_31 Ca_10748 Ca4 917 102,506.7 5.55 ARF Auxin response factor 5
CarB3_32 Ca_18739 Ca5 239 27,640.46 9.42 REM b3 dna-binding domain protein
CarB3_33 Ca_18738 Ca5 251 29,086.52 9.6 REM b3 dna-binding domain protein
CarB3_34 Ca_08924 Ca5 827 91,419.93 8.33 VAL High-level expression of sugar-inducible gene 

isoform 1
CarB3_35 Ca_08872 Ca5 897 99,653.76 5.67 ARF Auxin response factor 8-like
CarB3_36 Ca_01536 Ca5 227 25,934.93 9.91 REM b3 domain-containing protein at5g42700-like
CarB3_37 Ca_07410 Ca5 476 54,204.83 5.03 REM b3 domain-containing protein os02g0598200-

like isoform x1
CarB3_38 Ca_05876 Ca6 1089 120,334.39 6.18 ARF Auxin response factor 19-like isoform x1
CarB3_39 Ca_05681 Ca6 817 91,497.01 6.24 ARF Auxin response factor 2



	 3 Biotech (2019) 9:346

1 3

346  Page 6 of 17

their homologs from Medicago except for CarB3_3 which 
showed a close relationship with the gene of Arabidopsis 
(AT4G32010.1).

Exon–intron structural diversity is one of the possible 
contributors to the evolution of multigene families. To bet-
ter understand the structural diversity and classification of 

chickpea B3 genes, their exon/intron organization was ana-
lyzed. It was observed that 48 CarB3 genes possessed 1–13 
intron(s) in their genomic sequences, whereas only 3 CarB3 
genes were found lacking introns (Fig. 2b). Remarkably, 
members of the same group exhibited nearly a similar exon/
intron organization. For example, members of the group I 

Table 1   (continued)

Gene name Chickpea_id Chromosome/
scaffold

Predicted protein Family NCBI annotation

Length (aa) Mw (Da) PI

CarB3_40 Ca_05025 Ca6 917 102,746.01 6.17 ARF Auxin response factor 6
CarB3_41 Ca_06323 Ca6 293 34,209.52 5.84 LAV/LEC2 b3 domain-containing transcription factor lec2
CarB3_42 Ca_06352 Ca6 723 80,098.44 6.32 ARF Auxin response factor 3
CarB3_43 Ca_06552 Ca6 145 16,195.76 6.82 REM b3 domain-containing protein os04g0386900-

like
CarB3_44 Ca_14590 Ca6 807 89,813.72 6.53 ARF Auxin response factor 4
CarB3_45 Ca_26121 Ca6 706 78,577.19 7.03 ARF Auxin response factor 18
CarB3_46 Ca_21948 Ca6 687 76,186.72 6.39 ARF Auxin response factor 9-like
CarB3_47 Ca_13671 Ca6 431 48,587.08 9.03 REM b3 domain-containing transcription factor 

vrn1-like isoform x1
CarB3_48 Ca_03128 Ca7 990 110,777.92 6.33 ARF Auxin response factor 19-like
CarB3_49 Ca_09273 Ca7 435 49,459.13 8.37 REM b3 domain-containing protein os01g0234100-

like isoform x1
CarB3_50 Ca_17624 Ca7 571 64,731.54 7.28 ARF Auxin response factor 18-like isoform x2
CarB3_51 Ca_17636 Ca7 679 76,102.9 6.38 ARF Auxin response factor 18-like isoform x1

Fig. 1   Chromosomal distribution of CarB3 members on eight chickpea chromosomes. Genes under colored blocks are tandemly duplicated 
genes and genes with symbols are segmentally duplicated genes (Online Resource 4)
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contained 11–13 introns, whereas members of group II had 
1–3 introns only. Notably, members of group III contained 
the 3 intron-less genes. It was observed that most of the 
sister gene pairs in the same group showed a conserved 
intron/exon structure. However, differences in the structural 
organization and the number of exons and introns were 
also observed in some of the sister gene pairs. For exam-
ple, CarB3_29 contained 6 introns in its genomic sequence, 
whereas its close homolog, CarB3_31 contained 13 introns. 
Likewise, CarB3_13 was found to have 13 introns, whereas 
its closest homolog, CarB3_36 contained 5 introns.

Conserved motifs and their distribution in the 51 B3 
proteins were identified using MEME tool. A total of 10 
conserved motifs were identified in the B3 proteins (Online 
Resource 5). The identified motifs varied in length from 22 
to 50 amino acids (Online Resource 6). Motif I typically 
appeared in all proteins except CarB3_27 and 33. This motif 
was observed as highly conserved amongst all motifs and 
was present in the region encoding B3 domain. Composi-
tion and number of motifs further validated the phyloge-
netic analysis, as members belonging to the same group 
displayed similar motif organization. Members of group I 
and II shared maximum identical motifs at the N-terminal 

Fig. 2   a Phylogenetic classification of CarB3 members. The CarB3 members were divided into four groups based on their clustering pattern. b 
Exon–intron organization of the CarB3 genes. Exons and introns are represented by blue boxes and grey lines, respectively
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region of proteins, whereas two motifs, i.e., motifs 8 and 9 
were conserved in the C-terminal region. In group IV, only 
motifs 1 and 7 appeared in most members.

Synteny analysis

In order to recognize the orthologous relationship and to 
determine the conserved order of B3 genes on chromo-
somes between chickpea and other sequenced genomes 

including Medicago, soybean and Arabidopsis, a compara-
tive analysis was carried out. Sequences of B3 genes were 
aligned to genomes of Medicago, soybean and Arabidop-
sis. The comparative analysis revealed that 43 B3 genes 
of chickpea found homologs in the M. truncatula genome, 
38 members found homologs in soybean genome and 11 
B3 genes found homologs in Arabidopsis genome (Online 
Resource 7). Ka/Ks ratio was calculated to determine the 
nature of selection (neutral, diversifying or purifying) of 
the B3 gene family. Ka/Ks ratio was calculated for paralo-
gous and orthologous genes. The results indicated that the 

Fig. 3   A combined NJ-based phylogenetic tree based on B3 sequences of chickpea, Medicago and Arabidopsis 
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B3 genes were under purifying selection as all gene pairs 
had the Ka/Ks ratio < 1 (Online Resource 8).

Promoter analysis

A promoter sequence largely determines the spatiotemporal 
expression pattern of genes. In addition, the cis-regulatory 
elements present over the promoter sequence often provide 
binding sites for transcription factors and other accessory 
proteins which in turn can activate or repress the expres-
sion of gene. In order to identify the important cis-regula-
tory elements present over the promoters of B3 genes, 2 kb 
upstream sequences from ATG start site of each B3 gene 
were analyzed using PLACE database. In silico analysis of 
promoter regions of all B3 genes revealed the presence of 
several different cis-elements in the upstream region of the 
genes (Online Resource 9). cis-elements such as AUXREP-
SIAA4, AUXRETGA2GMGH3, BBOXSITE1STPAT, CAR​
GAT​CONSENSUS, CONSERVED11NTZMATP1 and 
LREBOXIPCCHS1 were unique to CarB3_26, CarB3_21, 
CarB3_38, CarB3_15, CarB3_8 and CarB3_10, respectively. 
It was observed that one or more motifs related to seed-
specific expression were also present in promoter regions of 
B3 genes. These motifs included AACA2SSEEDPROTBA-
NAPA, GCN4OSGLUB1, NAPINMOTIFBN, SEF1MOTIF, 
SEF3MOTIFGM and RYREPEATBNNAPA motifs which 
are characteristically found in promoters of genes encod-
ing seed storage proteins. Apart from this, cis-elements 
related to dehydration-response (CBFHV, ACG​TAT​ERD1, 
DRECRTCOREAT, MYB1AT, and MYB2CONSENSU-
SAT) and flower development (CAR​GAT​CONSENSUS, 
WUSATAG) were also present in many B3 gene promoters.

In silico expression analysis and validation 
through qRT‑PCR

All 51 Car_B3 genes were examined for their in silico 
expression pattern using RNA-seq data from different 
chickpea tissues: leaf, root, flower-bud, pod and 4 stages 
of seed development (Fig. 4). The analysis showed that 12 
genes exhibited preferential expression in at least one of 
the seed tissues (Fig. 4). For instance, four B3 genes such 
as CarB3_19, 9, 37 and 12 were expressed specifically in 
10 DAA seeds, and three genes such as CarB3_18, 42, 
and 22 were expressed predominantly in 20 DAA seeds. 
In addition, CarB3_47 had an almost equal expression 
in 10, 20 and 30 DAA seeds. One B3 gene, CarB3_31 
was observed having higher expression in early stages 
of seed development (10 and 20 DAA) whereas two 
B3 genes, CarB3_34 and CarB3_4 were found to be 
expressed higher in late stages (30 and 40 DAA). Four 
genes (CarB3_17, 27, 15, and 50) were found to have 
no expression in any of the seed tissues. However, some 

B3 genes such as CarB3_14, 8, 11, 46 and 16 exhibited 
lower expression in seed tissue when compared to other 
tissues. It was observed that CarB3_7, 8, 40, 35 had high 
expression in flower bud. Several B3 genes (60.08%) were 
found to have no expression in leaf tissue (Fig. 4). Only 
one B3 gene, i.e., CarB3_2 exhibited higher expression 
in leaf tissue. Two B3 genes, i.e., CarB3_21 and 24 were 
seen to display extensively high expression in root tissue 
(Fig. 4). Some of the members were selected for valida-
tion through qRT-PCR. Significant correlation between in 
silico data and real-time PCR data was observed that vali-
dated the in silico prediction of the CarB3 gene expres-
sion in different tissues (Fig. 5).

Further, the in silico expression patterns of B3 genes were 
analyzed under three abiotic stresses: desiccation, salinity 
and cold by utilizing the RNA-seq reads (SRP034839) of 
chickpea stressed tissues. Majority of the genes exhib-
ited differential expression in stressed root tissues when 
compared to control tissue (Fig. 6a). Two genes such as 
CarB3_31 and CarB3_4 were found to be up-regulated in 
all three stress conditions. In addition, three B3 genes such 

Fig. 4   Hierarchical clustering of CarB3 genes based on digital 
expression analysis in different chickpea tissues. Scale bar represents 
the log2 normalized RPKM values. Color gradient denotes level of 
expression; red being high and green being low
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as CarB3_7, 44 and 2 were expressed more in salinity stress. 
None of these B3 genes were detected having expression 
specifically in cold-stressed root tissue. Two B3 genes such 
as CarB3_13 and 16 were up-regulated in both desicca-
tion and cold stresses in root tissue. Most of the B3 genes 
(CarB3_6, 8, 20, 36, 38, 26, 24, 14, 16, 45) were observed 
having less than twofold difference (almost similar expres-
sion) in expression in stressed shoot tissue when compared 
to the control shoot tissue (Fig. 6b). Two B3 genes such as 
CarB3_48 and 1 were found to be up-regulated in desiccated 
shoot tissue. Two B3 genes, CarB3_2 and CarB3_21, were 
expressed more in cold stress. Two B3 genes, i.e., CarB3_39 
and 17 were found having similar expression in both desic-
cation and salinity stress (Fig. 6b).

qRT‑PCR analysis of selected members 
under different stresses and hormonal treatments

Further, we selected some B3 members on the basis of their 
in silico expression profiles in different tissues and analyzed 
their expression through real-time PCR under four stress 
conditions (salinity, cold, dehydration and desiccation) at 
different time points. Three B3 genes (CarB3_2, 5 and 7) 
were found to be up-regulated in cold stress. They showed a 
steady increase in expression at 12 and 24 h after treatment. 
However, genes such as CarB3_49, 26, 46 were found hav-
ing expression similar to the control tissue in cold stress 
(Fig. 7). Seven B3 genes (CarB3_49, 39, 11, 34, 41, 21 and 
28) were up-regulated significantly in response to salinity 
stress. Amongst them, CarB3_49, 11, 28 and 34 were up-
regulated at 24 h after treatment, whereas CarB3_39, 21 
were up-regulated at 6 h after treatment. Another gene, 
CarB3_41 was up-regulated at 3 h and 24 h after salinity 

Fig. 5   Expression analysis of nine selected CarB3 genes in different 
chickpea tissues through qRT-PCR. Values on Y-axis denote rela-
tive expression values. DAA, days after anthesis. Error bars indicate 
standard deviation (± SD) of three biological replicates each calcu-

lated from three technical replicates. Asterisks indicate statistically 
significant difference between control (leaf) and other tissues (t test, 
*P < 0.05, **P < 0.01)



3 Biotech (2019) 9:346	

1 3

Page 11 of 17  346

treatment. Gene, CarB3_7 showed up-regulation in response 
to cold and salinity stress but did not show any activity in 
desiccation stress. CarB3_4 and CarB3_46 were up-reg-
ulated more in desiccation stress and dehydration stress, 
respectively (Fig. 7).

To analyze the response of CarB3 genes under ABA 
and auxin treatment, qRT-PCR was carried out for selected 
B3 members of chickpea. ABA treatment caused a marked 

change in the expression of all selected B3 genes (Online 
Resource 10). Maximum genes (CarB3_4, 49, 2, 39, 14, 21, 
7 and 20) were found to be expressed significantly higher at 
12 h after ABA treatment. Three B3 genes (CarB3_5, 41 and 
46) maintained the up-regulation at 12 and 24 h after treat-
ment. In response to auxin treatment, many genes were up-
regulated at two or more than two time points. For example, 
CarB3_5 was up-regulated at 3, 6 and 24 h after treatment 

Fig. 6   Heat map showing the digital expression of CarB3 genes in 
different stress conditions: desiccation, salinity, cold. a Control and 
stressed root tissues. b Control and stressed shoot tissues. Cluster-

ing method: hierarchical clustering. Color gradient denotes level of 
expression; red being high and green being low. Grey color depicts 
no expression
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and CarB3_39 was up-regulated at 3, 12 and 24 h after treat-
ment (Online Resource 11). CarB3_28 showed up-regulation 
at 12 h and 24 h after treatment. One B3 gene, CarB3_49 
was highly expressed (> 2-fold) at 24 h after treatment. Two 

genes (CarB3_21 and 46) had more than twofold expression 
at 3 h after treatment when compared to tissue of 0 h treat-
ment. No significant changes were observed for three genes 

Fig. 7   Expression analysis of 15 selected CarB3 genes in response to 
different stress conditions: cold, salinity, dehydration, desiccation at 
different time points through qRT-PCR. Values on Y-axis denote rela-
tive expression values. Error bars indicate standard deviation (± SD) 

of three biological replicates each calculated from three technical 
replicates. Asterisks indicate statically significant difference from the 
control (t test, *P < 0.05, **P < 0.01)
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in the expression in response to auxin treatment (Online 
Resource 11).

Discussion

The entire process of plant development is well orches-
trated by several transcription factors (TFs) acting in a 
combinatorial manner. Transcription factor families have 
been extensively identified (Davuluri et al. 2003; Jin et al. 
2017), amongst them the plant-specific B3 TF family has 
special significance owing to its role in regulation of a vari-
ety of pathways involved in plant development and defence 
responses (Romanel et al. 2009; Swaminathan et al. 2008). 
In addition, B3 TFs play crucial roles in several hormone-
related signal transduction pathways (Swaminathan et al. 
2008). In the present study, the available whole genome 
sequence of chickpea (Varshney et al. 2013), facilitated iden-
tification of the complete set of 51 B3 domain-containing 
proteins from the 28,269 annotated proteins of chickpea. 
However, in the plant transcription factor database, 48 B3 
transcription factors were reported from Cicer arietinum 
genome, which is comparable with our identification. The 
complete set of 51 proteins were analyzed at the molecular 
and structural level that revealed diversity in their lengths, 
domain patterns and isoelectric points suggesting diverse 
roles for transcripts in regulating a wide range of biological 
processes in different phases of chickpea plant development. 
This is the first report in chickpea where the B3 proteins 
were identified and characterized at the molecular level.

The identified 51 B3 domain-containing proteins were 
classified into four subfamilies, i.e., ARF, LAV, RAV and 
REM based on the classification by Swaminathan et al. 2008. 
However, a few reports classified them into five distinct sub-
families, where they sub-categorized LAV as ABI3/VP1 and 
HIS (Romanel et al. 2009). In the present study, we classified 
some of the CarB3 proteins lacking additional B3 domain 
into REM family, similar to the previous reports (Swamina-
than et al. 2008, Romanel et al. 2009). In the CarB3 super-
family, ARF was the largest subfamily in chickpea similar to 
the case of soybean, where 54 ARFs were reported to form 
the largest subfamily (Peng and Weselake 2013; Zhang et al. 
2011). In contrast, ABI3-VP1 shared the largest proportion 
of B3 proteins in Arabidopsis, B. rapa and cocoa (Peng and 
Weselake 2013). In chickpea, LEC2-ABI3/VP1 subgroup 
includes three well-known members namely ABI3, FUS3 
and LEC2. Their role in different stages of seed develop-
ment particularly in maturation stage has been established 
by analyzing the loss-of-function mutants of corresponding 
genes in Arabidopsis (Kim et al. 2013; Luerßen et al. 1998; 
Nambara et al. 1995).

Phylogenetic analysis of different gene families from vari-
ous crop species has illustrated that the members of the same 

clade represent similar motif structure, domain organiza-
tion and intron–exon structure thereby suggesting their con-
served function and origin from a common ancestor (Bhat-
tacharjee et al. 2015; Li et al. 2017; Singh et al. 2014; Tang 
et al. 2016). In the present study, 51 chickpea B3 proteins 
were clustered into four clades each of which was well sup-
ported by the similar gene organization and presence of con-
served motifs (Fig. 2, Online Resource 5). Analysis of the 
intron–exon structure of the B3 genes revealed significant 
variations in the number and length of introns, suggesting 
that these genes might have experienced intron loss or intron 
gain during the course of evolution. Three intron-less B3 
genes were observed in chickpea (Fig. 2). These genes might 
have lost introns to evolve efficient and speedy processes of 
transcription regulation (Deutsch and Long 1999). Protein 
sequence motif is a short stretch of amino acids which is 
considered as a structural unit required for proper folding of 
the proteins (Bailey et al. 2015). Within the chickpea B3 pro-
teins, significantly high level of conservation was observed 
amongst identified motifs (Online Resource 5). Interestingly, 
members of the same clade in the phylogenetic tree were 
found to contain similar motifs and also exhibited similar 
motif organization which further validated the phylogenetic 
analysis. Conservation of motifs among the members of the 
same clade has been observed in various gene families in 
chickpea (Pradhan et al. 2014; Singh and Jain 2015; Singh 
et al. 2014). Furthermore, such kind of identity in motif pat-
terns reflects the structural and functional redundancy in the 
members of the same group. Domain analysis is an impera-
tive aspect of structural genomics that provides informa-
tion about the evolution, function and structure of a protein. 
Each B3 protein contained at least one B3 domain which was 
highly conserved among all the B3 proteins. Notably, mem-
bers of the same group in the phylogenetic tree appeared to 
contain similar numbers and types of domains in addition to 
the B3 domain, suggesting structural conservation amongst 
the members of the same group. A combined phylogenetic 
tree comprising B3 proteins of Arabidopsis, Medicago and 
chickpea was also constructed (Fig. 3). The tree topology 
indicated that the majority of orthologous genes could be 
grouped into the same clade. Notably, all chickpea ARF and 
REM genes clustered together with their orthologous genes 
in similar groups indicating their functional and structural 
conservation. For instance, all chickpea ARFs were clustered 
together with their orthologs of Arabidopsis and Medicago 
in group A and B. Likewise, orthologous genes of ABI3, 
FUS3 and LEC2 were clustered in group C which further 
supported their functional conservation in the regulation 
of seed development (Nambara et al. 1995, 2000; To et al. 
2006).

Gene duplication events (tandem and segmental) are the 
major contributors to the expansion of a gene family (Can-
non et al. 2004). With regard to the duplication of chickpea 
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B3 genes, it was clear that these genes primarily evolved 
through segmental duplication since their level was greater 
than the tandem duplications (Fig. 1). Even at the whole 
genome level, it had been demonstrated that overall chick-
pea gene families expanded by undergoing segmental dupli-
cations (Jain et al. 2013). Notably, duplicated genes were 
found to be located as sister pairs in the phylogenetic tree, 
suggesting their evolutionary closeness. Furthermore, high 
sequence similarity between the duplicated genes indicated 
their redundant function in the common biological pro-
cesses. However, due to long-term evolution, functional 
diversification may exist in the duplicated genes.

Synteny analysis provides valuable information about the 
gene order, evolutionary history and conservation among 
multiple genomes (Salse et al. 2002). A comparative analysis 
between chickpea and other genomes, i.e., Medicago, soy-
bean and Arabidopsis was carried out by utilizing the infor-
mation of physically mapped B3 genes (Online Resource 7). 
Chickpea and Medicago were observed to be sharing maxi-
mum similarity and orthologous conservation as compared 
to Arabidopsis and soybean genome. The close proximity 
of chickpea to Medicago has repeatedly been demonstrated 
in various studies carried out for different gene families in 
chickpea (Gupta et al. 2015; Pradhan et al. 2017). And, it 
is also supported by the taxonomy of legumes where both 
chickpea and Medicago occur in the Galegoid clade (Jain 
et al. 2013).

Selection is the key to the creation of new variations in 
a gene pool. During evolution, selection occurs by select-
ing advantageous mutations and removing deleterious vari-
ations. In genetics, the ratio of non-synonymous (Ka) and 
synonymous (Ks) substitutions is used to determine the 
nature of selection (neutral, diversifying or purifying) act-
ing on a set of homologous protein-coding genes. A Ka/Ks 
ratio of 1 designates neutral selection, Ka/Ks > 1 indicates 
positive (diversifying) selection and Ka/Ks < 1 implies that 
amino acids evolve primarily through negative (purifying) 
selection (Zhou et al. 2010). In the present study, the Ka/Ks 
ratio was used to determine the rate of evolution in homolo-
gous protein-coding B3 genes. It was observed that the B3 
genes are under purifying selection as all gene pairs had 
the Ka/Ks ratio < 1 (Online Resource 8). Purifying selec-
tion maintains long-term stability by eliminating deleterious 
mutations (Sironi et al. 2015). Therefore, it may be said that 
the importance of B3 gene family in chickpea plant develop-
ment has necessitated the maintenance and conservation of 
its members.

A promoter sequence harbors specific DNA elements 
that provide binding sites to proteins, especially transcrip-
tion factors (Bulyk 2004) and serve as the key factors for 
controlling gene transcription and regulated expression. 
Although B3 proteins themselves are the transcription fac-
tors, they may be under the control of other transcription 

factors. To gain insights into their regulatory functions, the 
promoter sequences of the chickpea B3 genes were analyzed. 
This highlighted the presence of several cis-regulatory ele-
ments, of which some were common among the B3 genes, 
whereas some promoters contained unique motifs (Online 
Resource 9). Several tissue-specific cis-regulatory elements 
were found in the promoter regions of many B3 genes which 
strongly indicated their involvement in various develop-
mental pathways of chickpea development including leaf, 
flower, nodule, and seed tissues. For example, genes that 
had “WUSATAg” in their promoter sequences were found 
to be expressed highly in flower tissue. Similarly, CarB3_34 
was observed to have strong seed-specific expression and 
its promoter was seen to contain several seed-specific cis-
regulatory elements. Further, several cis-regulatory ele-
ments responsible for stress-responsive expression such as 
ABRE, DRE and/or LTRE were also observed in many of 
the B3 genes, suggesting their stress-responsive regulation. 
In addition, regulatory elements for plant hormone responses 
were also detected in the promoters of B3 genes in chickpea 
thereby endorsing the fact that CarB3 genes may play critical 
roles in hormonal crosstalk as well.

Expression levels of genes provide useful information 
about their function during tissue-specific events and under 
different stress conditions. Therefore, members of CarB3 
family were investigated for their in silico expression pat-
tern in various chickpea tissues that was further validated 
through real-time PCR analysis (Figs. 4, 5). Differential 
expression (> 2-fold) for most of the CarB3 genes was 
observed amongst different chickpea tissues indicating the 
potential role of B3 genes in various developmental path-
ways. In the present study, CarB3 members encoding ABI3, 
FUS3, VAL1 and NGA1 were observed having seed-specific 
expression which is consistent with the study on B3 genes 
in Arabidopsis (Peng and Weselake 2013). Moreover, in the 
transcriptome analysis carried out for chickpea seed tissues, 
the B3 members were found to be over-represented which 
strongly indicates the involvement of B3 TFs in the process 
of chickpea seed development (Pradhan et al. 2014). Simi-
larly, VRN1 encoding CarB3 gene was seen to have signifi-
cantly higher expression in flower tissue. The role of VRN1 
in flowering time control and vernalization has been dem-
onstrated in Arabidopsis (Levy et al. 2002). Furthermore, 
some ARFs were found to be expressed significantly in root 
tissue suggesting their active involvement in root develop-
ment related pathways. For instance, CarB3 that encodes 
ARF19 had the maximum expression in chickpea root tissue 
and its role in lateral root formation has been established in 
Arabidopsis (Okushima et al. 2007).

Abiotic stresses adversely affect plant growth and devel-
opment (Quan et al. 2008). Understanding the complex 
molecular mechanisms underlying stress conditions is a 
major challenge. In the present study, digital expression 
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analysis of chickpea B3 genes was carried out using pub-
licly available RNA-seq data of stressed chickpea tissues 
which was further validated in four stress conditions at dif-
ferent time periods using real-time PCR analysis (Fig. 7). 
Many CarB3 genes displayed significant differential 
expression in one or more stressed tissues at different time 
points suggesting that they might play crucial roles during 
stress (Fig. 6). For example, CarB3_4, encoding, ABI3, 
was found to be up-regulated in desiccation stress in both 
digital and real-time expression analysis. ABI3 has been 
reported to be an important regulator in the acquisition of 
desiccation tolerance in Arabidopsis (Ooms et al. 1993). 
Similarly, the expression of CarB3_49 was found to be 
up-regulated in salinity stress, both in real-time as well as 
in digital expression data of salinity stressed shoot tissue 
(Figs. 6, 7). In short, several CarB3 genes were found to 
have differential expression during various stresses which 
further necessitates a better investigation of the molecular 
and genetic regulation of chickpea B3 genes in abiotic 
stress responses.

Hormones such as ABA and auxin are known to regu-
late abiotic stress-related pathways as well as various 
aspects of plant growth and development. Genes involved 
in auxin and ABA-mediated signaling pathways have been 
identified and analyzed in different plant species (Gao 
et al. 2016; Gu et al. 2012; Kazan 2013; Li et al. 2018; 
Park et al. 2011; Rabbani et al. 2003; Tiwari et al. 2003). 
To investigate the involvement of CarB3 genes in hor-
monal signaling, expression of selected B3 members in 
response to ABA and IBA treatment was analyzed. Most 
of the analyzed genes were found to respond differentially 
at different time points to ABA, suggesting ABA specific 
regulation of these genes under stress conditions (Online 
Resource 10). Similarly, many analyzed CarB3 genes 
responded to exogenous auxin treatment indicating that 
they may play diverse roles in many developmental pro-
cesses under hormonal regulation (Online Resource 11).

This study identifies genes encoding B3 domain-con-
taining proteins in chickpea and provides an in-depth 
analysis of their phylogenetic relationships, promoter 
sequences, and expression patterns in various chickpea tis-
sues and under different abiotic stress conditions. The find-
ings would serve as an excellent foundation for deepening 
the understanding of B3 proteins in chickpea under differ-
ent developmental and physiological processes, including 
environmental stress responses. This will further help in 
channelizing directional efforts towards their functional 
characterization with the overall aim of improving crop 
chickpea.
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