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Aquaporins (AQPs) are essential membrane proteins that play critical role in the transport

of water and many other solutes across cell membranes. In this study, a comprehensive

genome-wide analysis identified 40 AQP genes in chickpea (Cicer arietinum L.). A

complete overview of the chickpea AQP (CaAQP) gene family is presented, including

their chromosomal locations, gene structure, phylogeny, gene duplication, conserved

functional motifs, gene expression, and conserved promoter motifs. To understand

AQP’s evolution, a comparative analysis of chickpea AQPs with AQP orthologs from

soybean, Medicago, common bean, and Arabidopsis was performed. The chickpea

AQP genes were found on all of the chickpea chromosomes, except chromosome 7,

with a maximum of six genes on chromosome 6, and a minimum of one gene on

chromosome 5. Gene duplication analysis indicated that the expansion of chickpea

AQP gene family might have been due to segmental and tandem duplications. CaAQPs

were grouped into four subfamilies including 15 NOD26-like intrinsic proteins (NIPs), 13

tonoplast intrinsic proteins (TIPs), eight plasma membrane intrinsic proteins (PIPs), and

four small basic intrinsic proteins (SIPs) based on sequence similarities and phylogenetic

position. Gene structure analysis revealed a highly conserved exon-intron pattern within

CaAQP subfamilies supporting the CaAQP family classification. Functional prediction

based on conserved Ar/R selectivity filters, Froger’s residues, and specificity-determining

positions suggested wide differences in substrate specificity among the subfamilies

of CaAQPs. Expression analysis of the AQP genes indicated that some of the genes

are tissue-specific, whereas few other AQP genes showed differential expression in

response to biotic and abiotic stresses. Promoter profiling of CaAQP genes for conserved

cis-acting regulatory elements revealed enrichment of cis-elements involved in circadian

control, light response, defense and stress responsiveness reflecting their varying pattern

of gene expression and potential involvement in biotic and abiotic stress responses. The

current study presents the first detailed genome-wide analysis of the AQP gene family in

chickpea and provides valuable information for further functional analysis to infer the role

of AQP in the adaptation of chickpea in diverse environmental conditions.
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INTRODUCTION

Chickpea (Cicer arietinum L.) is second most important
food legume crop grown globally over 13.5Mha with
the production of 13.1Mt in 2013 (FAOSTAT 2013:
http://faostat.fao.org/site/339/default.aspx). The productivity of
chickpea has been limited by several biotic and abiotic factors,
among them drought is one of the major abiotic stress causing a
significant reduction in yield in the majority of chickpea growing
areas (Krishnamurthy et al., 1999). Soil salinity is another
increasing abiotic stress in many of the chickpea growing
areas (Flowers et al., 2010). Understanding the genetic and
molecular mechanisms of tolerance to drought and salinity will
help to improve the adaptation of chickpea to these adverse
conditions. Both the drought and salinity stresses cause tissue
dehydration instigated by the imbalance between root water
uptake and leaf transpiration and modify root water uptake
(Wahid and Close, 2007). Water is absorbed by plants through
root hairs by apoplastic (passive absorption) and symplastic
(active absorption) pathways (Suga et al., 2002; Lian et al., 2004).
The later is more active under different abiotic stress conditions
and mainly regulated by members of aquaporin family proteins
(Amodeo et al., 1999). As a central part of water absorption and
transportation, the role of aquaporin (AQP) genes in response
to biotic and abiotic stresses has been reported in several plants
(Jang et al., 2004; Alexandersson et al., 2005, 2010; Aroca et al.,
2012; Zhou et al., 2012). Despite the importance of AQPs in
regulating stress tolerance, very limited studies on understanding
the role of AQPs in biotic and abiotic stresses were reported in
chickpea. Differential regulation of some of the AQP genes under
drought stress has been described (Molina et al., 2008; Deokar
et al., 2011), suggesting the potential involvement of AQPs in
drought and other osmotic related stresses in chickpea.

AQP are water channel proteins belong to the membrane
intrinsic proteins (MIPs) family that facilitate the rapid and
selective transport of water and several small molecules, such as
glycerol, and urea, dissolved gasses such as carbon dioxide and
ammonia, and metalloids such as boron and silicon across plant
cell membranes (Chaumont et al., 2001; Kaldenhoff et al., 2008;
Hachez and Chaumont, 2010;Maurel et al., 2015). Apart from the
water transport, AQPs are also involved in different physiological
processes such as seed longevity and seed viability (Mao and Sun,
2015), sexual reproduction/anther dehiscence (Bots et al., 2005),
photosynthesis, and stomatal andmesophyll conductance (Perez-
Martin et al., 2014), cell elongation (Yang and Cui, 2009), and
responses to diverse biotic and abiotic stress treatments (Jang
et al., 2004; Peng et al., 2007; Montalvo-Hernández et al., 2008;
Aroca et al., 2012; Khan et al., 2015).

Based on their subcellular localization, the AQPs genes are
classified into five subfamilies including, the tonoplast intrinsic
proteins (TIPs), the plasma membrane intrinsic proteins (PIPs),
the nodulin-like plasma membrane intrinsic proteins (NIPs), the
small intrinsic proteins (SIPs) and the uncategorized (X) intrinsic
proteins (XIPs) (Maurel et al., 2015). These AQP subfamilies were
found highly conserved in higher plant species; however, the XIP
subfamily is absent in monocots or the Brassicaceae (Deshmukh
et al., 2015). Although the AQP were initially classified and

named on the basis of their subcellular localization, recent studies
demonstrated complex and highly regulated mechanism of AQP
at subcellular localization, such as dual localization of ZmPIP1;2
in the PM and in the ER of root elongating cells (Chaumont et al.,
2000) and salt stress condition which regulate Arabidopsis PIPs
to relocated to intracellular vesicles (Boursiac et al., 2008).

The tonoplast AtTIP1;1 gene from Arabidopsis (Arabidopsis
thaliana) was the first plant AQP protein characterized for
water channel activity (Maurel et al., 1993). After that several
plant AQP genes have been identified and characterized using
Xenopus oocyte, yeast and or plant protoplast swelling assays
for water movement (Kaldenhoff et al., 1998; Sommer et al.,
2007, 2008; Gomes et al., 2009). With the availability of whole-
genome sequences for several plant species, aquaporin-related
sequences were identified using genome-wide analysis. In higher
plants depending on the ploidy level, AQP family constitutes
from 30 to more than 70 diverse members. 35 AQP homologs
from Arabidopsis (Johanson et al., 2001; Quigley et al., 2002),
33 from rice (Sakurai et al., 2005; Nguyen et al., 2013), 31 from
maize (Chaumont et al., 2001), 37 from tomato (Reuscher et al.,
2013), 41 from common bean (Ariani and Gepts, 2015), 72 from
soybean (Deshmukh et al., 2013), and 71 in cotton (Park et al.,
2010) have been identified. Compared to other plant species,
little is known about the AQP genes in chickpea, only a few
differentially expressed EST sequences encoding the AQP protein
has been identified (Molina et al., 2008; Jain and Chattopadhyay,
2010; Deokar et al., 2011).

The availability of whole genome sequence of chickpea would
facilitate genome-wide analysis to identify the complete set of
AQPs in chickpea, and comparative analysis to understand the
evolutionary relationship of chickpea’s AQPs with related plant
species. The present study was carried out to identify chickpea
AQP genes using genome-wide analysis and to characterize
their phylogeny, chromosomal distribution, and structure.
Additionally, we also investigated the expression profile of AQPs
genes in various tissues and in response to biotic and abiotic
stresses.

MATERIALS AND METHODS

Identification of Putative Aquaporin Genes
in Chickpea Genome
Nucleotide and protein sequences of chickpea genome (assembly
ASM33114v1) were retrieved from NCBI and (CDC Frontier
genome Cav1.0) from https://www.coolseasonfoodlegume.org/
analysis/105. Nucleotide and protein sequences of Medicago
(Medicago truncatula), soybean (Glycine max) and common bean
(Phaseolus vulgaris L.) were retrieved from Phytozome database
(http://genome.jgi.doe.gov/pages/dynamicOrganismDownload.
jsf?organism=PhytozomeV11). The four species were selected
based on their whole-genome sequence availability, their
agricultural importance, as a model legume species and
representatives of phaseoloid (common bean and soybean)
and galegoid (chickpea and Medicago) the two major clades
of papilionoideae (grain legume) family. A local nucleotide
and protein database of annotated chickpea genes was created
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using NCBI command-line BLAST utilities in BioEdit (Version
7.0.9.0). The putative chickpea aquaporin genes were identified
with BLASTp using 218 known aquaporin genes as query
sequences against the chickpea local database. An e-value of 10−5

was used as an initial cut-off to claim significant matches. Then,
the BLAST output was tabulated and top hits on the basis of bit
scores were selected. BLAST hits with less than a 100 bit-score
were removed.

Multiple Sequence Alignments and
Phylogenetic Analysis
The predicted Chickpea AQP genes (CaAQPs) were classified
into subgroups based on sequence alignment and phylogenetic
relationship with clearly classified AQPs from Arabidopsis
(Quigley et al., 2002). Multiple sequence alignments of amino
acid sequences of CaAQPs and those of Arabidopsis, Medicago,
soybean, and common bean were performed using CLUSTALW
implemented in MEGA5 software (Tamura et al., 2011).
A phylogenetic tree was then constructed using maximum
likelihood (ML) method. A bootstrap analysis with 1000
reiterations was conducted to determine the statistical stability of
each node. The aquaporin subgroups PIP, TIP, NIP, SIP, and XIP
formed in the phylogenetic tree were classified in accordance with
the nomenclature of known AQPs that were used as a query in
initial BLAST search. The phylogenetic tree was visualized using
iTOL (http://itol.embl.de/help.cgi).

Protein Characterization and Identification
of NPA Motifs and Transmembrane
Domains in CaAQPs
Conserved domains within the CaAQP protein sequences
were identified using NCBI’s Conserved Domain Database
(CDD, www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).
Transmembrane domains were detected using TMHMM 2.0
(www.cbs.dtu.dk). All results were manually examined to re-
confirm the CDD results. NPA motifs, ar/R filters (H2, H5, LE1,
LE2), Froger’s positions (P1–P5) and specificity-determining
positions (SDP1-SDP9) were predicted based on careful visual
inspection of multiple sequence alignments of CaAQPs with
structure resolved and functionally characterized AQPs as
reported earlier (Froger et al., 1998; Wallace and Roberts, 2004;
Hove and Bhave, 2011; Zhang da et al., 2013).

The Isoelectric Point (pI), molecular weight and grand
average of hydropathy (GRAVY) of the amino acid
sequences were predicted by Sequence Manipulation
Suite (SMS) V2 available at geneinfinity web server
(http://www.geneinfinity.org/index.html?dp=5). The subcellular
localization of CaAQPs was predicted using WoLF PSORT a
protein Subcellular Localization Prediction Tool available at
http://www.genscript.com/wolf-psort.html.

Genomic Organization and Promoter
Sequence Profiling of CaAQPs
The physical location of CaAQPs on each chickpea chromosome
was detected using BLASTNT search against the local database
of the CDC Frontier genome Cav1.0. Starting position of all

CaAQP genes were used as the indicative position of the genes on
the chromosome or the scaffold. MapChart was used to plot the
chickpea chromosomes and the respective positions of CaAQPs
(Voorrips, 2002).

Intron-exon structures of all CaAQPs were retrieved from the
gene annotation file (GFF) of the CDC Frontier genome Cav1.0.
Intron-exon structures of the genes were visualized using GSDS
2.0 server (http://gsds.cbi.pku.edu.cn/).

The core promoter sequence (1 kb upstream region from
the predicted transcription start site) for all CaAQPs was
extracted from CDC Frontier genome Cav1.0. The PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
database of plant cis-acting regulatory elements was used to find
putative cis-acting regulatory elements in the CaAQP promoter
sequences.

3D Structure
The three-dimensional (3D) structure of CaAQPs were
generated by intensive protein modeling using Phyre2 server
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index)
using ‘Normal’ mode modeling based on alignment to
experimentally solved protein structures. Transmembrane helix
and topology of the CaAQPs were predicted by MEMSAT-SVM
prediction method available in Phyre2 server.

Expression Analysis of CaAQPs
Over the past few years, the number of publicly available
transcriptome (RNA-seq) datasets has greatly increased. These
publicly available data sets are extremely useful for large-scale
gene expression studies. RNA-seq data were downloaded
from the NCBI Sequence Read Archive (SRA) database
(http://www.ncbi.nlm.nih.gov/sra/) and used to analyze the
expression pattern of the CaAQPs under different biotic
and abiotic stresses. The following Sequence Read Archives
were used for fusarium wilt stress (SRX535349, SRX535346,
SRX535348, SRX535351, and SRX548566), root drought stress
(SRX402840), shoot drought stress (SRX402844), root salinity
stress (SRX402841), shoot salinity stress (SRX402845), root
cold stress (SRX402842), shoot cold stress (SRX402846), root
control (SRX402839) and shoot control (SRX402843). For the
tissue-specific expression, RNA-seq data from various plant
tissues and development stages including shoot (SRX402843),
young leaves (SRX208031), apical meristem (SRX208032),
flower (SRX208039, SRX208038, and SRX208037), flower bud
(SRX208033, SRX208034, SRX208035, and SRX208036),
young pod (SRX361953) and root (SRX402839) were
used.

Gene expression of the CaAQP genes was presented as the
FPKM (fragments per kilobase of transcript per million mapped
reads) values. Hierarchical clustering of the CaAQP genes based
on the expression data was performed using Cluster 3.0 software
(http://bonsai.hgc.jp/∼mdehoon/software/cluster/software.htm),
using “correlation (uncentered)” as the distance metric
and average linkage method. Clustering trees and
Heatmaps was visualized using Java TreeView software
(http://jtreeview.sourceforge.net/).
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RESULTS AND DISCUSSION

Aquaporin Gene Family in Chickpea
Whole-genome sequence availability of Kabuli cultivar CDC
Frontier (Varshney et al., 2013) provided an opportunity to
identify and analyse AQP genes in chickpea. We identified
a total of 40 putative aquaporin encoding genes chickpea
genome, namely, thereafter, as CaAQPs (Table 1 and
Supplementary File S1). The number of AQP identified in
this study are slightly higher than the 35AQP genes reported
in Arabidopsis (Johanson et al., 2001), 33 in rice (Sakurai et al.,
2005), 35 in Medicago and 30 in lotus genome, then again almost
same in number as reported 41AQP genes in potato (Venkatesh
et al., 2013), Sorghum (Reddy et al., 2015), common bean (Ariani
and Gepts, 2015), and 40AQP genes in Pigeonpea (Deshmukh
et al., 2015).

A strong correlation between phylogenetic analysis with the
gene function has been observed in AQPs (Soto et al., 2012; Perez
Di Giorgio et al., 2014), indicating that the amino acid based
phylogenetic analysis can be used to predict a putative function
of the identified CaAQPs. To investigate the phylogenetic
relationships and to predict the functionality of the CaAQPs,
we constructed a phylogenetic tree of 223 protein sequences
of aquaporin genes from four legumes including Medicago
(35), common bean (41), soybean (72), chickpea (40), and 35
sequences from Arabidopsis (Figure 1). In accordance with the
AQP gene classification in Arabidopsis, the phylogenetic tree
was subdivided into five clades with well-supported bootstrap
values, representing five distinct AQPs subfamilies. The chickpea
AQPs identified in the present study were named according
to nomenclature proposed in gene classification of Arabidopsis
AQP genes as genus (one letter), species (one letter) i.e., Ca
(Cicer arietinum L.), gene name (three letter code for AQP
subfamily; e.g., PIP) (Table 1). All groups contain CaAQP
genes, except the XIP group. The XIP group contains two
genes from soybean and common bean. In addition to these
two members of phaseoloid clade of Papilionoideae family,
XIPs have been also reported in other phaseoloids such as
pigeon pea (Cajanus cajan) (Deshmukh and Bélanger, 2016).
However, the XIPs were completely missing or have not yet
been reported in species from a galegoid clade of papilionoideae
family such as Medicago and Lotus japonicus (Deshmukh and
Bélanger, 2016). This observation suggests the possibility that the
XIPs genes were mainly observed in phaseoloids clade (warm
season legumes) and lost from the galegoid species (cool-season
legumes) during the evolution of the papilionoideae family.
Compared to the 40 CaAQPs, its legume counterparts Medicago,
common bean, and soybean have 35, 41, and 72 AQP genes,
respectively (Supplementary File S2). Multiple copies of AQP
genes in soybean could be due to whole-genome duplication
(WGD) event occurred twice at approximately 59 and 13
million years ago (mya) (Schmutz et al., 2010). Whole-genome
sequence analysis of chickpea also observed a historical genome
duplication after the divergence of legumes from Arabidopsis
and grape (Varshney et al., 2013). The soybean whole-genome
duplication events also occurred in the same period. The
observed CaAQPs (40) number is within the range of Medicago,

common bean, and Arabidopsis, but fewer than that of soybean.
This could be due to the combination of gene loss and duplication
events occurred during chickpea genome evolution.

The CaAQPs were classified in four different subfamilies,
PIPs (9 members), TIPs (12), NIPs (16 members), and SIPs
(3 members). Further, the subfamilies were sub-grouped based
on the analysis of the aromatic/arginine (Ar/R) selective filters
and phylogenetic positioning that corroborate each other very
well. The CaPIP subfamily was grouped in two subgroups
CaPIP1 and CaPIP2 with four and five members in each group,
respectively. Similarly, the CaSIP subfamily was also grouped in
two subgroups CaSIP1 and CaSIP2 with two and one members
in each group, respectively. The CaTIP subfamily was clustered
in five subgroups (CaTIPs1-5). The largest subfamily CaNIPs
consisted of six subgroups (CaNIPs1-6), with a maximum of nine
members in CaNIP1 subgroups (Figure 2A and Table 1). Among
the CaAQPs, CaNIPs were the most diverse subfamily with 47.5%
sequence similarity, whereas CaPIPs were the most conserved
subfamily with 76.1% sequence similarity at the amino acid level
(Supplementary Table 1).

Plant AQPs have been shown to have different biochemical
properties associated with the function characteristics (Johanson
andGustavsson, 2002; Hove and Bhave, 2011). In order to analyse
biochemical properties of the identified genes, we predicted
molecular weight, protein Isoelectric Point (pI) and predated
subcellular localization of the CaAQPs. The identified CaAQPs
encodes protein ranging from 251 to 335 (average 261) amino
acids in length, a molecular weight ranging from 21.8 to 36.2
(average 27.9) kD and a pI value ranging from 4.8 to 9.43 (average
7.4) (Table 1). Among the CaAQP subfamilies, the average pI
value of CaTIPs (pH 6.0) is less (i.e., more acidic) than the TIPs
(pH 8.5) i.e., more basic (Table 1). The difference is mainly due
to the presence or absence of basic residues in the C-terminal
domains of AQP proteins as also observed in Arabidopsis and
sweet orange AQPs (Johansson et al., 2000; Martins Cde et al.,
2015). A positive grand average of hydropathy (GRAVY) scores
of all the identified CaAQP proteins indicated the hydrophobic
nature of the CaAQP proteins, which is a key property of
aquaporins which facilitates the high water permeability (Murata
et al., 2000). Further, among the CaAQPs subfamilies, the PIPs
have the lowest average of GRAVY value (0.43) indicating better
interaction of CaTIPs with water molecules.

The analysis of the predicted subcellular localization of the
CaAQPs showed that all CaPIPs, except CaPIP2-5, are located
at the plasma membrane. The CaPIP2-5 has been predicted to
localize at cytosol (Table 1). Similarly, 12 out of 16 CaNIPs were
also predicted to be localized to the plasma membrane. It has
been shown that the majority of plants PIPs and some NIPs
were preferentially localized at the plasma membrane (Maurel
et al., 2008; Xu et al., 2014), however, this is not a general
feature of TIPs or PIPs. Some of the Tobacco NtAQP1, a member
of PIP group was found in the inner chloroplast membrane
and plasma membrane (Uehlein et al., 2008). Similarly, dual
localizations of maize PIP gene (ZmPIP1;2) in the plasma
membrane and endoplasmic reticulum (ER) have also been
observed (Chaumont et al., 2000). The seed specific isoforms
of Arabidopsis TIP genes (AtTIP3;1 and AtTIP3;2) were also
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TABLE 1 | Nomenclature and protein properties of chickpea aquaporins.

AQP Proposed Locusa Chromosome Protein Isoelectric Protein Molecular GRAVYb Predicted

sub-family gene name locationa Point Weight (kD) subcellular locationc

PIP CaPIP1-1 Ca_02435 Ca8:1717936-1719735 9.1 30.75 0.396 plas

CaPIP1-2 Ca_05754 Ca6:5464092-5465462 9 30.81 0.427 plas

CaPIP1-3 Ca_10319 Ca6:1932039-1933176 8.68 30.92 0.398 plas

CaPIP1-4 Ca_12502 Ca2:30479427-30481282 8.7 31.06 0.393 plas

CaPIP2-5 Ca_04707 Ca5:30303896-30304911 9.14 30.21 0.49 cyto

CaPIP2-1 Ca_08491 Ca4:10225765-10228793 8.34 30.52 0.588 plas

CaPIP2-2 Ca_12039 Ca3:32991462-32992568 9.11 30.8 0.406 plas

CaPIP2-3 Ca_14568 Ca6:27966413-27967838 6.71 30.58 0.375 plas

CaPIP2-4 Ca_02533 Ca1:12226605-12227713 7.81 30.87 0.382 plas

TIP CaTIP1-1 Ca_00723 Ca3:34451205-34452295 6.02 25.47 0.88 vacu

CaTIP1-2 Ca_16712 Ca6:26818668-26820154 5.43 25.82 0.847 vacu

CaTIP1-3 Ca_18630 Ca4:17906721-17908388 5.61 26.01 0.78 plas

CaTIP1-4 Ca_19377 Ca3:11393179-11394299 4.94 25.79 0.744 cyto

CaTIP2-1 Ca_02797 Ca1:9896268-9897261 6.29 25.42 0.745 nucl

CaTIP2-2 Ca_24137 scaffold1844:60282-61675 5.3 25.32 0.873 vacu

CaTIP2-3 Ca_02338 Ca8:2481906-2483425 4.8 25.22 0.947 vacu

CaTIP3-1 Ca_03854 Ca4:3990175-3991038 7.31 27.59 0.565 cyto

CaTIP3-2 Ca_19737 Ca8:10865608-10867961 6.36 26.92 0.671 mito

CaTIP4-1 Ca_14915 Ca4:39954258-39957667 7.92 23.85 0.893 cyto

CaTIP4-2 Ca_14916 Ca4:39950985-39952627 5.51 25.87 0.777 vacu

CaTIP5-1 Ca_15805 Ca6:34791986-34793660 7.08 26.49 0.731 vacu

NIP CaNIP1-1 Ca_06493 Ca6:18836478-18837512 5.15 26.59 0.732 plas

CaNIP1-2 Ca_16129 Ca2:29576437-29578961 7.06 28.53 0.632 plas

CaNIP1-3 Ca_08631 Ca6:9654827-9656732 8 28.67 0.522 vacu

CaNIP1-4 Ca_08632 Ca6:9651625-9653530 8 28.67 0.522 vacu

CaNIP1-5 Ca_08630 Ca6:9661095-9662900 9.15 29.44 0.504 cyto

CaNIP1-6 Ca_00434 Ca1:3567423-3568768 6.46 27.09 0.761 plas

CaNIP1-7 Ca_00435 Ca1:3574718-3576622 8.98 29.17 0.421 plas

CaNIP1-8 Ca_00436 Ca1:3579756-3581062 5.73 25.65 0.822 plas

CaNIP1-9 Ca_00437 Ca1:3583849-3585825 6.31 29.8 0.501 plas

CaNIP2-1 Ca_21333 Ca3:3854949-3859331 8.81 28.65 0.354 plas

CaNIP3-1 Ca_02921 Ca1:8870515-8872730 9.09 31.93 0.361 plas

CaNIP3-2 Ca_22848 Ca5:17858736-17862203 6.47 26.55 0.713 plas

CaNIP3-3 Ca_25553 scaffold590:19540-20529 5.44 21.78 0.773 plas

CaNIP3-4 Ca_04355 Ca4:11227522-11231177 8.56 30.7 0.502 plas

CaNIP4-1 Ca_07775 Ca4:1463846-1467215 8.72 36.17 0.504 plas

CaNIP6-1 Ca_22925 Ca6:53303745-53307875 8.49 25.56 0.228 vacu

SIP CaSIP1-2 Ca_19143 Ca2:6911037-6913006 6.3 22.93 0.979 vacu

CaSIP1-1 Ca_08262 Ca3:26454060-26457001 8.89 26.44 0.697 vacu

CaSIP2-1 Ca_08136 Ca3:27710934-27713756 9.43 26.11 0.603 vacu

aGene IDs and AQP location are based on CDC Frontier genome assembly v1.0.
bGRAVY, Grand Average of Hydropathy.
cPredicted subcellular location of CaAQPs: plas, plasma membrane; cyto, cytosol; vacu, vacuolar; nucl, nuclear; mito, mitochondria.

found in tonoplast and plasma membrane (Gattolin et al.,
2011). However, molecular mechanisms underlying the dual
localizations of these genes are not yet clear (Luu and Maurel,
2013). With the increasing number of functionally characterized
plant aquaporin genes, more diverse patterns of subcellular

localization and relocalization or redistribution AQPs that were
influenced by environmental conditions such as drought and
salinity have been also reported (Boursiac et al., 2008; Luu et al.,
2012). All these observations indicated that the AQP sub-cellular
localization is complex and highly regulated.
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FIGURE 1 | Phylogenetic relationships among the chickpea, soybean, Medicago, common bean, and Arabidopsis AQP genes. The phylogenetic tree is

NJ tree and bootstrap support is based on 1000 replicates. All five subfamilies of AQP gene family are well separated in different clades and represented by different

color background. TIP subfamily clade is represented by yellow color, NIPs by orange, SIPs by red, PIP by purple, and XIP by blue color. Bootstrap values are

symbolized as tree branch width. The minimum bootstrap value represented as a tree branch width of 1 pixel width, whereas max bootstrap value represented by a

tree branch width of 10 pixels.

Gene Structure and Genomic Distribution
of CaAQP
The gene structure analysis showed the distribution of introns
and exons in the CaAQP genes, from one to six introns per genes
(Figure 2B). Variation in the average number of introns between
the CaAQP subfamily was also observed. The members of SIPs

and TIPs subfamilies contained a maximum of 2 introns, with
an average of 1.7 and 2.0 introns per gene, respectively, whereas
the members of PIPs and NIP’s subfamily contains a maximum
of 4 and 6 introns, with an average of 2.9 and 4 introns per
gene. Gene length variation within CaAQP was observed, where
CaTIP3-1 (863 bp) was the shortest and CaNIP2-1 (4382 bp) was
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FIGURE 2 | Phylogenetic relationship and structural analysis of CaAQP genes. (A) A Neighbor-joining evolutionary tree of 40 CaAQP genes was created with

1000 bootstraps. The 40 CaAQPs clustered into groups representing four AQP subfamilies CaTIPs, CaPIPs, CaNIPS, and CaNIPs. (B) Exons and introns of 40

CaAQP genes are represented by blue boxes and black lines, respectively. Gene models are based on CDC Frontier genome Cav1.0 gene annotations.

the longest AQP in chickpea genome. The length variation in
intron size was also observed with the shortest intron size of 76
bp in CaNIP3-1 and CaTIP2-3 genes, whereas the largest intron
size of 3118 bp in the CaNIP2-1 gene. With some exceptions, the
exon-intron structure is conserved within each AQP subfamily.
For example, the CaPIP subfamily contains three introns, except
CaPIP1-1and CaPIP2-5, which contain two introns. Similarly,
the majority of the CaTIP subfamily genes contains two introns
with the exception of CaTIP1-1 and CaTIP3-1 which contain one
intron. Relatively diverse exon-intron pattern was observed for

the CaNIPs subfamily, the majority (10 out of 16 CaNIPs) of the
genes contains four introns, four NIPs (CaNIP1-1, CaNIP3-3,
CaNIP3-4, CaNIP6-1) contain three introns, CaNIP4-1 contains
one intron, and CaNIP3-2 contains six introns. Three members
of the CaSIP subfamily contain two introns (CaSIP and CaSIP)
and one (CaSIP) intron. Similar exon-intron patterns have been
reported in PIP and TIP subfamily of Arabidopsis, soybean,
tomato, and orange (Johanson et al., 2001; Deshmukh et al., 2013;
Reuscher et al., 2013; Martins Cde et al., 2015). Overall, the gene
structure analysis indicated a conserved pattern of intron-exon
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within the subfamilies of CaAQPs suggesting the conserved
evolution and supporting the CaAQP family classification.

The Physical mapping of the identified CaAQPs on the
CDC Frontier kabuli genome assembly indicated the diverse
distribution of the genes on chickpea chromosomes, except
chromosome seven (Figure 3). Chromosome 3 contained the
largest number (10; 25%) of the CaAQP genes, followed by
chromosome 1 and 4, which both contained six members
(17.5%). Chromosome 5 contained only two members
(5.0%). Two CaAQP genes (CaTIP2-2 and CaNIP3-3) were
located on unplaced scaffold sequences scaffold1844 and
scaffold590, respectively. AQP gene density varies on individual
chromosomes. The entire chickpea genome has an average of
one AQP gene per 13.3Mb. Further, some of the AQP genes were
located in clusters at certain chromosomal regions, especially
in the chromosome 1 and 6, and were dispersed in a single
manner at other locations. Eight CaAQPs were found to be
tandem duplications according to the criteria described in
MCScan algorithm implemented in MCScanX software (Wang
Y. et al., 2012). These genes included CaNIP1-6, CaNIP1-7, and
CaNIP1-8 located on chromosome 1, CaTIP4-2, and CaTIP4-1
located on chromosome 4 and CaNIP1-3, CaNIP1-4, CaNIP1-5
located on chromosome 6. Additionally, 14 CaAQPs were
predicted as segmentally or whole-genome duplication (WGD).
Fifty percent of CaNIP subfamily members were predicted as
either tandem or segmentally duplicated. These results suggested
that the larger size of the NIP subfamily in legumes compared
to Arabidopsis (16 members in chickpea and Medicago vs.
nine members in Arabidopsis) may have evolved from gene
duplication events. Expansion of AQP gene families via genome
duplication events have been reported in other plants (Abascal
et al., 2014). whole-genome sequence analysis also demonstrated

that the significant number (69%) of the annotated chickpea
genes have a history of gene duplication after the divergence
of the legumes from Arabidopsis and grape (Varshney et al.,
2013), which also supports our observation of CaAQPs gene
duplication in chickpea.

The Conserved and Substrate-Specific
Residues of CaAQPs
Several conserved amino acid domains determining substrate
specificity by affecting pore diameter and hydrophobicity have
been reported in AQP family members (Froger et al., 1998;
Hove and Bhave, 2011). The highly conserved features included
six transmembrane α helices and two segments responsible
for selectivity, the NPA domain (asparagine-proline-alanine)
and the ar/R (aromatic arginine) selectivity filter (Kosinska
Eriksson et al., 2013; Almasalmeh et al., 2014). Following a
conserved domain database (CDD) BLAST search and careful
visual inspection of amino acid sequence alignment, we identified
conserved NPA domains, an ar/R selectivity filter, and Froger’s
residues in all 40 CaAQPs (Table 2, Supplementary File S3). The
CaAQP fold is characterized by six transmembrane α-helices
that are arranged in a right-handed bundle and five inter-helical
loop regions (A-E) that form the extracellular and cytoplasmic
vestibules. The majority of CaAQP (32 out of 40) showed
six predicted transmembrane domains (TMDs), whereas the
remaining eight CaAQPs have seven (CaNIP3-1, and CaTIP5-1),
five (CaPIP2-1, CaPIP2-2, and CaSIP1-1) and four (CaNIP3-3,
CaNIP6-1, and CaSIP2-1) TMDs. Two of the five interhelical
loops, the loop B (LB) and E (LE) contain the highly conserved
asparagine-proline-alanine (NPA) motifs that form one of the
two major channel construction sites, the NPA region. Most of

FIGURE 3 | Genomic distribution of CaAQP genes. 38 CaAQP genes are located on all eight chickpea chromosomes, except chromosome 7. The remaining two

CaAQP genes are located on scaffolds and not shown in this figure. The numbers at the right side of the chromosomal bar indicate the names of CaAQP genes and

the corresponding position on the chromosome (megabase pairs; Mb) are given in left side. The “CaTIP” genes are represented in pink, “CaPIP” genes are in blue,

“CaNIP” genes are in green and “CaSIP” genes are in black color. Tandemly duplicated genes are underlined.
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TABLE 2 | Amino acid composition of the NPA motifs and ar/R selectivity filter of CaAQPs.

Gene_Id NPA(LB) NPA(LE) Ar/R filters Froger’s residues

H2 H5 LE1 LE2 P1 P2 P3 P4 P5

CaNIP1-1 NPA NPA W V A R F S A Y I

CaNIP1-2 NPA NPA W L A R F S A Y I

CaNIP1-3 NPA NPA W V A R F S A Y L

CaNIP1-4 NPA NPA W V A R F S A Y L

CaNIP1-5 NPA NPA W A A R F S A Y L

CaNIP1-6 NPA NPA W V A R F S A Y L

CaNIP1-7 NPA NPA W V A R F S A Y I

CaNIP1-8 NPA NPA W V A R F S A Y L

CaNIP1-9 NPA NPA W I A R F S A Y L

CaNIP2-1 NPA NPA G S G R L T A Y M

CaNIP3-1 NPA NPV S I G R F S A Y L

CaNIP3-2 NPA NPV S I G R F A A Y L

CaNIP3-3 NPA – S I – – F – – – –

CaNIP3-4 NPS NPV A I G R Y T A Y L

CaNIP4-1 NPA NPA A V G R Y S A Y I

CaNIP6-1 NPA NPV S I G R – T T Y L

CaPIP1-1 NPA NPA F H T R E S A F W

CaPIP1-2 NPA NPA F H T R E S A F W

CaPIP1-3 NPA NPA F H T R E S A F W

CaPIP1-4 NPA NPA F H T R E S A F W

CaPIP2-1 NPA NPA F H T R Q S A F W

CaPIP2-2 NPA NPA F H T R Q S A F W

CaPIP2-3 NPA NPA F H T R Q S A F W

CaPIP2-4 NPA NPA F H T R Q S A Y W

CaPIP2-5 NPA NPA F H T R M S A F W

CaSIP1-1 NPT NPA L V P N I A A Y W

CaSIP1-2 NPT NPV L I P L I V V – –

CaSIP2-1 NPL NPA F H G A I V A Y W

CaTIP1-1 NPA NPA H I A V T S A Y W

CaTIP1-2 NPA NPA H I A V T S A Y W

CaTIP1-3 NPA NPA H I A V T S A Y W

CaTIP1-4 NPA NPA H I A V T S A Y W

CaTIP2-1 NPA NPA H I G R T S A Y W

CaTIP2-2 NPA NPA H I G R T S A Y W

CaTIP2-3 NPA NPA H I G R T S A Y W

CaTIP3-1 NPA NPA H I A R T A A Y W

CaTIP3-2 NPA NPA H I A L T A S F W

CaTIP4-1 NPA NPA Q I A R S S A Y W

CaTIP4-2 NPA NPA H I A R S S A Y W

CaTIP5-1 NPA NPA N V G C L A A Y W

the identified putative CaAQPs also contain two typical NPA
domains each one in loop B and loop E. However, six CaNIP
and three CaSIP showed variable third residue of NPA motif
(LB or LE) in which A is replaced by either L/S/T/V. Several
studies also showed that the incompletely conserved NPA motifs
also function as water channels (Johanson and Gustavsson, 2002;
Yakata et al., 2007). The spacing between the two NPA motifs
found essential for the silicon permeability by NIP2s in all
silicon transporting plants (Deshmukh et al., 2015). We also

observed diversity in the spacing between two NPA motif in
CaAQPs ranging from 108 to 128 amino acids. Although silicon
transportation mechanism in chickpea is unknown, it could be
possible that the variation in NPA-NPAmotif might be associated
with permeability and transport of some unknown uncharged
solutes.

The second channel construction site known as “ar/R” that
consist of tetrad formed by helicase 2 (H2) and 5 (H5) and two
LE1 and LE2 residues from loop E. Different combination of

Frontiers in Plant Science | www.frontiersin.org 9 November 2016 | Volume 7 | Article 1802

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Deokar and Tar’an Aquaporin Gene Family Analysis in Chickpea

ar/R selectivity filter in CaAQP family and a conserved pattern
within the subfamilies were also observed. For example, in the
CaPIP subfamily, all the members showed a conserved ar/R
filter configuration (F-H-R-T), which was mainly observed in
a water transporting AQP, indicating that the CaPIP family
members are able to facilitate water and solute transport (Savage
et al., 2003). Beside the NPA motif and ar/R selectivity filter,
we also analyzed Froger’s position P1-P5 the five conserved
amino acid residues which discriminated glycerol-transporting
aquaglyceroporins (GLPs) from water-conducting AQPs (Froger
et al., 1998). The P2, P3, P4 and P5 Froger’s positions in
the CaPIPs were highly conserved (S-A-F-W), whereas the
P1 position varies with either E/Q/M amino acid residue.
Froger’s positions in the CaNIP subfamily were highly variable
in comparison to other subfamilies; however, groups within
subfamily showed a conserved pattern. The CaNIP1 group has
conserved ar/R filter W-[A/V/L]-A-R and F-S-A-Y-I residue in
the P1-P5 positions, which has been predicted as conserved
motifs in urea and H2O2 transporter NIPs (Hove and Bhave,
2011). The CaNIP3 group have conserved residue A-Y-L in the
P2-P5 position, whereas the position P1 (F/Y) and P2 (S/A/T)
having variable residues. In the subfamily CaTIP (CaTIP1 and
CaTIP2) the ar/R filter H-I-A-V or H-I-G-R and the Froger’s
positions T-S-A-Y-W residue in the P1-P5 positions were highly
conserved and were reported to involve in the transport of urea
and H2O2 (Hove and Bhave, 2011).

Functional characterization of several AQP genes has shown
that the roles of some members of AQP family are not limited
to water transport, but also involved in the transport of non-
aqua substrates, such as glycerol, CO2, NH4 +/NH3, urea,
silicon, H2O2, arsenic, antimony, lactic acid, and boron (Rivers
et al., 1997; Biela et al., 1999; Ma et al., 2006, 2008; Takano
et al., 2006; Bienert et al., 2008). Based on sequence similarity
of the functionally characterized plant AQP genes, Hove and
Bhave (Hove and Bhave, 2011) proposed distinct signature
sequences and nine specificity-determining positions (SDPs) for
each substrate group. To postulate the role of CaAQPs in the
transport of non-aqua substrates, we analyzed these conserved
SDPs in CaAQPs (Supplementary File S4). The members of
CaPIP1 and CaPIP2 showed the presence of SDPs deciphered
for boric acid (T-I-H-P-E-L/M-L-T-P),CO2 (ILV-I/M-C-A-I/V-
D/H-W) and H2O2 (A-G-V-F/L-I-Q/H-F/Y-V-P) transporter.
On the other hand, all the CaPIPs and CaTIPs exhibited theH2O2

(A/S-G/A-V/L-F/L/A/I-I/V-Q/H/I/L-F/Y-V/A-P) and Urea (H-
P-F-F/I/L-L-P/A-G-G/S-N) SDPs.

Molecular Modeling of CaAQP
Molecular dynamics simulations have provided insight into the
solute permeation rate and selectivity of AQPs by providing
dynamic and energetic information which usually difficult to get
experimentally (de Groot and Grubmüller, 2005). In order to
understand the structural properties of AQP genes in chickpea,
three-dimensional (3D) protein models of all CaAQPs were
constructed using phyre2 server and the results are shown
in Figure 4 and Supplementary File S5. All the 3D protein
models have been constructed with 100% confidence and residue
coverage varied from 72 to 98%. Hence, all the predicted 3D

protein structures are considered highly reliable and offer a
preliminary basis for understanding the molecular function of
Aquaporin genes in chickpea. Broadly, the CaAQP 3D protein
structure contains the conserved hour-glass model with a pore-
forming integral membrane protein containing α-helical bundle
forming six TM helices (H1 to H6) and two additional short
(half) helices (HE and HB). The loops HE and HB each
containing the conserved NPA motifs get close together in the
center of the membrane. Homology-based 3D structure models
provided important insights about the boron (B) and silicon
(Si) substrate selectivity and passage capabilities of barley and
soybean AQPs, respectively (Deshmukh et al., 2013; Tombuloglu
et al., 2016). This pointed out that the homology-based 3D
modeling of plant AQPs can be effectively used for understanding
the substrate specificity and molecular function of AQP genes.

Expression Profile of CaAQP Genes in
Different Tissue
Exclusive or highly confined expressions of some of the AQPs in
specific tissues such as root or leaf have been observed in several
plants. The cell type localization of aquaporin expression profile
can provide clues about their potential physiological roles. In
order to gather information on the potential role of the CaAQP
genes in chickpea, we analyzed RNA-seq data of young leaves,
shoot, shoot apical meristem, flower, flower bud, young pod, and
root. We observed the expression of all 40 CaAQPs in at least
one of the tissue types. The expression of CaAQP varies in tissues
and developmental stages. 28 CaAQP genes showed expression
in all the tissue types analyzed in this study (Figure 5A and
Supplementary Table 2). From the remaining 12 AQP genes,
10 genes (CaNIP1-1, CaTIP1-3, CaTIP1-4, CaNIP1-5, CaTIP3-
2, CaNIP1-2, CaNIP1-8, CaNIP1-9, CaNIP4-1, CaTIP5-1, and
CaNIP1-6) were not represented by any sequence reads in either
any of the three of the tissue type analyzed, whereas the CaTIP4-
1 was only detected in young leaves. Gene clustering and heat
map of the CaAQPs showed that the CaPIP1-1, CaPIP2-3,
CaPIP1-4, CaPIP2-4, CaPIP2-1, CaPIP1-3 and CaTIP1-1 had
high expression in all the eight tissues indicating the constitutive
transport process throughout the plant. Gene clustering based
on the expression values formed four gene clusters, cluster- I
contained seven CaAQP genes that were mainly highly expressed
in the shoot, flower, and root, whereas 12 genes in cluster-II
genes were mainly highly expressed in the young leaves and roots
(Figure 5A). Cluster-I contains only CaNIP genes, whereas the
cluster-II contains four TIPs and PIPs and two SIP and NIPs.
Cluster-III contains four genes (CaNIP1-3, CaNIP1-4, CaNIP1-
7, and CaTIP3-1) andmainly highly expressed in flower bud. The
cluster-IV contains 13 genes, mainly and highly expressed in the
shoot, shoot apical meristem and young pod (Figure 5A).Highly
expressed CaAQPs in reproductive tissue might be associated
with regulation of water and nutrient transport in chickpea as
many reproductive development processes in plants involves
the movement of water between cells or tissues. Recently, two
members of NIP subfamily have been reported to involve in
the movement of water in reproductive tissue and in pollen
development and pollination (Di Giorgio et al., 2016). We also
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FIGURE 4 | Predicted 3D structures and transmembrane helix of four selected CaAQP proteins. (A) 3D structure and (B) TM helix of four CaAQPs

representing each subfamily namely CaNIP1-1, CaTIP1-1, CaSIP1-1, and CaPIP1-1, modeled at >90% confidence level by using Phyre2 server. The extracellular and

cytoplasmic sides of the membrane are labeled and the beginning and end of each transmembrane helix illustrated with a number indicating the residue index.

observed higher expression of six CaNIPs (cluster-I) in flower
tissue sample indicating the potential involvement of these
genes in similar function. Higher expression of some of the

chickpea AQPs in tissues with high water fluxes such as fast
growing regions in leaf, shoot, and root where actual water
uptake occurred have been observed in many other plants. It
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FIGURE 5 | Expression patterns of CaAQP genes in different tissues and under fusarium wilt stress. The heatmap with hierarchical clustering was created

based on the FPKM value of CaAQPs. The scale represents the relative signal intensity of FPKM values where Red color represents higher expression while green

color represents the lower expression. (A) Heat map of CaAQPs in young leaves, flower bud, shoot, flower, root, and young pod. (B) Heat map of CaAQPs under wilt

stress in two different genotypes.

was hypothesized that the high level of expression in these
tissues permit osmotic equilibration between the cytosol and
the vacuolar content, and permit rapid transcellular water flow
when required (Barrieu et al., 1998). All these tissue/organ
level expression data suggested that CaAQPs might involve
in regulating water transport, physiology and developmental
process. To further detail the understanding of the role of
CaAQPs in water transport and other developmental process,
knowledge of their expression at the cellular level is essential.

Expression Pattern of CaAQP Genes under
Biotic and Abiotic Stresses
Expression of several plant AQPs is regulated by abiotic and
abiotic stresses, and the altered expression can lead to stresses
tolerance in plants (Maurel et al., 2008). To predict the potential
role of the CaAQPs in chickpea under diverse environmental
stresses, RNA-seq dataset of biotic stress (fusarium wilt) and
abiotic stress (drought, cold and salinity stress) were analyzed. In
total, transcripts of 26 AQP genes were detected in the fusarium
wilt expression datasets (Figure 5B and Supplementary Table 3).
Twomain clusters were formed, Cluster-I contains seven CaAQP
genes with high expression levels in wilt stressed condition

as compared to the untreated samples. Cluster-II contains 19
AQP genes with high expression levels in untreated samples
as compared to fusarium wilt treated samples. The Fusarium
oxysporum fungus infects the host plant via the roots or stem
and induces wilting of plants due to disruption of water
balance. The disturbed water balances resulted in reduced
root water uptake, increased resistance to water flow through
xylem elements and increased water losses from damaged
cells (Wang M. et al., 2012, 2015). This type of physiological
alteration in chickpea plants in response to Fusarium oxysporum
infection likely regulated the expression of some of the observed
changes in expression of CaAQP genes. Recently, Tian et al.
reported differential expression of 13 Arabidopsis AtPIPs and
the involvement of AtPIP1;4 in the transport pathogen-induced
apoplastic H2O2 to the cytoplasm of plant cells in response
to bacterial pathogen Pseudomonas syringae infection (Tian
et al., 2016). The cytoplasmic H2O2 triggered the pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI)
pathway, which conferred resistance to the pathogen. With these
increasing evidences of the involvement of AQPs in biotic stress,
the CaAQPs and expression profiles presented in present work
provide a foundation and resource to study the role of AQPs in
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FIGURE 6 | Expression patterns of CaAQP genes under different abiotic stresses. Heat maps with hierarchical clustering were created based on the FPKM

values of CaAQPs under different abiotic stress treatments and the control sample. (A) Heat map of CaAQPs under cold stress (CS), (B) Salinity stress (CS), and (C)

drought stress (DS).

resistancemechanism of twomost important diseases of chickpea
fusarium wilt and ascochyta blight.

Several pieces of evidence of the AQP involvement in abiotic
stress that disturbs plant osmotic balance such as cold, salinity
and drought have been reported (Luu and Maurel, 2005).
In order to understand the role of CaAQPs in abiotic stress
conditions, we analyzed the response of AQPs in root and
shoot tissue under cold, salinity and drought stress conditions.
Transcripts of 31 AQP genes were detected in shoot and
roots of cold stressed (4◦C) chickpea seedlings (Figure 6A
and Supplementary Table 4). These genes were clustered into
four main clustered. Cluster-I contains nine AQPs with high-
expression levels in root tissue under both control and cold
stress condition as compared to the shoot. Whereas, Cluster-III
contains 13 genes with the opposite expression profile of cluster I,
i.e., low expression levels in root tissue, but high-expression in the
shoot tissue. On average in both of these clusters, AQPs showed
constitutive expression profile in control and stress conditions.
The cluster-II contain six genes (CaTIP1-1, CaTIP4-2, CaPIP1-1,
CaPIP2-3, CaNIP1-5, and CaNIP4-1) and were highly expressed,
whereas cluster-IV contained three genes (CaPIP2-4, CaTIP5-1,
and CaNIP1-2) under-expressed in root tissue under cold stress
(Figure 6A).

Transcripts of 32 CaAQPs were detected in shoot or root
or both tissues under salinity stress condition (Figure 6B and
Supplementary Table 4). These genes were clustered into four
main clusters. Cluster-I contains 11 genes, highly expressed in
shoot tissue, whereas cluster-V contains five CaAQPs, highly
expressed in root tissue. Cluster-II contains five genes (CaTIP3-1,

CaTIP5-1, CaPIP2-3, CaPIP2-4, and CaNIP4-1) down-regulated
under salinity stress, whereas Cluster-III contains three genes
(CaTIP1-4, CaNIP1-8, and CaNIP1-4) up-regulated under
salinity stress in both root and shoot.

We also analyzed the expression profiles of AQP genes in
response to drought stress in root and shoot tissue. Results
showed that transcripts of 31 CaAQPs were detected in at least
one condition i.e., control/stress of root and shoot (Figure 6C
and Supplementary Table 4). Based on their expression values,
the CaAQPs were clustered into four main clusters. Cluster-I
contains ten genes highly expressed in root tissue as compared to
shoot tissue. Cluster-IV contains five CaAQPs and have opposite
expression profile as in cluster-I i.e., genes showed low expression
in roots as compared to shoot. However, AQPs in cluster I and IV
shows constitutive expression pattern under control and stress
condition. Cluster III contains seven CaAQPs that were highly
expressed in root control and drought stress condition, however
under-expressed (down-regulated) in shoot tissue under drought
stress conditions. This cluster contains CaTIP3-1, CaTIP5-
1, CaPIP2-4, CaNIP1-2, CaNIP1-6, CaNIP1-7, and CaNIP3-4
genes. Cluster-III contains nine CaAQPs low-expressed in the
shoot, but high-expressed in roots under drought condition. This
cluster mainly contains CaTIPs (CaTIP1-1, CaTIP1-4, CaTIP2-3,
and CaTIP3-2), CaPIP1-1, CaPIP2-3, CaNIP1-5, CaNIP1-9, and
CaNIP4-1 genes.

Overall expression profiles of CaAQPs in response to all
stress indicated that some of the CaAQPs such as CaTIP1-1
and CaPIP1-1 showed up-regulation in cold, drought and
salinity stress. Whereas, some of the CaAQP genes also have
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an organ-specific response such as CaTIP1-1 and CaPIP2-5
that were highly expressed in root tissue and CaTIP2-1 and
CaNIP1-3 that were highly expressed in shoot tissue. Differential
expression of 13 unigenes encoding PIPs, TIPs, and NIPs in root
tissue under terminal drought stress has been reported (Deokar
et al., 2011). The majority of these genes were down-regulation
under terminal drought conditions. Similar pattern of aquaporin
gene expression under stress condition was also observed in
Arabidopsis (Jang et al., 2004; Alexandersson et al., 2005, 2010;
Boursiac et al., 2005) and other plant species (Smart et al., 2001;
Mahdieh et al., 2008; Secchi and Zwieniecki, 2014), although
up-regulation and constitutive expression pattern of some of
the aquaporins under stress conditions were also observed. The
increase and decrease in expression of AQP under water stress
have been associated with a general pattern of AQP regulation
under different stress conditions. The decrease in the expression
of AQPs under stress can effectively prevent water losses under
stress condition, whereas the increase in AQP expression helps
plants to direct water flow to specific organ that is critical for
plant survival under stress condition or necessary for its rapid
recovery upon rehydration (Alexandersson et al., 2005, 2010).
Therefore, the observed expression pattern of many of CaAQPs
in response to biotic and abiotic stresses suggested the potential
role of CaAQPs in biotic and abiotic stress response in chickpea.

Our expression analysis categorized the CaAQPs into different
groups based on their expression profiles. This information will
be helpful for functional characterization of CaAQP genes in
chickpea.

Promoter Profiling of CaAQP
The cis-acting regulatory elements (CREs) are DNA region in
the promoter, where a number of transcription factors can bind
and regulate the transcription of nearby genes. Profiling of
the promoter region for the CREs can provide information on
gene regulatory networks. To predict the CREs, the promoter
sequences (1000 bp upstream DNA sequences) of the predicted
transcription initiation site of 40 CaAQP gene were extracted
and subjected to promoter profiling using PlantCARE web tool
(Lescot et al., 2002). The most common cis-acting elements
present in CaAQPs were known to involve in light response
such as Box-4, G-Box, I-Box, ACE etc., (Supplementary Table 5).
Among the light responsive elements, the Box-4 is the most
abundant and present in almost all CaAQPs, except CaPIP1-
3, CaTIP1-2, and CaNIP4-1. The ARE, HSE and I-Box light
regulating cis-acting element were present in the majority of
the members of chickpea aquaporin subfamily, but absent in
the members of CaSIP subfamily. Light is one of the most
important environmental factors that regulate plant growth and
development. Besides the source of energy, light regulates gene
expression network at many levels (Jiao et al., 2007; Petrillo
et al., 2014). Effect of light (quantity and quality) on gene
expression and function of individual or subfamily of AQPs
has been reported in many plants (Baaziz et al., 2012). The
presence of several light responsive cis-active elements in specific
chickpea AQPs suggested that some of the chickpea AQPs might
be regulated by light-dependent activations.

Plant hormone responsive cis-elements such as AuxRR-
core, ABRE, ERE, TCA-element, and GARE-motif were also

abundantly found in several chickpea AQPs, suggested that the
expression of some of the chickpea AQPs might be regulated by
the different type of hormones. Several cis-elements responsive to
biotic and abiotic stresses such as W-box, TC-rich repeat, HSE,
and TCA-element were also found in CaAQPs. The presence
of these stress-responsive cis-elements in the promoter region
of CaAQPs indicated their potential involvement in regulating
stress responses in chickpea. Two AQPs genes (CaTIP1-4 and
CANIP4-1), showed higher expression in both roots and shoot
tissues under drought and salinity stresses and root tissue under
the cold condition contains stress-responsive cis-acting elements
ABRE, LTR, and MBS. The presence of these stress-responsive
cis-elements in CaAQPs correlates to high expression in response
to drought, salinity, and cold stress. The ABRE and MBS cis-
elements have been previously reported to be involved in ABA-
mediated osmotic stress signaling in the regulation of drought-
inducible gene expressions (Abreu and Aragão, 2007; Hou et al.,
2016), whereas cis-element LTR is a low-temperature-responsive
element and involved in the expression of cold-regulated genes
(Brown et al., 2001). The link between the presence of stress-
related cis-acting elements and the differential expression of
aquaporin genes under various stress conditions have been
reported in several plants (Alexandersson et al., 2010; Wang L.
et al., 2015).

The circadian regulation of aquaporin gene expression and the
correlation with the modulation water dynamics have been well
demonstrated in several plants (Lopez et al., 2003; Hachez et al.,
2008, 2012; Sakurai-Ishikawa et al., 2011; Takase et al., 2011).
Promoter analysis these AQP genes also showed the presence
of abundant circadian regulatory elements (Liu et al., 2009;
Lopez et al., 2013). Similarly, in our analysis, we also observed
high representation of circadian (CAANNNNATC) cis-acting
regulatory element involved in circadian control in the CaAQPs
promoter region. The presence of a circadian-related cis-acting
regulatory element suggested that some of the CaAQPs might
be involved in the diurnal transport of water through roots as
observed in Arabidopsis and maize plants (Lopez et al., 2003;
Takase et al., 2011).

Comparative analysis of promoter sequences of Arabidopsis,
rice, maize, grape, poplar, Medicago, and Glycine max also
observed the high abundance of the conserved light, hormone,
biotic and abiotic stress-related response regulatory elements
(Lopez et al., 2013). Previous studies also demonstrated that
photosynthesis or protein biosynthesis and defense signaling are
largely conserved across the species at the promoter element
level (Rushton et al., 2002; Vandepoele et al., 2006; Ravel et al.,
2014). Promoter profiling and the conserved regulatory elements
identified in chickpea AQPs promoter might have conserved
regulatory modules as observed for AQP genes in other model
plants.

CONCLUSIONS

This study presents the results of the identification and genome-
wide survey of the aquaporin genes in chickpea. A total of 40
AQP genes were identified and characterized for their genomic
organization, protein sequence properties, gene duplications,
phylogenetic relationships with Arabidopsis and closely related
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legumes, homology-based 3D models and promoter sequence
profiles for conserved cis-acting elements. The expression profiles
of CaAQPs in different plant parts and under biotic and abiotic
stress conditions provided valuable data to understand the
involvement of AQPs under different osmotic stress conditions
in chickpea.

AUTHOR CONTRIBUTIONS

AD: Conducted the experiments, analyzed and summarized the
data. AD and BT: Wrote and finalized the manuscript; BT:
Conceived and directed the project.

FUNDING

The authors were supported by funding from the Saskatchewan
Pulse Growers and the Saskatchewan Ministry of Agriculture.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.
01802/full#supplementary-material

Supplementary File S1 | Nucleotide and amino acid sequences of 40

CaAQP gene identified in this study.

Supplementary File S2 | Comparison of number of different AQP subfamily

members in chickpea, Arabidopsis, Medicago, common bean, and

soybean.

Supplementary File S3 | Multiple sequence alignment of deduced amino

acid sequences of 40 CaAQP genes. Sequence alignment was performed

using CLUSATLW. Transmembrane helices (TM1–TM6) and two NPAs (LB and LE)

are highlighted in gray color, P1–P5 residues highlighted in blue color, and ar/R

selectivity filter residues highlighted in green color. The NPA motifs are shown in

red color.

Supplementary File S4 | Summary of specificity-determining positions

(SDP) identified in the CaAQPs. SDP positions identified in the present study

and not found conserved with the reported SDPs in AQPs are highlighted in red

color.

Supplementary File S5 | Predicted 3D structure of the 40 CaAQP protein

generated using Phyre 2 server.

Supplementary Table 1 | Protein sequence similarity matrix between

members of CaAQP genes. Protein sequence similarity expressed in

terms of percentage identity calculated using sequence Identity Matrix

option available in Bioedit software.

Supplementary Table 2 | FPKM values for all the detected CaAQP genes in

the shoot, young leaves, shoot apical meristem, flower, Flower bud, young

pod, and root tissue of chickpea plant.

Supplementary Table 3 | FPKM values for all the detected CaAQP genes in

fusarium wilt expression datasets.

Supplementary Table 4 | FPKM values for all the detected CaAQP genes in

drought, cold and salinity expression datasets.

Supplementary Table 5 | Analysis of cis-acting elements in the 1000bp

sequence upstream of the translation initiation codon of CaAQP genes.

REFERENCES

Abascal, F., Irisarri, I., and Zardoya, R. (2014). Diversity and evolution of
membrane intrinsic proteins. Biochimica et Biophysica Acta (BBA) Gen. Subj.

1840, 1468–1481. doi: 10.1016/j.bbagen.2013.12.001
Abreu, E. F. M., and Aragão, F. J. L. (2007). Isolation and characterization of amyo-

inositol-1-phosphate synthase gene from yellow passion fruit (Passiflora edulis
f. flavicarpa) expressed during seed development and environmental stress.
Ann. Bot. 99, 285–292. doi: 10.1093/aob/mcl256

Alexandersson, E., Danielson, J. A., Råde, J., Moparthi, V. K., Fontes, M.,
Kjellbom, P., et al. (2010). Transcriptional regulation of aquaporins in
accessions of Arabidopsis in response to drought stress. Plant J. 61, 650–660.
doi: 10.1111/j.1365-313X.2009.04087.x

Alexandersson, E., Fraysse, L., Sjövall-Larsen, S., Gustavsson, S., Fellert,
M., Karlsson, M., et al. (2005). Whole gene family expression and
drought stress regulation of aquaporins. Plant Mol. Biol. 59, 469–484.
doi: 10.1007/s11103-005-0352-1

Almasalmeh, A., Krenc, D., Wu, B., and Beitz, E. (2014). Structural determinants
of the hydrogen peroxide permeability of aquaporins. FEBS J. 281, 647–656.
doi: 10.1111/febs.12653

Amodeo, G., Dorr, R., Vallejo, A., Sutka, M., and Parisi, M. (1999). Radial and
axial water transport in the sugar beet storage root. J. Exp. Bot. 50, 509–516.
doi: 10.1093/jxb/50.333.509

Ariani, A., and Gepts, P. (2015). Genome-wide identification and characterization
of aquaporin gene family in common bean (Phaseolus vulgaris L.).Mol. Genet.

Genomics 290, 1771–1785. doi: 10.1007/s00438-015-1038-2
Aroca, R., Porcel, R., and Ruiz-Lozano, J. M. (2012). Regulation of root

water uptake under abiotic stress conditions. J. Exp. Bot. 63, 42–57.
doi: 10.1093/jxb/err266

Baaziz, K. B., Lopez, D., Rabot, A., Combes, D., Gousset, A., Bouzid, S., et al. (2012).
Light-mediated K(leaf) induction and contribution of both the PIP1s and PIP2s
aquaporins in five tree species: walnut (Juglans regia) case study. Tree Physiol.
32, 423–434. doi: 10.1093/treephys/tps022

Barrieu, F., Chaumont, F., and Chrispeels, M. J. (1998). High expression
of the tonoplast aquaporin ZmTIP1 in epidermal and conducting
tissues of maize. Plant Physiol. 117, 1153–1163. doi: 10.1104/pp.117.
4.1153

Biela, A., Grote, K., Otto, B., Hoth, S., Hedrich, R., and Kaldenhoff, R.
(1999). The Nicotiana tabacum plasma membrane aquaporin NtAQP1
is mercury-insensitive and permeable for glycerol. Plant J. 18, 565–570.
doi: 10.1046/j.1365-313X.1999.00474.x

Bienert, G. P., Thorsen, M., Schüssler, M. D., Nilsson, H. R., Wagner, A.,
Tamas, M. J., et al. (2008). A subgroup of plant aquaporins facilitate the bi-
directional diffusion of As(OH)3 and Sb(OH)3 across membranes. BMC Biol.

6:26. doi: 10.1186/1741-7007-6-26
Bots, M., Vergeldt, F., Wolters-Arts, M., Weterings, K., van As, H., and Mariani,

C. (2005). Aquaporins of the PIP2 class are required for efficient anther
dehiscence in tobacco. Plant Physiol. 137, 1049–1056. doi: 10.1104/pp.104.
056408

Boursiac, Y., Chen, S., Luu, D. T., Sorieul, M., van den Dries, N., and Maurel,
C. (2005). Early effects of salinity on water transport in Arabidopsis roots.
Molecular and cellular features of aquaporin expression. Plant Physiol. 139,
790–805. doi: 10.1104/pp.105.065029

Boursiac, Y., Prak, S., Boudet, J., Postaire, O., Luu, D. T., Tournaire-Roux, C.,
et al. (2008). The response of Arabidopsis root water transport to a challenging
environment implicates reactive oxygen species- and phosphorylation-
dependent internalization of aquaporins. Plant Signal. Behav. 3, 1096–1098.
doi: 10.4161/psb.3.12.7002

Brown, A. P., Dunn, M. A., Goddard, N. J., and Hughes, M. A. (2001).
Identification of a novel low-temperature-response element in the promoter
of the barley (Hordeum vulgare L) gene blt101.1. Planta 213, 770–780.
doi: 10.1007/s004250100549

Chaumont, F., Barrieu, F., Jung, R., and Chrispeels, M. J. (2000). Plasma
membrane intrinsic proteins from maize cluster in two sequence subgroups
with differential aquaporin activity. Plant Physiol. 122, 1025–1034.
doi: 10.1104/pp.122.4.1025

Frontiers in Plant Science | www.frontiersin.org 15 November 2016 | Volume 7 | Article 1802

http://journal.frontiersin.org/article/10.3389/fpls.2016.01802/full#supplementary-material
https://doi.org/10.1016/j.bbagen.2013.12.001
https://doi.org/10.1093/aob/mcl256
https://doi.org/10.1111/j.1365-313X.2009.04087.x
https://doi.org/10.1007/s11103-005-0352-1
https://doi.org/10.1111/febs.12653
https://doi.org/10.1093/jxb/50.333.509
https://doi.org/10.1007/s00438-015-1038-2
https://doi.org/10.1093/jxb/err266
https://doi.org/10.1093/treephys/tps022
https://doi.org/10.1104/pp.117.4.1153
https://doi.org/10.1046/j.1365-313X.1999.00474.x
https://doi.org/10.1186/1741-7007-6-26
https://doi.org/10.1104/pp.104.056408
https://doi.org/10.1104/pp.105.065029
https://doi.org/10.4161/psb.3.12.7002
https://doi.org/10.1007/s004250100549
https://doi.org/10.1104/pp.122.4.1025
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Deokar and Tar’an Aquaporin Gene Family Analysis in Chickpea

Chaumont, F., Barrieu, F., Wojcik, E., Chrispeels, M. J., and Jung, R. (2001).
Aquaporins constitute a large and highly divergent protein family in maize.
Plant Physiol. 125, 1206–1215. doi: 10.1104/pp.125.3.1206

de Groot, B. L., and Grubmüller, H. (2005). The dynamics and energetics of water
permeation and proton exclusion in aquaporins. Curr. Opin. Struct. Biol. 15,
176–183. doi: 10.1016/j.sbi.2005.02.003

Deokar, A. A., Kondawar, V., Jain, P. K., Karuppayil, S. M., Raju, N. L.,
Vadez, V., et al. (2011). Comparative analysis of expressed sequence tags
(ESTs) between drought-tolerant and -susceptible genotypes of chickpea
under terminal drought stress. BMC Plant Biol. 11:1–20. doi: 10.1186/1471-22
29-11-70

Deshmukh, R., and Bélanger, R. R. (2016). Molecular evolution of
aquaporins and silicon influx in plants. Funct. Ecol. 30, 1277–1285.
doi: 10.1111/1365-2435.12570

Deshmukh, R. K., Vivancos, J., Guérin, V., Sonah, H., Labbé, C., Belzile, F., et al.
(2013). Identification and functional characterization of silicon transporters in
soybean using comparative genomics of major intrinsic proteins in Arabidopsis
and rice. Plant Mol. Biol. 83, 303–315. doi: 10.1007/s11103-013-0087-3

Deshmukh, R. K., Vivancos, J., Ramakrishnan, G., Guérin, V., Carpentier, G.,
Sonah, H., et al. (2015). A precise spacing between the NPA domains of
aquaporins is essential for silicon permeability in plants. Plant J. 83, 489–500.
doi: 10.1111/tpj.12904

Di Giorgio, J. A., Bienert, G. P., Ayub, N. D., Yaneff, A., Barberini, M. L., Mecchia,
M. A., et al. (2016). Pollen-specific aquaporins NIP4;1 and NIP4;2 are required
for pollen development and pollination in Arabidopsis thaliana. Plant Cell 28,
1053–1077. doi: 10.1105/tpc.15.00776

Flowers, T. J., Gaur, P. M., Gowda, C. L. L., Krishnamurthy, L., Samineni, S.,
Siddique, K. H. M., et al. (2010). Salt sensitivity in chickpea. Plant Cell amp;

Environment 33, 490–509. doi: 10.1111/j.1365-3040.2009.02051.x
Froger, A., Thomas, D., Delamarche, C., and Tallur, B. (1998). Prediction of

functional residues in water channels and related proteins. Protein Sci. 7,
1458–1468. doi: 10.1002/pro.5560070623

Gattolin, S., Sorieul, M., and Frigerio, L. (2011). Mapping of tonoplast
intrinsic proteins in maturing and germinating Arabidopsis seeds reveals dual
localization of embryonic TIPs to the tonoplast and plasma membrane. Mol.

Plant 4, 180–189. doi: 10.1093/mp/ssq051
Gomes, D., Agasse, A., Thiebaud, P., Delrot, S., Gerós, H., and Chaumont,

F. (2009). Aquaporins are multifunctional water and solute transporters
highly divergent in living organisms. Biochim. Biophys. Acta 1788, 1213–1228.
doi: 10.1016/j.bbamem.2009.03.009

Hachez, C., and Chaumont, F. (2010). Aquaporins: a family of highly
regulated multifunctional channels. Adv. Exp. Med. Biol. 679, 1–17.
doi: 10.1007/978-1-4419-6315-4_1

Hachez, C., Heinen, R. B., Draye, X., and Chaumont, F. (2008). The
expression pattern of plasma membrane aquaporins in maize leaf
highlights their role in hydraulic regulation. Plant Mol. Biol. 68, 337–353.
doi: 10.1007/s11103-008-9373-x

Hachez, C., Veselov, D., Ye, Q., Reinhardt, H., Knipfer, T., Fricke, W., et al.
(2012). Short-term control of maize cell and root water permeability through
plasma membrane aquaporin isoforms. Plant Cell Environ. 35, 185–198.
doi: 10.1111/j.1365-3040.2011.02429.x

Hou, J., Jiang, P., Qi, S., Zhang, K., He, Q., Xu, C., et al. (2016). Isolation
and functional validation of salinity and osmotic stress inducible promoter
from the maize type-II H(+)-pyrophosphatase gene by deletion analysis in
transgenic tobacco plants. PLoS ONE 11:e0154041. doi: 10.1371/journal.pone.
0154041

Hove, R. M., and Bhave, M. (2011). Plant aquaporins with non-aqua
functions: deciphering the signature sequences. Plant Mol. Biol. 75, 413–430.
doi: 10.1007/s11103-011-9737-5

Jain, D., and Chattopadhyay, D. (2010). Analysis of gene expression in response
to water deficit of chickpea (Cicer arietinum L.) varieties differing in drought
tolerance. BMC Plant Biol. 10:24. doi: 10.1186/1471-2229-10-24

Jang, J. Y., Kim, D. G., Kim, Y. O., Kim, J. S., and Kang, H. (2004). An expression
analysis of a gene family encoding plasma membrane aquaporins in response
to abiotic stresses in Arabidopsis thaliana. Plant Mol. Biol. 54, 713–725.
doi: 10.1023/B:PLAN.0000040900.61345.a6

Jiao, Y., Lau, O. S., and Deng, X. W. (2007). Light-regulated transcriptional
networks in higher plants. Nat. Rev. Genet. 8, 217–230. doi: 10.1038/nrg2049

Johanson, U., and Gustavsson, S. (2002). A new subfamily of
major intrinsic proteins in plants. Mol. Biol. Evol. 19, 456–461.
doi: 10.1093/oxfordjournals.molbev.a004101

Johanson, U., Karlsson, M., Johansson, I., Gustavsson, S., Sjövall, S., Fraysse, L.,
et al. (2001). The complete set of genes encoding major intrinsic proteins in
Arabidopsis provides a framework for a new nomenclature for major intrinsic
proteins in plants. Plant Physiol. 126, 1358–1369. doi: 10.1104/pp.126.4.1358

Johansson, I., Karlsson, M., Johanson, U., Larsson, C., and Kjellbom, P. (2000). The
role of aquaporins in cellular and whole plant water balance. Biochim. Biophys.

Acta 1465, 324–342. doi: 10.1016/S0005-2736(00)00147-4
Kaldenhoff, R., Grote, K., Zhu, J. J., and Zimmermann, U. (1998). Significance of

plasmalemma aquaporins for water-transport in Arabidopsis thaliana. Plant J.
14, 121–128. doi: 10.1046/j.1365-313X.1998.00111.x

Kaldenhoff, R., Ribas-Carbo, M., Sans, J. F., Lovisolo, C., Heckwolf, M., and
Uehlein, N. (2008). Aquaporins and plant water balance. Plant Cell Environ.
31, 658–666. doi: 10.1111/j.1365-3040.2008.01792.x

Khan, K., Agarwal, P., Shanware, A., and Sane, V. A. (2015). Heterologous
expression of two jatropha aquaporins imparts drought and salt tolerance
and improves seed viability in transgenic Arabidopsis thaliana. PLoS ONE

10:e0128866. doi: 10.1371/journal.pone.0128866
Kosinska Eriksson, U., Fischer, G., Friemann, R., Enkavi, G., Tajkhorshid, E., and

Neutze, R. (2013). Subangstrom resolution X-ray structure details aquaporin-
water interactions. Science 340, 1346–1349. doi: 10.1126/science.1234306

Krishnamurthy, L., Johansen, C., and Sethi, S. C. (1999). Investigation of factors
determining genotypic differences in seed yield of non-irrigated and irrigated
chickpeas using a physiological model of yield determination. J. Agron. Crop
Sci. 183, 9–17. doi: 10.1046/j.1439-037x.1999.00306.x

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van de Peer, Y., et al.
(2002). PlantCARE, a database of plant cis-acting regulatory elements and a
portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res.
30, 325–327. doi: 10.1093/nar/30.1.325

Lian, H. L., Yu, X., Ye, Q., Ding, X., Kitagawa, Y., Kwak, S. S., et al. (2004). The
role of aquaporin RWC3 in drought avoidance in rice. Plant Cell Physiol. 45,
481–489. doi: 10.1093/pcp/pch058

Liu, Q., Wang, H., Zhang, Z., Wu, J., Feng, Y., and Zhu, Z. (2009). Divergence in
function and expression of the NOD26-like intrinsic proteins in plants. BMC

Genomics 10:313. doi: 10.1016/j.ygeno.2009.02.005
Lopez, D., Venisse, J. S., Fumanal, B., Chaumont, F., Guillot, E., Daniels, M. J.,

et al. (2013). Aquaporins and leaf hydraulics: poplar sheds new light. Plant Cell
Physiol. 54, 1963–1975. doi: 10.1093/pcp/pct135

Lopez, F., Bousser, A., Sissoëff, I., Gaspar, M., Lachaise, B., Hoarau, J., et al.
(2003). Diurnal regulation of water transport and aquaporin gene expression in
maize roots: contribution of PIP2 proteins. Plant Cell Physiol. 44, 1384–1395.
doi: 10.1093/pcp/pcg168

Luu, D. T., Martiniére, A., Sorieul, M., Runions, J., and Maurel, C. (2012).
Fluorescence recovery after photobleaching reveals high cycling dynamics of
plasma membrane aquaporins in Arabidopsis roots under salt stress. Plant J.
69, 894–905. doi: 10.1111/j.1365-313X.2011.04841.x

Luu, D. T., andMaurel, C. (2013). Aquaporin trafficking in plant cells: an emerging
membrane-protein model. Traffic 14, 629–635. doi: 10.1111/tra.12062

Luu, D.-T., and Maurel, C. (2005). Aquaporins in a challenging environment:
molecular gears for adjusting plant water status. Plant Cell Environ. 28, 85–96.
doi: 10.1111/j.1365-3040.2004.01295.x

Ma, J. F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., et al. (2006).
A silicon transporter in rice. Nature 440, 688–691. doi: 10.1038/nature04590

Ma, J. F., Yamaji, N., Mitani, N., Xu, X. Y., Su, Y. H., McGrath, S. P.,
et al. (2008). Transporters of arsenite in rice and their role in arsenic
accumulation in rice grain. Proc. Natl. Acad. Sci. U.S.A. 105, 9931–9935.
doi: 10.1073/pnas.0802361105

Mahdieh, M., Mostajeran, A., Horie, T., and Katsuhara, M. (2008). Drought stress
alters water relations and expression of PIP-type aquaporin genes in Nicotiana

tabacum plants. Plant Cell Physiol. 49, 801–813. doi: 10.1093/pcp/pcn054
Mao, Z., and Sun, W. (2015). Arabidopsis seed-specific vacuolar aquaporins

are involved in maintaining seed longevity under the control of ABSCISIC
ACID INSENSITIVE 3. J. Exp. Bot. 66, 4781–4794. doi: 10.1093/jxb/
erv244

Martins Cde, P., Pedrosa, A. M., Du, D., Gonçalves, L. P., Yu, Q., Gmitter, F. G. Jr.,
et al. (2015). Genome-wide characterization and expression analysis of major

Frontiers in Plant Science | www.frontiersin.org 16 November 2016 | Volume 7 | Article 1802

https://doi.org/10.1104/pp.125.3.1206
https://doi.org/10.1016/j.sbi.2005.02.003
https://doi.org/10.1186/1471-2229-11-70
https://doi.org/10.1111/1365-2435.12570
https://doi.org/10.1007/s11103-013-0087-3
https://doi.org/10.1111/tpj.12904
https://doi.org/10.1105/tpc.15.00776
https://doi.org/10.1111/j.1365-3040.2009.02051.x
https://doi.org/10.1002/pro.5560070623
https://doi.org/10.1093/mp/ssq051
https://doi.org/10.1016/j.bbamem.2009.03.009
https://doi.org/10.1007/978-1-4419-6315-4_1
https://doi.org/10.1007/s11103-008-9373-x
https://doi.org/10.1111/j.1365-3040.2011.02429.x
https://doi.org/10.1371/journal.pone.0154041
https://doi.org/10.1007/s11103-011-9737-5
https://doi.org/10.1186/1471-2229-10-24
https://doi.org/10.1023/B:PLAN.0000040900.61345.a6
https://doi.org/10.1038/nrg2049
https://doi.org/10.1093/oxfordjournals.molbev.a004101
https://doi.org/10.1104/pp.126.4.1358
https://doi.org/10.1016/S0005-2736(00)00147-4
https://doi.org/10.1046/j.1365-313X.1998.00111.x
https://doi.org/10.1111/j.1365-3040.2008.01792.x
https://doi.org/10.1371/journal.pone.0128866
https://doi.org/10.1126/science.1234306
https://doi.org/10.1046/j.1439-037x.1999.00306.x
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1093/pcp/pch058
https://doi.org/10.1016/j.ygeno.2009.02.005
https://doi.org/10.1093/pcp/pct135
https://doi.org/10.1093/pcp/pcg168
https://doi.org/10.1111/j.1365-313X.2011.04841.x
https://doi.org/10.1111/tra.12062
https://doi.org/10.1111/j.1365-3040.2004.01295.x
https://doi.org/10.1038/nature04590
https://doi.org/10.1073/pnas.0802361105
https://doi.org/10.1093/pcp/pcn054
https://doi.org/10.1093/jxb/erv244
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Deokar and Tar’an Aquaporin Gene Family Analysis in Chickpea

intrinsic proteins during abiotic and biotic stresses in sweet orange (Citrus
sinensis L. Osb.). PLoS ONE 10:e0138786. doi: 10.1371/journal.pone.0138786

Maurel, C., Boursiac, Y., Luu, D. T., Santoni, V., Shahzad, Z., and
Verdoucq, L. (2015). Aquaporins in plants. Physiol. Rev. 95, 1321–1358.
doi: 10.1152/physrev.00008.2015

Maurel, C., Reizer, J., Schroeder, J. I., and Chrispeels, M. J. (1993). The vacuolar
membrane protein gamma-TIP creates water specific channels in Xenopus
oocytes. EMBO J. 12, 2241–2247.

Maurel, C., Verdoucq, L., Luu, D.-T., and Santoni, V. (2008). Plant aquaporins:
membrane channels with multiple integrated functions. Annu. Rev. Plant Biol.
59, 595–624. doi: 10.1146/annurev.arplant.59.032607.092734

Molina, C., Rotter, B., Horres, R., Udupa, S. M., Besser, B., Bellarmino, L., et al.
(2008). SuperSAGE: the drought stress-responsive transcriptome of chickpea
roots. BMC Genomics 9:553. doi: 10.1186/1471-2164-9-553

Montalvo-Hernández, L., Piedra-Ibarra, E., Gómez-Silva, L., Lira-Carmona,
R., Acosta-Gallegos, J. A., Vazquez-Medrano, J., et al. (2008). Differential
accumulation of mRNAs in drought-tolerant and susceptible common
bean cultivars in response to water deficit. New Phytol. 177, 102–113.
doi: 10.1111/j.1469-8137.2007.02247.x

Murata, K., Mitsuoka, K., Hirai, T., Walz, T., Agre, P., Heymann, J. B., et al. (2000).
Structural determinants of water permeation through aquaporin-1.Nature 407,
599–605. doi: 10.1038/35036519

Nguyen, M. X., Moon, S., and Jung, K. H. (2013). Genome-wide expression
analysis of rice aquaporin genes and development of a functional gene
network mediated by aquaporin expression in roots. Planta 238, 669–681.
doi: 10.1007/s00425-013-1918-9

Park, W., Scheffler, B. E., Bauer, P. J., and Campbell, B. T. (2010). Identification of
the family of aquaporin genes and their expression in upland cotton (Gossypium
hirsutum L.). BMC Plant Biol. 10:142. doi: 10.1186/1471-2229-10-142

Peng, Y., Lin, W., Cai, W., and Arora, R. (2007). Overexpression of a Panax
ginseng tonoplast aquaporin alters salt tolerance, drought tolerance and cold
acclimation ability in transgenic Arabidopsis plants. Planta 226, 729–740.
doi: 10.1007/s00425-007-0520-4

Perez Di Giorgio, J., Soto, G., Alleva, K., Jozefkowicz, C., Amodeo, G.,
Muschietti, J. P., et al. (2014). Prediction of aquaporin function by
integrating evolutionary and functional analyses. J. Membr. Biol. 247, 107–125.
doi: 10.1007/s00232-013-9618-8

Perez-Martin, A., Michelazzo, C., Torres-Ruiz, J. M., Flexas, J., Fernández, J.
E., Sebastiani, L., et al. (2014). Regulation of photosynthesis and stomatal
and mesophyll conductance under water stress and recovery in olive trees:
correlation with gene expression of carbonic anhydrase and aquaporins. J. Exp.
Bot. 65, 3143–3156. doi: 10.1093/jxb/eru160

Petrillo, E., Godoy Herz, M. A., Barta, A., Kalyna, M., and Kornblihtt, A. R.
(2014). Let there be light: regulation of gene expression in plants. RNA Biol.

11, 1215–1220. doi: 10.4161/15476286.2014.972852
Quigley, F., Rosenberg, J. M., Shachar-Hill, Y., and Bohnert, H. J. (2002).

From genome to function: the Arabidopsis aquaporins. Genome Biol.
3:research0001.1. doi: 10.1186/gb-2001-3-1-research0001

Ravel, C., Fiquet, S., Boudet, J., Dardevet, M., Vincent, J., Merlino, M., et al.
(2014). Conserved cis-regulatory modules in promoters of genes encoding
wheat high-molecular-weight glutenin subunits. Front. Plant Sci. 5:621.
doi: 10.3389/fpls.2014.00621

Reddy, P. S., Rao, T. S. R. B., Sharma, K. K., and Vadez, V. (2015). Genome-wide
identification and characterization of the aquaporin gene family in Sorghum

bicolor (L.). Plant Gene 1, 18–28. doi: 10.1016/j.plgene.2014.12.002
Reuscher, S., Akiyama, M., Mori, C., Aoki, K., Shibata, D., and Shiratake, K. (2013).

Genome-wide identification and expression analysis of aquaporins in tomato.
PLoS ONE 8:e79052. doi: 10.1371/journal.pone.0079052

Rivers, R. L., Dean, R. M., Chandy, G., Hall, J. E., Roberts, D. M., and Zeidel, M. L.
(1997). Functional analysis of nodulin 26, an aquaporin in soybean root nodule
symbiosomes. J. Biol. Chem. 272, 16256–16261. doi: 10.1074/jbc.272.26.16256

Rushton, P. J., Reinstädler, A., Lipka, V., Lippok, B., and Somssich, I. E. (2002).
Synthetic plant promoters containing defined regulatory elements provide
novel insights into pathogen- and wound-induced signaling. Plant Cell 14,
749–762. doi: 10.1105/tpc.010412

Sakurai, J., Ishikawa, F., Yamaguchi, T., Uemura, M., and Maeshima, M. (2005).
Identification of 33 rice aquaporin genes and analysis of their expression and
function. Plant Cell Physiol. 46, 1568–1577. doi: 10.1093/pcp/pci172

Sakurai-Ishikawa, J., Murai-Hatano, M., Hayashi, H., Ahamed, A., Fukushi, K.,
Matsumoto, T., et al. (2011). Transpiration from shoots triggers diurnal
changes in root aquaporin expression. Plant Cell Environ. 34, 1150–1163.
doi: 10.1111/j.1365-3040.2011.02313.x

Savage, D. F., Egea, P. F., Robles-Colmenares, Y., O’Connell, J. D. III, and Stroud,
R. M. (2003). Architecture and selectivity in aquaporins: 2.5 Å X-ray structure
of aquaporin Z. PLoS Biol. 1:e72. doi: 10.1371/journal.pbio.0000072

Schmutz, J., Cannon, S. B., Schlueter, J., Ma, J., Mitros, T., Nelson, W., et al. (2010).
Genome sequence of the palaeopolyploid soybean. Nature 463, 178–183.
doi: 10.1038/nature08670

Secchi, F., and Zwieniecki, M. A. (2014). Down-regulation of plasma intrinsic
protein1 aquaporin in poplar trees is detrimental to recovery from embolism.
Plant Physiol. 164, 1789–1799. doi: 10.1104/pp.114.237511

Smart, L. B., Moskal, W. A., Cameron, K. D., and Bennett, A. B. (2001). MIP genes
are down-regulated under drought stress inNicotiana glauca. Plant Cell Physiol.
42, 686–693. doi: 10.1093/pcp/pce085

Sommer, A., Geist, B., Da Ines, O., Gehwolf, R., Schaffner, A. R., and Obermeyer, G.
(2008). Ectopic expression of Arabidopsis thaliana plasma membrane intrinsic
protein 2 aquaporins in lily pollen increases the plasma membrane water
permeability of grain but not of tube protoplasts. New Phytol. 180, 787–797.
doi: 10.1111/j.1469-8137.2008.02607.x

Sommer, A., Mahlknecht, G., and Obermeyer, G. (2007). Measuring the
osmotic water permeability of the plant protoplast plasma membrane:
implication of the nonosmotic volume. J. Membr. Biol. 215, 111–123.
doi: 10.1007/s00232-007-9011-6

Soto, G., Alleva, K., Amodeo, G., Muschietti, J., and Ayub, N. D. (2012).
New insight into the evolution of aquaporins from flowering plants and
vertebrates: orthologous identification and functional transfer is possible. Gene
503, 165–176. doi: 10.1016/j.gene.2012.04.021

Suga, N., Takada, H., Nomura, A., Ohga, S., Ishii, E., Ihara, K., et al. (2002).
Perforin defects of primary haemophagocytic lymphohistiocytosis in Japan. Br.
J. Haematol. 116, 346–349. doi: 10.1046/j.1365-2141.2002.03266.x

Takano, J., Wada, M., Ludewig, U., Schaaf, G., von Wirén, N., and Fujiwara, T.
(2006). The Arabidopsis major intrinsic protein NIP5;1 is essential for efficient
boron uptake and plant development under boron limitation. Plant Cell 18,
1498–1509. doi: 10.1105/tpc.106.041640

Takase, T., Ishikawa, H., Murakami, H., Kikuchi, J., Sato-Nara, K., and
Suzuki, H. (2011). The circadian clock modulates water dynamics and
aquaporin expression in Arabidopsis roots. Plant Cell Physiol. 52, 373–383.
doi: 10.1093/pcp/pcq198

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011).
MEGA5: molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28,
2731–2739. doi: 10.1093/molbev/msr121

Tian, S., Wang, X., Li, P., Wang, H., Ji, H., Xie, J., et al. (2016). Plant aquaporin
AtPIP1;4 links apoplastic H2O2 induction to disease immunity pathways. Plant
Physiol. 171, 1635–1650. doi: 10.1104/pp.15.01237

Tombuloglu, H., Ozcan, I., Tombuloglu, G., Sakcali, S., and Unver, T. (2016).
Aquaporins in boron-tolerant barley: identification, characterization,
and expression analysis. Plant Mol. Biol. Report. 34, 374–386.
doi: 10.1007/s11105-015-0930-6

Uehlein, N., Otto, B., Hanson, D. T., Fischer, M., McDowell, N., and Kaldenhoff,
R. (2008). Function of Nicotiana tabacum aquaporins as chloroplast gas pores
challenges the concept of membrane CO2 permeability. Plant Cell 20, 648–657.
doi: 10.1105/tpc.107.054023

Vandepoele, K., Casneuf, T., and Van de Peer, Y. (2006). Identification of
novel regulatory modules in dicotyledonous plants using expression data
and comparative genomics. Genome Biol. 7:R103. doi: 10.1186/gb-2006-7-
11-r103

Varshney, R. K., Song, C., Saxena, R. K., Azam, S., Yu, S., Sharpe, A. G., et al.
(2013). Draft genome sequence of chickpea (Cicer arietinum) provides a
resource for trait improvement. Nat. Biotechnol. 31, 240–246. doi: 10.1038/
nbt.2491

Venkatesh, J., Yu, J. W., and Park, S. W. (2013). Genome-wide analysis and
expression profiling of the Solanum tuberosum aquaporins. Plant Physiol.

Biochem. 73, 392–404. doi: 10.1016/j.plaphy.2013.10.025
Voorrips, R. E. (2002). MapChart: software for the graphical presentation of

linkage maps and QTLs. J. Hered. 93, 77–78. doi: 10.1093/jhered/93.1.77

Frontiers in Plant Science | www.frontiersin.org 17 November 2016 | Volume 7 | Article 1802

https://doi.org/10.1371/journal.pone.0138786
https://doi.org/10.1152/physrev.00008.2015
https://doi.org/10.1146/annurev.arplant.59.032607.092734
https://doi.org/10.1186/1471-2164-9-553
https://doi.org/10.1111/j.1469-8137.2007.02247.x
https://doi.org/10.1038/35036519
https://doi.org/10.1007/s00425-013-1918-9
https://doi.org/10.1186/1471-2229-10-142
https://doi.org/10.1007/s00425-007-0520-4
https://doi.org/10.1007/s00232-013-9618-8
https://doi.org/10.1093/jxb/eru160
https://doi.org/10.4161/15476286.2014.972852
https://doi.org/10.1186/gb-2001-3-1-research0001
https://doi.org/10.3389/fpls.2014.00621
https://doi.org/10.1016/j.plgene.2014.12.002
https://doi.org/10.1371/journal.pone.0079052
https://doi.org/10.1074/jbc.272.26.16256
https://doi.org/10.1105/tpc.010412
https://doi.org/10.1093/pcp/pci172
https://doi.org/10.1111/j.1365-3040.2011.02313.x
https://doi.org/10.1371/journal.pbio.0000072
https://doi.org/10.1038/nature08670
https://doi.org/10.1104/pp.114.237511
https://doi.org/10.1093/pcp/pce085
https://doi.org/10.1111/j.1469-8137.2008.02607.x
https://doi.org/10.1007/s00232-007-9011-6
https://doi.org/10.1016/j.gene.2012.04.021
https://doi.org/10.1046/j.1365-2141.2002.03266.x
https://doi.org/10.1105/tpc.106.041640
https://doi.org/10.1093/pcp/pcq198
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1104/pp.15.01237
https://doi.org/10.1007/s11105-015-0930-6
https://doi.org/10.1105/tpc.107.054023
https://doi.org/10.1186/gb-2006-7-11-r103
https://doi.org/10.1038/nbt.2491
https://doi.org/10.1016/j.plaphy.2013.10.025
https://doi.org/10.1093/jhered/93.1.77
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Deokar and Tar’an Aquaporin Gene Family Analysis in Chickpea

Wahid, A., and Close, T. J. (2007). Expression of dehydrins under heat stress
and their relationship with water relations of sugarcane leaves. Biol. Plant. 51,
104–109. doi: 10.1007/s10535-007-0021-0

Wallace, I. S., and Roberts, D. M. (2004). Homology modeling of representative
subfamilies of Arabidopsis major intrinsic proteins. Classification based
on the aromatic/arginine selectivity filter. Plant Physiol. 135, 1059–1068.
doi: 10.1104/pp.103.033415

Wang, L., Li, Q., Lei, Q., Feng, C., Gao, Y., Zheng, X., et al. (2015). MzPIP2;1:
an aquaporin involved in radial water movement in both water uptake and
transportation, altered the drought and salt tolerance of transgenic Arabidopsis.
PLoS ONE 10:e0142446. doi: 10.1371/journal.pone.0142446

Wang, M., Ling, N., Dong, X., Zhu, Y., Shen, Q., and Guo, S. (2012).
Thermographic visualization of leaf response in cucumber plants
infected with the soil-borne pathogen Fusarium oxysporum f. sp.
cucumerinum. Plant Physiol. Biochem. 61, 153–161. doi: 10.1016/j.plaphy.2012.
09.015

Wang, M., Sun, Y., Sun, G., Liu, X., Zhai, L., Shen, Q., et al. (2015). Water
balance altered in cucumber plants infected with Fusarium oxysporum f. sp.
cucumerinum. Sci Rep. 5:7722. doi: 10.1038/srep07722

Wang, Y., Tang, H., Debarry, J. D., Tan, X., Li, J., Wang, X., et al. (2012).
MCScanX: a toolkit for detection and evolutionary analysis of gene synteny and
collinearity. Nucleic Acids Res. 40, e49. doi: 10.1093/nar/gkr1293

Xu, Y., Hu,W., Liu, J., Zhang, J., Jia, C., Miao, H., et al. (2014). A banana aquaporin
gene, MaPIP1;1, is involved in tolerance to drought and salt stresses. BMC Plant

Biol. 14:59. doi: 10.1186/1471-2229-14-59

Yakata, K., Hiroaki, Y., Ishibashi, K., Sohara, E., Sasaki, S., Mitsuoka,
K., et al. (2007). Aquaporin-11 containing a divergent NPA motif has
normal water channel activity. Biochim. Biophys. Acta 1768, 688–693.
doi: 10.1016/j.bbamem.2006.11.005

Yang, S., and Cui, L. (2009). The action of aquaporins in cell elongation, salt stress
and photosynthesis. Sheng Wu Gong Cheng Xue Bao 25, 321–327.

Zhang da, Y., Ali, Z., Wang, C. B., Xu, L., Yi, J. X., Xu, Z. L., et al.
(2013). Genome-wide sequence characterization and expression analysis of
major intrinsic proteins in soybean (Glycine max L.). PLoS ONE 8:e56312.
doi: 10.1371/journal.pone.0056312

Zhou, S., Hu, W., Deng, X., Ma, Z., Chen, L., Huang, C., et al. (2012).
Overexpression of the wheat aquaporin gene, TaAQP7, enhances
drought tolerance in transgenic tobacco. PLoS ONE 7:e52439.
doi: 10.1371/journal.pone.0052439

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Deokar and Tar’an. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 18 November 2016 | Volume 7 | Article 1802

https://doi.org/10.1007/s10535-007-0021-0
https://doi.org/10.1104/pp.103.033415
https://doi.org/10.1371/journal.pone.0142446
https://doi.org/10.1016/j.plaphy.2012.09.015
https://doi.org/10.1038/srep07722
https://doi.org/10.1093/nar/gkr1293
https://doi.org/10.1186/1471-2229-14-59
https://doi.org/10.1016/j.bbamem.2006.11.005
https://doi.org/10.1371/journal.pone.0056312
https://doi.org/10.1371/journal.pone.0052439
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Genome-Wide Analysis of the Aquaporin Gene Family in Chickpea (Cicer arietinum L.)
	Introduction
	Materials and Methods
	Identification of Putative Aquaporin Genes in Chickpea Genome
	Multiple Sequence Alignments and Phylogenetic Analysis
	Protein Characterization and Identification of NPA Motifs and Transmembrane Domains in CaAQPs
	Genomic Organization and Promoter Sequence Profiling of CaAQPs
	3D Structure
	Expression Analysis of CaAQPs

	Results and Discussion
	Aquaporin Gene Family in Chickpea
	Gene Structure and Genomic Distribution of CaAQP
	The Conserved and Substrate-Specific Residues of CaAQPs
	Molecular Modeling of CaAQP
	Expression Profile of CaAQP Genes in Different Tissue
	Expression Pattern of CaAQP Genes under Biotic and Abiotic Stresses
	Promoter Profiling of CaAQP

	Conclusions
	Author Contributions
	Funding
	Supplementary Material
	References


