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Abstract

Background WRKY proteins play a vital role in the regulation of several imperative plant metabolic processes and pathways,
especially under biotic and abiotic stresses. Although WRKY genes have been characterized in various major crop plants,
their identification and characterization in pulse legumes is still in its infancy. Chickpea (Cicer arietinum L.) is the most
important pulse legume grown in arid and semi-arid tropics.

Objective In silico identification and characterization of WRKY transcription factor-encoding genes in chickpea genome.
Methods For this purpose, a systematic genome-wide analysis was carried out to identify the non-redundant WRKY tran-
scription factors in the chickpea genome.

Results We have computationally identified 70 WRKY-encoding non-redundant genes which were randomly distributed on
all the chickpea chromosomes except chromosome 8. The evolutionary phylogenetic analysis classified the WRKY proteins
into three major groups (I, IT and IIT) and seven sub-groups (IN, IC, Ila, IIb, Ilc, IId and IIe). The gene structure analysis
revealed the presence of 2—7 introns among the family members. Along with the presence of absolutely conserved signa-
tory WRKY domain, 19 different domains were also found to be conserved in a group-specific manner. Insights of gene
duplication analysis revealed the predominant role of segmental duplications for the expansion of WRKY genes in chickpea.
Purifying selection seems to be operated during the evolution and expansion of paralogous WRKY genes. The transcriptome
data-based in silico expression analysis revealed the differential expression of CarWRKY genes in root and shoot tissues
under salt, drought, and cold stress conditions. Moreover, some of these genes showed identical expression pattern under
these stresses, revealing the possibility of involvement of these genes in conserved abiotic stress—response pathways.
Conclusion This genome-wide computational analysis will serve as a base to accelerate the functional characterization of
WRKY TFs especially under biotic and abiotic stresses.
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Introduction

Transcription factors (TFs) are proteins that play very
important role during gene transcription by interacting
with their corresponding cis-regulatory elements in the
promoter regions. Several genes have been found in plant
genomes which encode various classes of TFs (Rushton
et al. 2010). Amongst them, WRKY TF family is one of
the largest TF family in higher plants (Eulgem et al. 2000).
WRKY TFs have been implicated in the regulation of dif-
ferent metabolic pathways (e.g. biosynthesis of secondary
metabolites, plant senescence and signal molecule-deliv-
ery) under biotic and abiotic stresses in plants (Vom Endt
et al. 2002). The first WRKY TF (SPF1) was identified
from sweet potato (Ipomoea batatas) which was found to
be associated with gene regulation under the abiotic stress
conditions (Ishiguro and Nakamura 1994).

The WRKY proteins harbor a characteristic WRKY
domain of around 60 amino acids with conserved oli-
gopeptide sequence (WRKYGQK) at N-terminal
along with Cys2His2/Cys2HisCys zinc finger motif
(CX4-7CX22-23HXH/C) at C-terminal (Rushton et al.
2010; Schluttenhofer and Yuan 2015). The conservation
of cysteine and histidine in the WRKY domain is respon-
sible for the formation of unique zinc finger-like motif and
sequence of WRKY amino acids can directly bind with W
box (TTGACT/C) cis-regulatory element, which are found
in upstream regions of target genes (Zhang et al. 2018).
WRKY TFs have been classified into three major groups
(I, IT and IIT) based on the number of WRKY domains and
features of zinc finger motifs (Rinerson et al. 2015). The
members of group-I contain two WRKY domains along
with C,H, zinc finger motif at either C terminal or N ter-
minal. On the other hand, members of group-II and III
have only one C terminal WRKY domain (Brand et al.
2013). Group II has been further classified into five sub-
groups (Ila, IIb, IIc, IId and Ile) based on evolutionary
divergence and difference in conserved motifs (Rinerson
et al. 2015). Group-I members are the ancient ones and
have been responsible for the evolution of WRKY TFs
family while group-II (Ila and IIb) has been evolved most
probably from algae with a single WRKY domain and are
separated from group-I derived lineage (Wu et al. 2005;
Rinerson et al. 2015).

Several studies have demonstrated the role of WRKY
TFs in terms of increased tolerance to biotic and abiotic
stresses in plants (Ali et al. 2014, 2018; Qin et al. 2015;
Rushton et al. 2010). For instance, overexpression of
OsWRKY45 in rice has enhanced the disease and drought
tolerance (Qiu and Yu 2009), AtWRKY25 and AtWRKY33
enhanced salinity resistance in Arabidopsis (Jiang and
Deyholos 2009) and VvWRKYI11 increased resistance
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against osmotic stress in grapes (Liu et al. 2011). In kiwi-
fruit, various ACWRKY TFs (AcWRKY29, 40, 48, 55, 95
and 96) were up-regulated under salt stress (Jing and Liu
2018). Recently, Ali et al. (2018) demonstrated the role of
WRKY 11 and WRKY 17 in the regulation of abiotic stress
responses in Arabidopsis. In Taxus chinensis, TCWRKY8
and TcWRKY47 were involved in the regulation of taxol-
biosynthesis-related genes (Zhang et al. 2018). Treatment
with hormones like ethylene, jasmonic acid, salicylic acid,
gibberellins and abscisic acid can induce the expression of
WRKY TFs, showing their involvement in phytohormone
signaling cascades (Xiao et al. 2017). In cotton, WRKY
transcripts have also been identified in elongating fiber
ovules 3 days post-anthesis suggesting their possible role
in fiber development (Wang et al. 2010). WRKY genes
have also been suggested to play an important role in the
development of anthers and embryos in plants (Zhang
et al. 2018). WRKY TFs have also been involved in tran-
scriptional reprogramming of plant immunity responses
against various pathogens (Pandey and Somssich 2009).
Many WRKY genes are regulated by miRNAs. HOWRKY6
(sunflower) is regulated by miR396 to control the damage
by high temperature (Giacomelli et al. 2012).

Chickpea (Cicer arietinum L.) is the most important cool-
season pulse legume primarily cultivated in arid and semi-
arid regions of the world (Acharjee and Sarmah 2013; Sani
et al. 2017). The availability of complete genome assembly
of chickpea (Thudi et al. 2016; Varshney et al. 2013) offers
an opportunity for the genome-wide computational identifi-
cation and characterization of WRKY encoding genes. Here
we presented genome-wide identification and classification
of WRKY TF family members and described their evolution
and expansion. The functions of identified proteins have also
been proposed based on orthologs information from com-
parative phylogenetic analysis. In addition, expression pro-
files of identified WRKY in different tissue of chickpea plant
under various abiotic stresses are also discussed. This study
will help in functionally characterizing and understanding
the role of chickpea WRKY family members especially in
response to abiotic stresses. The candidate genes can then be
employed in the stress—tolerance breeding programs.

Materials and methods
Database search and sequence retrieval

The complete genome assembly of chickpea along with
complete proteome sequence file was downloaded from web-
page of International Crop Research Institute for Semi-Arid
Tropics (ICRISAT) http://cegsb.icrisat.org/gt-bt/ICGGC/
genomedata.zip (Varshney et al. 2013). Conserved amino
acids sequence (WRKYGQK) was used as a query to explore
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the WRKY TFs from the chickpea proteome sequence file
using CLC sequence viewer (v7.6.1, Knudsen et al. 2011).
Putative WRKY TFs were further confirmed by using basic
local alignment search tool (blastP) at the NCBI webserver.
NCBI database was further explored to find out the gene
accession numbers (GI), chromosome number, genomic
information and protein size of marked WRKY TFs. The
genomic nucleotide sequence of all the identified WRKY's
were also retrieved form NCBI. The molecular weight and
isoelectric point (PI) were calculated using the ExPASy Bio-
informatics Resource Portal (http://web.expasy.org/compu
te_pi/) (Gasteiger et al. 2005).

Chromosomal mapping, intron/exon distribution
and conserved domain analysis

NCBI database was used to record the positions of these
CarWRKY genes on the chromosomes, whereas Map Chart
(v. 2.32) was used to construct chromosomal localization
map of all the identified non-redundant chickpea WRKY
genes according to scale (Voorrips 2002). In order to con-
struct the gene structure displaying the intron—exon distribu-
tion of WRKY genes, Gene Structure Display Server (v2.0
http://gsds.cbi.pku.edu.cn/) was used (Hu et al. 2014). For
this purpose, the genomic DNA as well as CDS sequences
of all the WRKY genes were submitted to construct the gene
structure map along with the intron phases.

In order to identify the conserved domains among all the
chickpea WRKYs, their protein sequences were subjected to
MEME (Multiple Em for Motif Elicitation; v5.0.3) (Bailey
et al. 2009). The analyses were carried out using default
parameters with following exception i.e. occurrence of motif
was set at 0 or 1 per sequence; number of motifs was set
as 19; optimum width of motifs 1263 residues; minimum
number of sites of motif was set as 5.

Comparative phylogenetic analysis of WRKY
proteins from chickpea, Medicago and Arabidopsis

The comparative phylogenetic tree was constructed
by using protein sequences of putative WRKY TFs
from C. arietinum (CarWRKY), Medicago truncatula
(MedtrWRKY) and Arabidosis thaliana (AtWRKY) as a
reference sequence (Eulgem et al. 2000; Song and Nan
2014). For this purpose, the peptide sequences of 96
MedtrWRKY's were downloaded from plant TF database
(PlantTFDB v4.0; Jin et al. 2016) webserver http://plant
tfdb.cbi.pku.edu.cn/family.php?sp=Mtr&fam=WRKY. On
the other hand, the protein sequences of 72 AtWRKY's
were obtained from Eulgem et al. (2000). The multiple
sequence alignment of all the 238 WRKY's was carried out
using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/; Sievers et al. 2011). The resultant alignment was

used to compute the phylogenetic tree through neighbor-
joining method (Tamura et al. 2013) with 1000 bootstrap
replicates using Molecular Evolutionary Genetics Analysis
tool (MEGA v7.0; Kumar et al. 2016). Poisson correction
method was used to compute the evolutionary distances in
the units of the number of amino acid substitutions per site
per unit time (Saitou and Nei 1987). All positions contain-
ing <95% site coverage were removed i.e. fewer than 5%
alignment gaps, missing data and ambiguous bases were
allowed at any position. There was a total of 71 amino
acid positions in the final dataset. The resultant tree was
then used to infer the evolutionary history and possible
functional roles of WRKY TFs.

Gene duplication and evolutionary divergence
analysis

The putative paralogous WRKY gene pairs were identi-
fied from the phylogenetic tree. Their coding sequences
were used to construct pairwise alignment using inbuilt
ClustalW and PAM protein weight matrix of MEGA7.
The resultant alignments were subjected to DNA sequence
polymorphism software (DnaSP v5.10.01) (Librado and
Rozas 2009) to compute the synonymous substitution rates
(K,) and non-synonymous substitution rates (K,). The K/
K, was also calculated to determine which type of codon
selection operated during evolution. The values of K|
were further used to calculate the approximate period of
duplication event by using a formula T =K /2A assuming
a clock rate (A) of 6.05 x 10~ substitutions/synonymous
site/year for chickpea (Jain et al. 2013).

In silico gene expression analysis under abiotic
stresses

The transcriptome data of chickpea were obtained from
chickpea transcriptome database (CTDB, Verma et al.
2015) and from Garg et al. (2015), where the plants were
treated with various abiotic stresses. Briefly, salt stress was
imposed by treating 10 days old seedlings with 150 mM
NaCl (Garg et al. 2015). Drought stress was imposed by
transferring 10 days old seedlings on folded dry tissue
paper, while cold stress was induced by keeping the seed-
lings at 4 °C and the samples were collected for total RNA
extraction (Garg et al. 2015). We retrieved the expression
data of WRKY genes from root and shoot tissues under
salinity, drought and cold stresses from Garg et al. (2015).
The hierarchical clustering and the heatmap-based expres-
sion profiles of CarWRKY genes were performed using
Genesis (v1.7.6) (Sturn et al. 2002).
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Results

Identification and distribution of WRKY TFs
encoding genes in chickpea genome

Taking the advantage of availability of complete genome
assembly of chickpea, we initially identified 72 non-
redundant WRKY genes encoding putative WRKY TFs
from chickpea genome using WRKYGQK as a query. The
identified genes were further scanned for the presence of
WRKY-specific principal domains in the encoding pro-
teins. For this purpose, the presence of complete WRKY
domain was opted as a basic criterion for the inclusion
of gene in WRKY family. Thus, two WRKY genes were
removed due to incomplete WRKY domains in their amino
acid sequence. These could be considered as pseudogenes
which might have lost the part of functional domain during
the evolution process (Panchy et al. 2016). The remain-
ing 70 non-redundant CarWRKY genes were renamed in
ascending order according to their positions on the chro-
mosomes (CarWRKYI to CarWRKY70) as described in
various other species (Eulgem et al. 2000; Li et al. 2015;
Jing and Liu 2018).

The peptide length of CarWRKY proteins varied
from 162 to 763 amino acids within an average of 371
amino acids (detailed in Table 1). The isoelectric point
value had a range from 5.01 to 9.91, while the molecular
weight ranged from 18.6 to 84.6 kDa, with an average of
41.48 kDa in chickpea WRKYs (Table 1).

The distribution of identified CarWRKY genes on
the chromosomes was carried out using MapChart. The
chromosome map revealed the uneven distribution of 65
WRKY genes on 7 out of 8 chromosomes (Fig. 1). The
position of remaining five WRKY genes i.e. WRKY 66-70
could not be mapped to any chromosome, as they were
present on scaffold regions. All the 7 chromosomes share
almost the same number of WRKY genes among them. For
examples chromosomes 1, 3, 6 and 7 contained an equal
number of WRKY genes i.e. ten genes each, while chro-
mosome 8 has no WRKY gene at all. Interestingly, it was
observed that most of these WRKY genes are present on
the chromosome in the form of clusters, which suggest that
the genes within a cluster may be a part of single QTL.

Classification, gene structure and conserved
domains analyses of chickpea WRKYs

The chickpea WRKY TFs were classified into three major
groups based on an unrooted phylogenetic tree. This clas-
sification followed the same pattern as observed in vari-
ous other crop species (Eulgem et al. 2000; Zhang and
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Wang 2005) i.e. group I, II and III. Group-I contains 14
members, and further divided into two distinct subgroups
(IN and IC with 10 and 4 members respectively). Group-
II contains 48 members and was further classified into
five sub-groups i.e. Ila, IIb, Ilc, IId, and Ile with 5, 11,
15, 7 and 10 members respectively. Group III represents a
monophyletic group with eight members (Fig. 2a).

The gene structure i.e. the intron/exon distribution pattern
of all the WRKY genes was also determined to gain further
insights into the evolution of WRKY family in chickpea. The
ordinal position and intron—exon distribution pattern in the
genomic region of a gene is used as a supporting evidence
of expansion pattern of a gene family and its evolutionary
relationship with its ancestors.

Chickpea WRKY genes exhibited a diversity with respect
to the number of introns e.g. ranging from 1 to 7. Despite
the difference in the size of their genomic regions, a some-
what conserved gene structure within the groups of phyloge-
netic tree has been observed (Fig. 2b) except CarWRKY66,
a member of group IIb. The gene structure of CarWRKY66
was drawn separately due to extra-large size of its genomic
DNA sequence i.e. 18.14 Kb (Fig. 2d). It contains a total
of 6 introns, of which four introns have comparable length
with other WRKY genes (i.e. intron 1, 3, 4 and 5), while the
remaining two introns are unusually long i.e. intron 2 has
5.5 kb length, and intron 6 has 9.5 kb length.

All the members of group IIC have 2 introns except
CarWRKY23, CarWRKY68 and CarWRKY69. Both Car-
WRKY23 and CarWRKY68 (which seems to be paralogous
genes) might have lost one intron during the speciation pro-
cess. On the other hand, CarWRKY69 have three introns,
which probably had resulted by a recent intron gain event.
Similarly, group IId, Ile and group III members also have 2
introns except CarWRKY47 in group Ile which might have
lost one intron during evolution from the ancestral sequence.
Overall, 39 out of 69 CarWRKYs contained two introns.

In addition to intron/exon distribution pattern, the intron
phases i.e. the position of introns within codons were also
determined. Three types of intron phases (0, 1 and 2) were
found but overall type 2 was most common and frequent in
CarWRKYs (Fig. 2b). In group I, mostly intron phase 0 was
observed in first two introns, while all the remaining introns
were in phase 2. Sub-group Ila and IIb carried intron phase 0
predominantly. On the other hand, intron phase 2 was abun-
dant among members of sub-group Ilc, IId, Ile and group
III. Overall, a total of 180 introns were present among all the
70 WRKYs of chickpea. Among them, 42% (i.e. 75 introns)
were phase 0 introns, 12% (i.e. 22 introns) were phase 1 and
remaining 46% (i.e. 83) were phase 2 introns.

The identification of conserved domains in a gene fam-
ily also serves as a supporting evidence to verify the gene
duplication events during evolution; and to dissect their
functional conservation. For this purpose, the peptide



471

Genes & Genomics (2019) 41:467-481

0 I'Ly886YY00 dX  T06L86¥Y00 X 06l SI'e €91 LPE0L9Yr  9£0°6T9tY Rt ¥ 9CANIAMIED €8616v101D01
€0 I'v1886¥Y00 dX  TLSL86YYO0 WX 6'0¢ 908 TLT  906'VLTYY  9ITELTYY Bl ¥ SEANIAMIED 0L880S101D0T
[ ['€1886¥Y00 dX  T'9SL86YY00 X 00¢ L S9T  I€E69TYY  TLY99ThY eIl ¥ PEANIAMIED GSS80STOIDOT
[ 1'99686¥700 dX  T'60586¥Y00° INX SLe 196 ove  TISOLI'TY  9PL'LIT'TY PII v CEAMNIMIED r860ST101D0T
0 I'LIS96YY00 dX  T09¥96¥100 INX gee  8C¢ 86C  90LL66TI 0L1°966°T1 oIl v TEAMNIMIED £€8160ST0ID0T
0 I'768S6vY00 dX  T'LESSEYYO0 INX 6'6¢  LE9 61¢  8SETTI’L P6£°0CI L R 4 TEAIMIED 695667101001
0 1°€0669ST10 dX I'6vrrILTIO INX 86 196 8SE  ILVTIEY 988°6S€E Y I ¥ OEANIMIED 898168501001
0 I'PEIS6YY00 dX  TLLOS6YY00 INX Lee  vL'6 1€ 8667611 YTTTOVl PII ¥ 6CANIMIED 8E9TISTOIDOT
S0 U'LLYP6Yy00 dX  TOTYP6ry00 INX 81y 8L 86E€  96T'L8I'LE  €6VEST'LE qi € STANIMIED CL168YI0IDOT
0 I'€PS69STI0 dX 1'68071LTI0 INX 06Cc 8978 ¥ST 066 TE6'9E  L66°6T6°0€ Rl € LTANIMIED Y01S6¥101D01
0 I'8Trr6ry00 dX  TILEVEYYO0 INX ¢'8C T8¢ 8YC  £68°8S8°9€  6¥€958°0¢ oIl € 9CTANIMIED 266105101001
0 1'€€6€6vY00 dX  TIL8E6YYO0 INX OIS  e6lI'L 8Sy  €61°TEL'TE  €9V°LTLTE I € STANIMIED 986605101001
0 I'PI169ST10 dX  1°099€1LTI0 WX 9v8 809 €9L  SPTOL6'ET  S8S°G96°ET 1 € VYCANIMIED CTC8OSTIOIDOT
<0 1'S08T6YY00 dX  T'8PLTO6YYO0 WX 9ve  LT8 YIT  €6T'SYOCT  TES'EVI'ET Sl € CTAMIAMIED 10LL6¥10IDOT
<0 1'86LT6YY00 dX T I¥LTOVYO0 WX 1'9¢ 129 8T€  OVL'ETY'CT  LL6TTYET oIl € CTAMIAMIED SYLS6YI01D0T
0 1'L9ST6YY00 dX  T0IST6YY00 INX 8ee  CLS 96T  VIL'L9ETT  S6S°S9ETT I € ITAIMIED 20€00ST10ID0OT
70 1'61ST6YY00 dX  TT9YT6YYO0 INX I'eS  8¥9 0€S  90T°60S°0CT  819°S0S°0T I € 0TAMIMIED 6ISIISIOIDOT
€0 1'86816¥Y00 dX  T'10816¥100 WX L9 8S9 9IS SLL'6TSY [4N%4'87 I € 6IAMIMIED 8SCL6VIOIDOT
€0 1'88S16¥Y00 dX  TIEST6VH00 INX ¢¢ee ges T0S  €65¥60°9€  ST6'680°9€ I ¢ BIAMNIMIED 02980ST101D01
S0 I'PLyI6vP00 dX  TLIVI6YY00 INX 809 €L9 SSS  €OLLLE'SE  PETELE'SE I ¢ LTAMIMIED €L610STOIDOT
0 '6T€16vP00 dX  TTLTI6VY00 INX ¥'ee  LT9 T1€  S00VLTYE  98L'TLTVE Rt ¢ 9TAMNIMIED €GELOSTOIDOT
¥0 1'18906¥Y00 dX  THT906¥v00 WX L'€9 9 SLS  0T86E89T  €L6TE89T I ¢ STAMIMIED LLOSOSTOTDOT
0 1125067700 dX I'¥9v067700 INX e  ¢S9 €9C  SIT'LYIYT  LSTEVIVT I ¢ VIANIMIED 86C0STOID0T
0 1°0TS06¥v00 dX  TE9Y061700 INX e  ¢S9 6vE  800'TET'YT  €STLTIWT I ¢ CTANIMIED 8C6C0S101D0T
0 I'8¥106¥700 dX  T'160067700 INX 6'0¢ 1S9 8LT  TSE90L'ET 9SH TOL'ET Rl ¢ CIAMIMIED 09¥861101D01
€0 1°091687700 dX  T€01687700 X %Y 9 ¥8S  08C'SEIT 19¢°TETT qII 4 TTAMIMIED 0¥€06+101D07T
<0 1'€L068YY00 dX  T910687700 WX [ %2 Sro 80€  09L'LIV'LY 18C VIV LY I I OTAIMIED OrLETSTOIODOT
0 1'€8188YY00 dX  T9TI88YY00 WX 1414 19°L 00y  TLV'SPP'ST  ¥86°ChP'ST qII I 60AIMIED 099861101001
0 1°€2088YY00 dX  T996L87700 WX 8'0¢ 96 LLT  106°9T0°CT  LTT'STOTT PII I SOANIMIED 966¢617101D01
0 1'C8SL8YY00 dX  T'STSL8YY00 WX 8¢ LO9 SvE  TITLO9SI 955 €09°ST oIl I LOANIMIED SO0CrOSTOIOO0T
70 1°999TLSTI0 dX  T'CTITLILTIO WX £€Cs €96 €LY 0¥9°9TTYI €TV TTTYI qiI I 90AMIMIED L8STISTOIOOT
0 1219987700 dX  T'SSS98YH00 X 90¢  L68 69T  8ET'6TS'S 696°LT8'8 Bl I SOANIMIED 6959671010071
0 1°728695T10 dX 1'890¥1LT10 X 60y  9v'9 ILE  869°C6V'8 €LE°06V'S o I FOAMIMIED 90rISI0ID0T
0 1'80S98¥Y00 dX T ISHI8¥H00 X 9¢S 696 S8Y  TL6TO6'L VLL'886°L oIl I COAMIMIED PCSEISI0NID0T
S0 'LLI98YY00 dX  T0TI987Y00 WX L09 T8 L9S  T9L899°C 96L°699°S qi1 I COAMIMIED 191805101001
0 1'8T6S87Y00 dX  T'IL8S8¥Y00 X 8'¢cc 8IS vIT  861°9SH'C YISYSP'e oIl I TOAIMIED 00€€IST0ID0T
SuonuI Jo "oON uraj01d VNIw  Ca) M IN Id  9z1s urdjoig pug el dnoiny  1y) soweu maN  (IGDN) ] snoo]

souad XYM eadyoryo paynuapt jo seniadoid poqrereg | sjqel

pringer

A's



Genes & Genomics (2019) 41:467-481

472

[ ['80L9TS+00 dX ['1S991$¥00° WX vy CSS 06€  OVTYCE ysrcee oIl OS OLAMNIMIED 061L67101D0T
€0 ['€ECSISHO0 dX  TILTSTSYO0 X 9¢t V9L §TC  8€6°LOT 91°€0T R S 69ANIMIED 88LOISTOIDOT
10 I'P8LYISYO0 dX  TLTLYISYO0 WX 76l 8C°6 891  ¥€9Y0T LLS'T0T R S B9ANIMIED 0¥066¥101D01
€0 I'PPTrISy00 dX  TL8IPISH00 INX Yvy S99 10V 6V6'89 §69°69 I OS  LOANIMIED 9L096¥101D01
90 1°060SLSTI0 dX 1'9€961LT10° INX %S LS SLy  TT89SI L69°8ET qi1 0S 99ANIMIED €0S00ST0ID0T
L0 1°0TEYLSTIO dX 1°99881LTI0 INX L9S  £v6 TIS  0€EY8S'LY  P00'8LS LY qi1 L SOAMNIMIED CC0L6YIOIDOT
0 1'L0601S¥00 dX 1°0$801S¥00° INX I'oe 808 LST  8TT'6608E  919°L60°8¢ 1 L VORMIMIED LOSS6YI01D0T
0 I'T6901SY00 dX  TPE901SH00 INX Lve 656 91¢  PS9°0TSSE  Y66'LIS SE oIl L C9AMIMIED L0STOSTOIDO0T
0 1'266€LSTIO dX ['8€S8ILTIO X 9¢e 209 88T  PII'6VP'8C I76°LyY 8T I L TOAMIMIED G66TE8S0ID0T
0 1601605700 dX  TTS060S700 INX ¥9¢  8L6 €6€  TE9ET0TI 160°120°C1 PIL L [9AMIMIED SEre6vI0IO0T
0 1'89L80SY00 dX  T'T1L80SY00 INX ¢¢9 619 86S  LI6'LTL'S TESETL'S qII L 09AMIMIED ¥8L68YI0ID0T
<0 1'9T€ELSTIO dX  T'TLSLILTIO WX vy LT9 00y  LES'TIEY 69L°60€ Y Rl L 6SAMIAMIED 088867101001
<0 I'PI6L0SY00 dX  T'LS8LOSYO0 WX 8'¢ee 16’6 80¢  STLCILT GSSTILT PIL L 8SAMIAMIED 6€¢8EISI0IDOT
Y0 ['SELLOSYO0 dX  T'8LILOSYOO WX LSS S€9 60S  99T9LET S ILET I L LSAMIAMIED 0S6vISIOIDOT
€0 1'0L9L0SY00 dX  TEI9L0SY00 X 18Y 10°¢ 0Ly TL9'688 Y0T'LSS qiI L 9SAMIAMIED [1ev6v101D0T
Y0 I'LLOLOSYO0 dX  T0TOLOSYO0 WX I'se  6L8 SIE  SOIGLIES  009°TLIES Bl 9  SCAMNIMIED LL8TISTOIDOT
Y0 1'LT890SY00 dX  TOLL9OSYO0 WX c9¢ 059 S6v  68L'SLE'6Y  €08°0LE 6 I 9  VSAMNIMIED €I160ST0ID0T
S0 1°9L990SY00 dX  T61990S700 INX €9 IL9 SLS  PLOOIL'SY IY0°€0L Sy I 9  ECAMNIMIED ITZI0ST10ID0T
S0 1'LST90SY00 dX  T°00T90S¥00 X ree  ¢¢’¢ €0S  TLO6TETE  P9S°STETE qiI 9  TEAMNIMIED 911687101001
¥0 I'6€LPOSYO0 dX  T'T89P0SY00 INX 8y 209 L8y 8SESHETI TLYTYE YL qiI 9 ISAMIMIED YOILOSTOIDOT
0 I'LOLYOSY00 dX  T0S9P0SY00 INX I'ee  69°L Tee  LIT'ILOYI 00€°690° 71 Rl 9  0SAMIMIED 1vSL6vV10ID0T
0 1'8T€TLSTIO dX I'PL8ITLTIO INX v'sc  S9L 97T  19LLSL’6 988°GSL6 oIl 9  6VANIMIED 8¢re6v 101001
0 ['T00P0SY00 dX  THP6£0Sy00 INX 09C €£6 LTT  TLY9VS'L $96°€VSL Rl 9 BYANIMIED €¢80IST0ID0T
10 I'8E1TLSTIO dX ['#8991LT10 INX £ee L99 16T €Y9TEI'S S8L0ET'S oIl 9 LYANIMIED 6£CCS8S01D0T
<0 I'TLITLSTIO X T'SILIILTIO WX 6'ly 196 ¥9€  v96'SI8Y ov0vISy I 9  9PANIMIED YLST0STOIDOT
<0 I'LL8TOSYO0 dX  1°0Z8TOSY00 X 69C 998 €T 0I0°I€89Y  YOE'6T89Y Rl S SYANIMIED £68S6v101D001
0 1'€L8T0SY00 dX  T'918TOSY00 WX v'ee 8S¢ Y0T  LIL9089Y  6¥9°¥0S°OF Rl S PPANIMIED 969767101001
0 1°028T0SY00 dX  TE9LTOSYO0 X 0°se ¥'9 i€ 19S¥TroOvr  vL6'TTY OV 111 S EVAMIAMIED 88950ST0ID0T
0 1'CI9T0SY00 dX  T'SSSTOSY00 X Lee  vL6 €I€  009'890°St  ¥89°990°CH PII S TrAMNEAMIED 8L166v101D0T
0 I'SPPI0SY00 dX  T'88E10SY00 INX 981 10°¢ 9T 690°TSL'SE  TST6PL'SE R S I AIAMIED £6€C0STOID0T
€0 ['I8E10SY00 dX  TPTEIOSHO0 INX ree 999 6T  6LO°LST'SE  ¥SYYSTSE Bl S OVAMIMIED LICTISTOIDOT
0 ['SETIOSY00 dX  T'SLIT0SY00 X Lee  vL6 L6T  08Y'1SOPE  SOL'6V0YE PII S 6CAMIMIED 8er6r101D071
Y0 ['LTE00SY00 dX  T'0LTOOSYO0 WX €96 918 T0S  ¥90°0€¥°9T  01S'9TY'9T I S SEAMIMIED 92eT6¥101D00T
Y0 1'9€01LSTI0 dX 1'Z8SSILTIO X €6L  LO9 YTL  LT6'196°6 09¥°956°6 I S LEANIMIED S99TISTOIDOT
SUONUI JO "ON [EITNE | VNIw ) M N Id  9z1s urdjoig pug el dnoiny  a1y) soweu mON  (IGDN) ] snoo]

(ponunuoo) | sjqey

pringer

Qs



Genes & Genomics (2019) 41:467-481 473
Chr1 Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8
tart
0 start —— start —— start —— start —— start — start ~ start
g [T H- carWRKY56
CarWRKY01 CarWRKY11 CarWRKY29 —t CarWRKY57
5 CarWRKY02 - carWRKY19 [T CarWRKY30 L}~ CarWRKY46 [\ CarWRKY58
CarWRKY03 | carWRKY31 \- CarWRKY47 CarWRKY59
CarWRKY04 [~ CarWRKY48 || CarWRKY60
10 CarWRKYO05 H- carWRKY37 [H— CarWRKY49
H— CarWRKY32 carWRKyso [T~ C2WRKY61
lL- carWRKY06 [1— CarWRKY12 g~ oar
N~
15 [ CorwRKyo? CarWRKY51 End
- CarWRKY20
20 H/- CarWRKY21
H— CarWRKY08 M
ar | |carwrky13 [} SR Y22
25 - carWRKY09 carWRKY14 [\ 22
Ll CarWRKY15 CarWRKY24 H— CarWRKY38
H— CarWRKY62
30
s CarWRKY16 [+— CarWRKY25 |- CarWRKY39 [T~ CarWRKY52
35 [}~ CarWRKY17 CarWRKY26 - CarWRKY40 L CarWRKY63
=- CarWRKY18 || \- CarWRKY41
. HlcarwRKY27 || carwRKY64
End \ carwRKY28 ar
“° - End | CaWRKY34
ar
L{/IcarwRKY3s | | CariiRiCvA2
45 N-carwrky3e [} &ar H— CarWRKY53
| L~ CarWRKY10 F\]CarWRKY44 |L- CarWRKY65
s End LL Eng \ E:LWRKY“"’ L CarWRKY54 —~End
H— CarWRKY55
55
60 ——End

Fig. 1 Distribution of 65 CarWRKY genes on chickpea chromosomes.
The Chr (1-8) at the top of each bar represents the chromosome num-
ber of the chickpea. The scale is shown in Mb at the left of the figure.

sequences of all the CarWRKY TFs were subjected to
MEME, for the identification of conserved domains. A
total of 19 conserved domains (ranging from 12 to 42
residues in length) were identified among 70 WRKY
TFs (Table 2). Among them, domain 1 and 2 represent
the characteristic WRKY DNA-binding domain which is
absolutely conserved among all the 70 WRKYs (Fig. 2c¢).
The conserved domain analysis further revealed the pres-
ence of conserved domain in a phylogenetic group-spe-
cific manner. For example, the members of group I have
7 conserved domains (domain 1, 2, 3,4, 5, 11 and 16);
the members of group I1a have 4 conserved domains i.e.
1, 2, 6 and 7; member of group IIb have 7 conserved
domains (domain 1, 2, 5, 6, 7, 8 and 10); 11 members
of group Ilc have 3 conserved domains (domain 1, 2 and
5); 5 members of group I1d showed 7 conserved domains
(domain 1, 2,9, 12, 13, 15 and 19); 10 members of group
ITe have 3 conserved domains (domain 1, 2 and 9); and
the 7 members of group III contain 3 conserved domains
(domain 1, 2 and 14).

Overall, the conserved domains analysis along with the
intron—exon distribution pattern among chickpea WRKY's
seemed to be conserved in a group-specific manner, thus
validating the grouping of CarWRKYs in the phyloge-
netic tree.

The location of each CarWRKYs is indicated on the right side of the
respective chromosome

Comparative phylogenetic analysis of chickpea, M.
truncatula and A. thaliana WRKYs

An unrooted neighbor-joining comparative phylogenetic tree
was constructed from 238 protein sequences of CarWRKYs,
MedtrWRKYs and AtWRKYs. The tree divided the WRKY
protein into three major clusters of orthologous genes
(MCOGTL, II and IIT) (Fig. 3). These three major groups were
subdivided into seven sub classes i.e. IN, IC, IIa, IIb, IIc, IId
and Ile as reported by Eulgem et al. (2000). Among the three
major groups, MCOG-II represents the largest major group
of phylogenetic tree with 120 WRKYSs distributed in five
subgroups i.e. 22 in IIa, 13 in IIb, 40 in IIc, 27 in IId and 18
in Ile. MCOG-I is the second largest major group with 79
WRKYs distributed in two sub groups i.e. 57 in IN and 22
in IC. MCOG-III represents the smallest major group with
39 WRKYs from all the three species.

Moreover, various orthologous gene paris were also iden-
tified among these three species in all the three major groups
(Table S1). For instance, MCOG I contained 21 orthologous
gene pairs, 14 among them were identified from sub-group
IN; and 7 were identified in IC. Similarly, 31 orthologous
gene pairs were identified in MCOG 1I, distributed in five
subgroups as following i.e. 4 in Ila, 4 in IIb, 10 in Ilc, 7 in
IId and 6 in ITe. Only six pairs of orthologous genes were
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Fig.2 a Phylogenetic tree-based classification of CarWRKYs. An
unrooted phylogenetic tree was created based on the full-length pep-
tide sequences of CarWRKYs with 1000 bootstraps. Classification
is shown on the base of phylogenetic tree using different colors into
groups (I, Ila—e and III). b Exon—intron structure analyses of Car-
WRKY genes. Grey line represents introns, while yellow boxes repre-
sent exons. The blue boxes represent the untranslated region (UTR).
The asterisks (“***”) represent the exclusion of the CarWRKY66

identified in MCOG III. It is interesting to note that the
CarWRKYs shared more homology with MedtrWRKY's as
compared to AtWRKYSs. Overall, 57 orthologous gene pairs
were identified between chickpea and M. truncatula. This
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from the graphical presentation due to its large genomic size. ¢ Con-
served domains of CarWRKY proteins. The conserved domains
of WRKY proteins identified by MEME, are shown with colored
boxes according to the scale. Gray lines represent the non-conserved
sequences, and each domain is indicated by a colored box numbered
at the bottom. d Gene structure of CarWRKY66 along with scale.
(Color figure online)

sequence similarity of WRKY proteins among both these
species is a result of the fact that both chickpea and M. trun-
catula are members of galegoid clade of Phaseoleae tribe
of Fabaceae family. It has already been reported that the
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Table 2 Details of 19 domains conserved among CarWRKY TFs in chickpea

Domain E-value Sites Width Multilevel consensus sequence

1 3.9e—-1617 70 33 SEVDILDDGYRWRKYGQKVVKGSPYPRSYYRCT

2 8.6e—1204 70 31 GCPVRKQVZRASEDPSMVITTYEGEHNHPLP

3 1.1e-317 12 41 RPSDDGYNWRKYGQKQVKGSEYPRSYYKCTHPNCPVKKKVE
4 7.1e—131 12 26 RSLDGHITEIVYKGTHNHPKPQPSRR

5 2.9e—112 33 16 KGEKTVREPRVVVQTR

6 3.9e—103 15 30 SLVEAAAAAITADPNFTAALAAAISSIIGG

7 5.3e—102 14 42 ELKVLQEELKRVKEENKKLREMLNEVCENYNTLQMHLAKLMQ
8 9.1e—084 11 22 PAATAMASTTSAAASMLLSGST

9 5.1e-079 14 21 CHCSKKRKNRVKRTVRVPAIS

10 1.6e—048 10 18 MATLSASAPFPTITLDLT

11 1.8e—048 09 30 LTIPPGLSPTELLDSPVLLSNSNVFPSPTT

12 2.5e—042 06 22 KFKQLISLLNRTGHARFRRAPV

13 3.7e—037 05 31 FPKLEEQKAIQEAASEGLKSMEHLIRLLSNQ

14 7.8e—020 08 19 JIEELLQGREVAKQLKZVL

15 9.7e-016 05 22 SFFSSAITGDGSVSBGKIGSSJ

16 2.8e—013 18 14 EDEDEPESKRRKIE

17 2.9e-009 10 12 TQQQQQQQQHQH

18 2.9e—009 05 14 MDEDWDLHAIVRGC

19 9.4e—-008 06 19 QPQSQSLTLDFAKPNQLRY

chickpea proteins shared a greater homology with M. trun-
catula as compared to A. thaliana (Varshney et al. 2013).

Duplication and selection pressure analyses
of WRKY genes in chickpea

Gene duplications i.e. whole genome, segmental and tan-
dem duplications play an important role in the expansion
and evolution gene families. Whole genome duplications
are mainly responsible for gene expansion and evolution
in auto-polyploids (Mayrose et al. 2011), while segmental
and tandem duplications have been known to play an impor-
tant role in evolution of gene families in all the crop plants
(Cannon et al. 2004). To study duplications and evolutionary
events of CarWRKY genes in chickpea, 22 pairs of putative
paralogous genes were recognized based on the chickpea
WRKY phylogenetic tree. The paralogous genes located on
the same chromosomes comes under the classification of
tandem duplication while paralogous genes located on dif-
ferent chromosomes are considered to be segmentally dupli-
cated (Panchy et al. 2016). A total of 21 CarWRKY gene
pairs were identified to be segmentally duplicated whereas
only one paralogous gene pair (CarWRKY62/CarWRKY
64 on chromosome 7) seemed to be evolved as a tandem
duplication event (Table 3). Thus in chickpea, the evolution
of WRKY genes seems to be predominantly associated with
segmental duplications.

To find out the expected period of divergence of the paral-
ogous gene pairs, the synonymous (K,) and non-synonymous

(K,) substitution rates were calculated. In chickpea, WRKY
paralogous genes seemed to be duplicated from 55.80 to
313.50 million years ago (MYA) through segmental dupli-
cation with an average of 109.51 MYA. On the other hand,
the tandemly duplicated gene pair seemed to be originated
74.30 MYA. The K, /K| ratios of all the 22 paralogous Car-
WRKYs were ranged from 0.20 to 0.84. It shows that the
purifying selection might have operated on the codons dur-
ing the evolution and expansion of paralogous WRKY genes
in chickpea.

In silico expression analysis of CarWRKYs under salt,
drought and cold stress

The expressions of WRKY genes were investigated from
CTDB (Verma et al. 2015) and Garg et al. (2015) in root and
shoot tissues under salt, drought and cold stress. A thorough
investigation enabled us to identify the expression data of
43 CarWRKYs in both the tissues under all the three stress
conditions. The heat map-based expression profiles of these
CarWRKYs revealed their differential expression in root and
shoot tissues under all the three abiotic stress (Fig. 4).
Under salt stress, 14 WRKY genes were downregulated
in roots, while 9 WRKY genes were downregulated in
shoots. Similarly, under drought stress, 15 WRKY's were
downregulated in roots and shoots. Under cold stress, 20
WRKYs were downregulated in roots, while 15 WRKYs were
downregulated in shoots. Interestingly, some genes exhibited
similar expression trends under all the tissues and stresses.
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Fig.3 Comparative phylogenetic tree of WRKY proteins from chick-
pea, M. truncatula and A. thaliana. The deduced full-length amino
acid sequences of CarWRKYs, MedtrWRKYs and AtWRKYs were
aligned by Clustal Omega and an unrooted phylogenetic tree was
constructed by Mega 7 using neighbor-joining method. Green rectan-
gles, pink triangles and blue circles at the end of the nodes were used

For example, CarWRKY59 and CarWRKY48 were always
upregulated irrespective of the tissues and stresses applied.
On the other hand, CarWRKY45 was always downregulated
in all the tissues and under all the stresses. CarWRKY26
was only upregulated in shoots under salt stress, while it is
downregulated under other stresses and tissues.

Some of the WRKY genes showed expression in a
tissue- and/or stress-specific manner. For examples, the
expression of CarWRKY47 was observed in shoot tissue
under drought stress only, while no expression was found
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for the identification of the chickpea, M. truncatula and A. thaliana
WRKY family members respectively. The numbers on the nodes rep-
resent percentage of bootstrap values from 1000 replicates. Various

colours are used to distinguish different major clusters of orthologous
genes (MCOG). (Color figure online)

under salt and cold stress. Similarly, the transcripts of Car-
WRKYO08 were only observed under cold stress in shoots,
while its expression was completely absent in shoots under
salt and drought stress. Combining all the three stresses,
a total of 49 CarWRKYs were downregulated in roots as
compared to 39 in shoots. On the other hand, the number
of upregulated CarWRKY genes was greater in shoots (i.e.
90 genes) than in roots (i.e. 80 genes).
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Table3 Dup l.icatefi CarWRKY Gene I Location Gene II Location Type of duplication K, K, k/k; T=K/2\
genes and their estimated dates ’ ’ (MY A)

of duplications in chickpea

CarWRKY?22 3 CarWRKY63 7 Segmental 0.68 039 0.58 558
CarWRKY26 3 CarWRKYO03 1 Segmental 1.51 0.85 0.56 124.8
CarWRKYO01 1 CarWRKY49 6 Segmental 1.06 047 0.44 88.0
CarWRKY70 Scaffold CarWRKY47 6 Segmental 1.27 1.04 0.82 104.6
CarWRKY33 4 CarWRKY39 5 Segmental 1.40 0.28 0.20 116.0
CarWRKYO05 1 CarWRKYS55 6 Segmental 098 047 048 80.8
CarWRKY35 4 CarWRKY40 5 Segmental 0.88 048 0.54 729
CarWRKY11 2 CarWRKY60 7 Segmental 1.11 0.84 0.76 91.7
CarWRKY02 1 CarWRKYS56 7 Segmental 143 047 033 118.1
CarWRKY28 3 CarWRKYS52 6 Segmental 1.10 0.64 0.59 90.6
CarWRKY54 6 CarWRKY20 3 Segmental 0.77 043 0.56 63.7
CarWRKY19 3 CarWRKY67 Scaffold Segmental 248 0.54 0.22 2048
CarWRKY17 2 CarWRKYS53 6 Segmental 0.77 021 027 638
CarWRKY18 2 CarWRKYS57 7 Segmental 228 191 0.84 18838
CarWRKY36 4 CarWRKY41 5 Segmental 092 0.44 047 76.2
CarWRKY45 5 CarWRKY48 6 Segmental 0.73 029 039 603
CarWRKY23 3 CarWRKY68 Scaffold Segmental 1.78 0.50 0.28 146.9
CarWRKY12 2 CarWRKY50 6 Segmental 379 0.76 020 313.5
CarWRKY59 7 CarWRKY04 1 Segmental 1.78 0.83 0.47 146.8
CarWRKY27 3 CarWRKY31 4 Segmental 0.75 043 0.57 61.7
CarWRKY14 2 CarWRKY43 5 Segmental 0.80 0.58 0.73 658
CarWRKY62 7 CarWRKY64 7 Tandem 090 046 051 743

Discussion

Discovery, distribution and characterization
of CarWRKY TFs

WRKY TF family is one of the most important families of
regulatory proteins which are not only involved in the regu-
lation of developmental processes in plants but also modula-
tion of stress responses in plants (Rushton et al. 2010). Iden-
tification and characterization of WRKY family members in
chickpea, a protein rich food legume, offer opportunities for
the functional validation of these members against the abi-
otic stresses, which are a real threat to chickpea productivity.

Here we report the identification and characterization
70 genes encoding putative WRKY TFs in chickpea. When
compared with other plant species, the number of WRKY
genes in chickpea is greater than that in barley (45 WRKYYs)
(Mangelsen et al. 2008), castor bean (58 WRKYSs) (Zou et al.
2016), cucumber (55 WRKYs) (Ling et al. 2011), rape-
seed (43 WRKYs) (Yang et al. 2009), and grape wine (60
WRKYs) (Wang et al. 2014b). On the other hand, the num-
ber of WRKY genes in chickpea is less than that in tomato
(78 WRKYs5) (Chen et al. 2015), cotton (120 WRKYSs) (Cai
et al. 2014), maize (136 WRKYs) (Wei et al. 2012), soybean
(131 WRKY5s) (Yu et al. 2016) and rice (100 WRKYs) (Wu
et al. 2005). From this comparison, it seems evident that the

number of WRKY encoding genes is not proportional to the
genome size of the respective plant species.

The phylogenetic tree-based classification of chickpea
followed the same trend as in other crop species. The charac-
terization of WRKY's with respect to intron/exon distribution
and conserved domains revealed the conservation of gene
structure as well as domains among the members of a same
group in the phylogenetic tree. The number of introns in
CarWRKY genes ranged from 1 to 7, which is in accordance
with the gene structure of most WRKY genes in other plant
species like rubber plant (Li et al. 2015). In some species
like rice, intron-less WRKY genes were also reported (Xie
et al. 2005; Ross et al. 2007), which might be result of intron
loss events during evolution. On the other hand, WRKY
genes with 6 or 7 introns were absent in cassava (Wei et al.
2016). The structural diversity between exons and introns
is also considered as helpful tool for phylogenetic grouping
of these genes, as a supporting evidence. This diversity is
an important part of the evolution, diversification and neo-
functionalization of gene families (Shiu and Bleecker 2003;
Wang et al. 2014a; Han et al. 2016).

Intron size was variable within and between each
WRKY sub-family. This could be due to the consequence
of chromosomal rearrangements like fusions, inversions
and duplications (Li et al. 2016). However, the size of the
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Fig.4 Heat map of 43 CarWRKY genes expression in chickpea. Car-
WRKY genes expression in root and shoot tissues under salt, drought
and cold. The expression-based hierarchical clustering of genes was

exon was conserved within a cluster of closely related Car-
WRKY genes. Similar results have been reported recently
for WRKY genes in different plants e.g. cassava, common
bean and cacao (Wei et al. 2016; Wang et al. 2016; de
Almeida et al. 2017). Moreover, it has been shown previ-
ously that divergence in exon is less common with the
same pace of duplications in orthologs as compared to
paralogs (Xu et al. 2010).
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Comparative phylogenetic, functional
and expression analyses

WRKY proteins in chickpea were primarily divided in three
main groups by the phylogenetic analysis i.e. MCOG-I, II
and III, while MCOG-II was further classified into five sub-
groups (MCOG-IIa, b, ¢, d and e). These results are in-con-
sistency with the findings of earlier studies e.g. by Eulgem
et al. (2000) and Wei et al. (2016) in Arabidopsis and cassava
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respectively. In chickpea, most of the CarWRKY's were pre-
sent in MCOG-II as in the case of potato 52 StWRKY's were
recorded (Zhang et al. 2017).

The comparative phylogenetic tree can be used to infer the
gene function of CarWRKYs, because the CarWRKY's were
present in an orthologous relationship with MedtrWRKY's
and AtWRKYs. The orthologous gene pairs usually retain
their function after the speciation (Blanc and Wolfe 2004).
Being a model plant, extensive efforts have been made to
functionally characterize the genes of A. thaliana. Therefore,
most of the AtWRKY's have been functionally characterized.

For instance, in group Ila, AtWRKY58 (ortholog of Car-
WRKY67) has been shown to negative regulate systematic
acquired resistance in A. thaliana (Eulgem 2006). Wilt dis-
ease symptoms caused by Ralstonia solanacearum are also
influenced by the ortholog of CarWRKY32 i.e. AtWRKY27
(Mukhtar et al. 2008). In Arabidopsis, the level of mRNA
has been increased in radicules and roots by AtWRKY65 by
lowering the expression levels in plant leaves (Mangelsen
et al. 2008). The ortholog of CarWRKY?25 i.e. AtWRKY44
has been observed to control the trichome development in
Arabidopsis (Johnson et al. 2002). AtWRKYO02 (an ortholog
of CarWRKY38) is a vital WRKY family member which
is involved in the regulation of seed germination and post
germination growth (Jiang and Yu 2009).

In MCOG-IId, AtWRKY72 which is an ortholog of
CarWRKY60, has been involved in defense system against
pathogen or nematode (Dong et al. 2003; Yu et al. 2001). In
MCOG-IIe, the ortholog of CarWRKYO05 in A. thaliana i.e.
AtWRKY40 was up-regulated under salt treatment at the
transcriptional level (Zou et al. 2016). An ortholog of Car-
WRKY12 (AtWRKY57) can uplift the level of ABA which
might be helpful to enhance the drought tolerance under abi-
otic stresses (Huang et al. 2015). In MCOG Ilc, AtWRKY 12
(ortholog of CarWRKY69) works as a negative regulator
during the formation and development of secondary cell wall
in Arabidopsis (Qin et al. 2015). Transcriptomic data-based
expression analysis of most of orthologous CarWRKYs
revealed their differential expression in root and shoot tis-
sues under abiotic stresses. The identification of AtWRKY
orthologs in chickpea can help in functional validation of
their functions in chickpea. The candidate WRKYs in chick-
pea can then be employed for functional genomics followed
by their potential use in stress breeding programs.

Gene divergence and selection pressure analysis

Gene duplication events i.e. whole genome, tandem and
segmental duplications are considered as key mechanisms
involved in the expansion and complexities of gene fami-
lies (Liu et al. 2011). Segmental duplications seemed to be
more common as compared to tandem duplication for the
expansion of WRKY family in chickpea, oil palm, soybean

and tomato (Xiao et al. 2017; Guo and Qiu 2013; Cai et al.
2013). On the other hands, tandem duplications have been
reported to play a major role for the expansion of WRKY
family in potato and sweet orange (Zhang et al. 2017; da
Silva et al. 2017). It is also interesting to note that all the par-
alogous gene pairs in chickpea seemed to have gone through
the strong purifying selection. Purifying selection has also
been reported as a key player during the evolution of WRKY
genes in A. thaliana, M. truncatula, and Gossypium species
(Ding et al. 2015; Wang et al. 2011; Song et al. 2014). The
purifying selection usually selectively removes the deleteri-
ous alleles over time (Biswas and Akey 2006), suggesting
the conservation of key nucleotide sequences in WRKY's to
perform important roles for the survival of plants.

Conclusions

In summary, the present study identified 70 non-redundant
WRKY encoding genes in an important cool season pulse-
legume, chickpea. Their classification; characterization
with respect to gene structure and conserved domains; and
comparative phylogenetic analyses suggests the conserva-
tion of WRKY classes among the studies plant species. The
paralogous genes were suggested to expand as a result of
segmental duplications, while the codons went through the
purifying selection. Most of the genes were observed to be
up-regulated under stress environments, suggesting their role
in the mediation of stress responses in chickpea. Overall,
these analyses will help to accelerate the functional char-
acterization of WRKY TFs especially in response to biotic
and abiotic stress. The candidate CarWRKY genes can then
be employed in stress breeding program.
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