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Abstract

Background: WRKY is a transcription factor with 60 highly conserved amino acid region, regulating
physiological processes and development in many plants and respond to a variety of abiotic stresses.
However, the WRKY gene family has not been systematically studied in multiple legumes.

Results: In this study, genome-wide analysis of five legumes (Phaseolus vulgaris, Medicago truncatula,
Lotus japonicus, Glycine max, Cicer arietinum) identified 90, 108, 83, 185 and 61 WRKY genes,
respectively. Besides, the chromosomal localization, phylogenesis, conserved motifs, gene structure and
gene replication analysis were proceed for WRKY genes. The results showed that the legumes WRKY
gene branches from the same evolutionary system have similar protein structures. In addition, by
analyzing the transcriptome data we figured out that the expression level of WRKY differed in each tissue.
Meanwhile, qRT-PCR was carried out to investigate the expression patterns of WRKY under abiotic stress.
The results show that WRKY protein play crucial regulatory roles under salt and drought stress.

Conclusions: In summary, these results comprehensively describes the WRKY gene of five legumes, which
provides a theoretical basis for further exploring the biological functions of members of the WRKY gene
family in legumes.

Background

WRKY is named because of its special heptapeptide conserved sequence WRKYGOK, its one of the
largest transcription factors family in plants [1]. Ishiguro et al [2] found the first plant WRKY gene in
Ipomoea batatas and named it Sweet Potato FactorT (SPF1). Zhao et al [3] proposed that WRKY domain
is mainly composed of a highly conserved WRKYGQK heptapeptide at the N-terminal and a zinc-finger
motif (C,H, or C,HC) at the C-terminal. According to the number of WRKY domains and the type of the
zinc-finger motif, the WRKY transcription factors are classified into three groups (I, Il and Ill): group |
members normally contain 2 WRKY domains; group Il and lll members all contain 1 WRKY domains and 1
zinc-finger motif (C,H, or C,HC) [1]. Most plant WRKY transcription factor has more group Il members,
and they are subdivided into five subgroups according to other conserved structural motifs: lla llb lic lid
lle [4]. Group lla WRKY genes widely participate in regulating various physiological process; Group lic
WRKY genes can resistance to salt stress by regulation of ABA signaling synthesis; Group Ild WRKY
genes can interact with the Ga2* protein to help the plants defend against salt stress [5, 6, 7].

WRKY gene widely involved in regulating plant development and abiotic stress [1]. Pillai et al [8] found
that the OsWRKY42 transgenic strain had a significantly higher average weight (calculated by total fresh
weight) than wild-type plants (p < 0.05) after stress treatment, proving that OsWRKY42 enhanced
tolerance in transgenic plants. Jiang et al [9] a WRKY gene transcription factor gene PalWRKY77 was
isolated from poplar trees. PalWRKY 7 reduces salt tolerance in transgenic poplars by binding to the W-
box in the promoter and targeting ABA and salt-induced Pa/INAC002 and PalRD26 genes.
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Most WRKY transcription factors function by binding to specific promoter. Previous study showed that
CsNIP may repress the expression of other AQPs and induce osmoregulatory material accumulation to
regulate water loss. Moreover, two WRKY, CsWRKY4 and CsWRKYZ28 were found to directly bind to the
CsNIP promoter [10]. Lim et al [11] found that OsWRKY5 directly binds to the W-box element of OsMYB2
promoter to inhibit 0sMYB2 expression, thus downregulating the OsMYBZ2 downstream genes in the ABA
signaling pathway, indicating loss of OsWRKY5 function might improve drought resistance in rice.The
WRKY protein can also interact with its own family proteins or with other family proteins [12, 13]. Rice
OsWRKY5T can interact with OsWRKY 71 and participate in regulating the expression of amylase gene
Amy32b [12]. Meanwhile, taking advantage of yeast two-hybrid technique, AtWRKY 70 was shown to
interact with AfVQ74 and regulate endosperm growth and seed development [14]. Moreover, WRKY acts
antagonistically with VQ, chromatin immunoprecipitation analysis additionally shows that WRKY8
directly binds to the promoter of RD29A under salt conditions. These results indicated VQ9 protein acts
as a repressor of WRKY8 factor to maintain the balance of WRKY8-mediated signaling path, thereby
establishing salinity stress tolerance [15].

Legumes are one of the largest family in angiosperms, with soybean (Glycine max) growing most widely.
Legumes are also one of the important sources of starch, oil and vegetables for human food, and are an
important cash crop and feed crop in the world [16]. With the development of sequencing technology,
more and more gene family are widely identified in different species, a total of 109, 72, 176, and 171
WRKY proteins were found in Oryza sativa, Arabidopsis thaliana, Glycine max and Triticum aestivum,
respectively [17, 18, 19, 20]. However, the WRKY family members of multiple legumes have not been
analyzed and studied so far. Here, we conducted a detailed bioinformatics analysis of the WRKY genes of
five legume species, including gene identification, gene structure, gene duplication, chromosomal
localization, protein interaction networks and miRNA prediction. These results provide theoretical support
for further insights into the biological functions of WRKY transcription factors.

Materials And Methods

Identification of WRKYgenes

Protein data and gene sequence information for five legumes were obtained from the Phytozome
database (https://phytozome.jgi.doe.gov/pz/portal.html) (Table S1).Download the sequence of members
of the A.thaliana WRKY family on the PlanetTFDB database website (http://planttfdb.gao-lab.org/).
Identification of the WRKY gene using the blast search and hidden Markov model (HMM). BlistP and
BlastN searches were performed using known A.thaliana and rice WRKY sequences, and preliminary
identification of candidate WRKY genes was made. The conserved WRKY domain in each candidate
WRKY protein was confirmed using the HMM atlas (login number PF03634) from the Pfam protein family
database (http://pfam.sanger.ac.uk) [21].The molecular weight (MW),isoelectric point (pl) and length of
each WRKY protein were predicted by the online ExXPASy programme (http://www.expasy.org/tools/) [22].
Detailed information on the WRKY protein in these five legumes is shown in the Table S2.
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Phylogenetic analysis

Claustal X 2.1 was used to compare the WRKY gene sequences of five legumes to study the phylogenetic
relationships of their WRKY gene families [23]. The MEGA4 program was used to build a neighbor
connection (NJ) phylogeny tree [24]. Depending on the homologous distance or A.thaliana, Pvulgaris,
C.arietinum, M.runcatula, L.japonicusand G.max.

Multiple alignment, conserved motif, and gene structure analysis of WRKYgenes

Using the CD-search tool (https://www.ncbi.nlm.nih.gov/cdd/) in NCBI to predict the conservative
domains of genes, we used Batches CD-Search to submit sequences to search for conservative domains.
The genetic structure of the WRKY family, such as exons and introns, was extracted from the genome
annotation information of five leguminous crops, and submitted to the website tool GSDS for analysis
and display. Using the MEME online program, the matrix of WRKY proteins of five legumes was predicted
and analyzed, the predicted quantity was 15, the length of the motif was from 20 to 300,and the number
of motif replicates was "0 or 1", and other parameters were defaulted, the predicted results were sent to
the mailbox, and the XML files of mast and meme were downloaded.Finally, the software TBtools were
used to visually analyze the phylogenetic tree, motif, intron exons. Submit the downloaded genome
annotation file to the software TBtools for visual analysis of the gene structure.

Gene duplication and collinearity analysis

Circos was used to locate the physical location of the WRKY gene on the chromosome. Synchronicity
analysis between legume genomes was performed locally, using a similar type to PGDD
(http://chibba.agtec. uga.edu/duplication/) [25]. We first used BLASTP and OrthoMCL
software(http://orthomcl.org/ orthomcl/about.do#release) to search for potential homologous gene pairs
in multiple genomes(E<1e-5, top 5 matched pairs). These homologous pairs are then entered into the
PGDD database (http://chibba.agtec.uga.edu/duplication/) to identify collinear gene strands.
Interspecific collinear analysis of the genomes of five leguminous crops was performed using MCScanX
technology. Using TBtools, the collinearity of members of the WRKY gene family between the genomic
species of five legume crops was drawn.

Ka and Ks calculations for WRKY genes

Ka/Ks could be used to evaluate selection history or divergence time [26]. We used the KaKs
Calculator2.0 and NG methods to calculate the number of non-synonymous (Ka) and synonymous (Ks)
substitutions for the WRKY gene [27].

Cis-elements analysis of the WRKY promoter

Analysis of cis-elements regulatory of the WRKY promoter to further understand the WRKY transcription
factor. We extracted from a genome-wide database of five leguminous crops, extracted the WRKY gene of
each species, the promoter cis-regulator elements in the 1500 bp region upstream of the starting codon,
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and then used the PlantCARE database (http://bioinformatics.psb.ugent.be/ webtools/plantcare/html/)
to search for cis-elements of promoters, and analyze the type, number and function of cis-acting
elements. Finally, the cis-acting elements in the promoter were visualized by TBtools software.

WRKY protein interaction network and target genes network for miR5658 and miR5021

We utilized the miRBase database_(http://www.mirbase.org/) to find mature mi5658 and miR5021
sequences. We analyzed the coding sequence of WRKY using psRNAT
(http://plantgrn.noble.org/psRNATarget) and predicted the target of miR5021. To explore the sequence of
WRKY proteins, we selected protein sequences of 50 WRKY transcription factors in the genomic database
of several legumes and localized them on AtWRKY proteins in The Arabidopsis Information Resource
database. Afterwards, We used the PAIR website (http://www.cls.zju.edu.cn/pair/) to predict the
interaction between WRKY's and other proteins, and plotted the network of interactions in Cytoscape
3.3.0.

Plant material and treatments

Soybean seeds (William82) were used in this study. The seed was donated by the Heilongjiang Academy
of Agricultural Sciences. We planted soybean seeds in a mixture of soil and sand ratios of 3:1 (w/w),
germinated under greenhouse conditions, and irrigated every 2 days with 1/2 intensity Hoagland solution
[28]. Seedlings grow at nighttime temperature 18 °C, daytime temperature 24 °C, relative humidity 67-70%,
photoperiod 14/10h (six o'clock in the morning to eight o'clock in the evening), light intensity 180-200
pmol m™2 s72. After 8 weeks, treat the sprouted seedlings with 300 mM mannitol (drought) or 200 mM
sodium chloride solution (salt). The whole seedlings were harvested 1h, 6h and 12 h after the control
group and the treatment group, respectively. Samples after treatment should be frozen immediately in
liquid nitro and stored at -80 °Cuntil RNA extraction is used upon removal.

Synthesis of cDNA, RNA extraction, and real-time PCR fluorescence quantification

Experimental procedures conform to MIQE guidelines [29]. According to the manufacturer's agreement, a
pure plant kit prepared using RNA (Tiangen, Beijing, China) extracts total RNA from whole seedlings.
Stain with ethidium bromide (EB) using a 1.0% (w/v) agarose gel to assess RNA quality and then remove
DNA contamination with DNasel treatment (Takara, Shiga-ken, Japan). We synthesized cDNA using the
Transcription First Strand cDNA Synthesis Kit (Indianapolis, IN, USA) and used it as a template for gene
expression analysis. We needed to store the resulting cDNA at - 80 °C.For better research, gRT-PCR in our
experiments was conducted using SYBR Green (TransGen Biotech, Beijing, China) and monitored on an
ABI7500 real time PCR system (Applied Biosystems, Foster City, CA, USA). In order to analyze the
expression of WRKY gene, the analysis method of DNA and gRT-PCR melt curve was used. Using B-actin
as internal control of the G.max, the 2744¢ methodwas used to normalize gene expression. Our primer
design references WRKYCDS (G.max), Primer Express 3.0 software [30]. All primers used by qRT-PCR are
shown in Table S3.
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Results

Protein analysis and identification of WRKY gene in legumes

A chromosomal localization map was constructed to depict the localization of WRKY gene in every
chromosome. 527 WRKY genes identified by HMMER analysis and Blast binding, 90 from RPvulgaris, 83
from L.corniculatus, 61 from C.arietinum, 108 from M.truncatula and 185 from G.max, respectively.
WRKY family members of five legumes (Phaseolus vulgaris, Medicago truncatula, Lotus japonicus,
Glycine max, Cicer arietinum) were identified based on genome-wide protein sequence information.
Scalability predicts that 527 WRKY proteins have distinct physical and chemical properties,their
isoelectric points range from 4.62 (LiWRKY31) to 10.11 (CaWRKY41), and the molecular weights range
from 6413.2 (MtWRKY43) to 155716.32 (GmWRKY46) kDa. Information of the WRKY proteins is shown
in Table S2.

Phylogenetic analysis of the WRKY genes in legumes

To further investigate the phylogenetic relationships of the WRKY gene family in five legumes and A.
thaliana, the WRKY proteins in all six species were divided into three categories and five subclasses (|, lla,
b, llc, Ild, lle and 1ll). One hundred and twenty-eight WRKY genes belong to class |, 456 WRKY genes
belong to class I, and 15 WRKY genes belong to class Ill.

In the five legumes, the |, lla, lld, lle, and Il members were found to be embedded in other groups or
subgroups, and had the largest proportion of genes belong to class Il genemembers, G.max77.30%
(143/185), C.arietinum77.05%(47/61), Pvulgaris76.67%(69/90), M.truncatula70.37% (76/108) and L.
japonicus79.52% (66/83); Class | gene family has the second largest number of genes in addition to
class Il gene families, G. max21.62%(40/185), C. arietinum 22.95%(14/61), P vulgaris 22.22%(20/90), M.
truncatula 19.44% (21/108) and L.japonicus18.07% (15/83). The smallest proportion is class Il gene
family, with the amout of G.max1.08% (2/185), C.arietinum0%(0/61), Pvulgaris 1.11%(1/90),
M.truncatula10.19% (11/108) and L.japonicus2.41% (2/83) (Fig. 1).

Conserved domains, gene structures, and motif analysis

A total of 15 motifs (motif1-motif15) were identified in all WRKY gene family members. Motif1 and
motif2 are present in almost all of WRKY genes, with class | members having motif1/3/6/13/15, class |l
members having all 15 motifs, and class Il members having motif1/3/7/11/13/15 (Fig. 2). Compared to
other subfamilies, most class | family members have shorter WRKY protein sequences and relatively
more conserved motif composition.

While we studied the conserved domain, we found that the different functions that exon-introns of the
WRKY gene are also important. Gene structure analysis showed that WRKY in all five legume species
consists of different number of exon-intron.The exon-intron of Class |, Il, and lll gene families are 2-4, 2-8
and 2-3, respectively. There are 88 out of the 63 genes contain only one intron, and 527 genes do not
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contain introns. The intronic regions of subgroup Il members are longer than the other subgroups, with
good structural diversity and are not conserved (Fig. 2).

Chromosome mapping and gene duplication analysis of five legumes

The five legume WRKY genes are unequally distributed across the chromosomes. For Phaseolus vulgaris,
Medicago truncatula, Lotus japonicus, Glycine max and Cicer arietinum, WRKY genes are distributed on
11, 8, 6, 20 and 7 chromosomes, respectively. The Gm6 chromosome contains the largest number of
WRKY genes, and the Pv11 chromosome contains the least number of WRKY genes. According to Holub's
definition of Gene cluster, gene replication events often occur during the evolution of organisms[31].
Although gene replication are frequent in the WRKY gene family, they form only a small number of gene
clusters. In this study, 10, 15, 3, 22 and 5 gene clusters including 130 genes were found in the WRKY
genes of Phaseolus vulgaris, Medicago truncatula, Lotus japonicus, Glycine max, Cicer arietinum
respectively(Fig. 3).

A total of 116 gene replication events were detected in the WRKY gene of five legumes(Phaseolus
vulgaris10, Medicago truncatula5, Lotus japonicus5, Glycine max81, Cicer arietinum5), involving 195
genes, covering 37% of all WRKY genes. Besieds, 122 genes belong to the segmental duplications and
130 genes belong to tandem duplications, which suggested that the formation of these WRKY genes in
five legume species may not depend primarily on gene duplication(Fig. 3). In order to obtain the Ka-Ks
ratio, we calculated the Ka/Ks value of the gene pair with replication relationships, we found that the Ka,
Ks ratios of these legumes were distributed between 0 and 0.5, which is less than 1, the suggests that
these gene pairs have undergone strong purification selections.

Evolutionary analysis of WRKY genes in multiple legumes

To further study the phylogenetic mechanism of the WRKY family in legumes, we performed collinlinear
analysis of WRKY genes in five dicots. The speculation results show M. truncatula/C.arietinum (117
pairs), C.arietinum/G.max (338 pairs), Pvulgaris/G. max(954 pairs), and L.japonicus/Pvulgaris(114
pairs). Pvulgaris (homologous pairs are mainly situated on 9 chromosomes) and G. max (homologous
pairs are mainly located on 14 chromosomes) have the highest homology. Followed by C.arietinum and
G.max (in addition to chromosome 2, homologous gene pairs are mainly distributed on 6 chromosomes)
with second highest homology(Fig. 4).

Cis-acting regulatory elements in the promoter of the WRKY gene

Promoter sequences were analyzed by using PlantCARE to identify cis-regulatory elements within 1,500
bp upstream of the WRKY start codon. In this study, a total of 327 genes were found involving in ABRE
(ABA) reaction; 318 genes related to light response elements; 175 genes were showed contain gibberellin
response elements; 85 genes with auxin response elements; 24 genes related to trauma response
elements; 8 genes involved in endosperm-specific negative expression. In addition, 320 MYB binding sites
might involve in drought-induction, light-responsive, and flavonoid biosynthesis gene regulation (Fig. S2).
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Analysis of WRKY gene regulatory networks in various legumes

We found 13 genes containing miR5021 recognition sites and 15 genes containing miR5658 recognition
sites in these five legumes. By comparing multiple miR5658 and miR5021 maturation sequences, it was
found that the miR5658/5021-WRKY regulatory module was highly conserved in five legumes. There is a
mismatch between miR5021 and miR5658 between the WRKYmRNASs targeted in this study, their core
target sequences are conserved and play an important regulatory role in the WRKY transcription factor

(Fig. 5).

Moreover,we found that the WRKY proteins in five legumes were completely localized to the WRKY protein
and other proteins in Arabidopsis. To study the interactions between other proteins and the WRKY gene
,we made predictions using the PIRA tool. These WRKY genes interact with different proteins, including
mitogen-activated protein kinase (MKK), transcription factor (MYB), nucleoside diphosphate kinase
(NDPK), 1-aminocyclopropane -1-carboxylate synthase (ACS) and other proteins. In addition, we also
found interactions of other WRKY proteins, such as WRKY25/WRKY48(MtWRKY55),
WRKY33(LiWRKY20/37/43)/WRKY48(MtWRKY55), and WRKY72(GmWRKY78)/WRKY9 (MtWRKY48/68,
GmWRKY104) (Fig. 5).

Specific expression of the WRKY gene

In the tissues of beans, alfalfa, soybean and chickpea, class | family members (PvWRKY60 and
GmWRKY177) are highly expressed in flowers, MtWRKY49 is highly expressed in the roots, the expression
level of GmMWRKY47/58/82 are higher in leaves, the remaining members were less expressed in each
tissue. Class Il family members (PvWRKY4/29/38) are highly expressed in 10cm length roots,
(PvWRKY4/29/83) higher expressed in 10cm trunk. PvWRKY66, MtWRKY50/82, GmWRKY88 are all
highly expressed in flowers. MtWRKY1/19/50, LiWRKY68, GmWRKY42/45/81/123 and CaWRKY8/56 are
all highly expressed in roots. PvWRKYZ29, MtWRKY41/50 and CaWRKY43 are all highly expressed in the
root nodules. The expression level of MtWRKY82 and CmWRKY100 are high in leaves. Moreover,
MtWRKY82is also highly expressed in the seedpod. The remaining members showed low expression in
each tissue. For Class Ill family members, in addition to the high expression of MtWRKY50 in flowers, the
remaining members are barely expressed in each organizm (Fig. 6).

Expression of WRKY genes under abiotic stress

The WRKY gene family plays critical roles in plant's abiotic stress. In this study, In order to study the
expression of soybean WRKY gene under drought stress and salt stress, the qRT-PCR method was used.
Our results indicate that many genes behave differently in different tissues. Under salt stress, 21 genes
were upregulated during stress treatment, 5 genes (GmWRKY39/75/130/132/160) were highly expressed,
4 genes (GmWRKY39/75/160, GmWRKY130) expression peaked at 6h and 12h, respectively. 14 genes
were continuously upregulated at 1h, 6h and 12h (Fig. 7a). Under drought stress, most genes were down-
regulated at all treatment times, only 1 gene (GmWRKY29) upregulated and its expression peaked at 6h.
Besides, (Fig. 7b)
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Discussion

WRKY transcription factors have been found in many plants, such as Arabidopsis thaliana [18], rice [17],
wheat [20] and barley [32]. It was shown that WRKY can affect plant growth and development, as well as
response to biotic and abiotic stresses [33]. However, previous studies were only based on evolutionary
analysis of WRKY gene family composition in individual species, rarely compared WRKY gene families
among different species. In this study, 185, 61, 90, 108 and 83 genes containing the WRKY motif were
identified in M. truncatula, P vulgaris, C. arietinum, L. japonicus and G. max, respectively. The WRKY gene
of five legumes can be divided into 7 subfamily: |, lla, llb, lic, lid, lle and Ill, which is similar to the
classifications of WRKY genes in Arabidopsis and potato [34, 35]. Moreover, class Il has the largest
number of members, followed by class |, class lll and low diversity, consistent with the results from Wu et
al [5].

Although the domain of the WRKY gene family is highly conserved in legumes, substitutions occur in its
amino acid sequences. For example, WRKYGKK in maize and soybean [1]. In Oryza sativa, members of
the WRKY family have 19 variants of the WRKY domain, WRKYGKK and WRKYGEK are two common
variants with 5 and 7 domains, respectively;And other variants (including WKKYGQK, WRICGQK,
WRKYSEK, WKRYGQK, WSKYEQK, WRMCGQK and WIKYGQK ) [36]. WRKY genes with similar genetic
structure and motif composition were clustered together by phylogenetic analysis. The CaWRKY gene
always comes together with the MtWRKY gene, suggesting that they are evolutionarily more closely
related. Moreover, the same exists were found between GmWRKY and PvWRKY, and between MtWRKY
and AtWRKY.

Our gene replication analysis of the WRKY gene family showed that segmental replication had less effect
on WRKY gene amplification than fragment replication in five legumes, which are similar to the
observation in peanut and purple [37]. Chanwala et al [38] studied WRKY genes in multiple monocot
crops and found that WRKY genes may be unevenly distributed across the genome and chromosomes,
which was also found in legume dicot crops, therefore we speculate that this phenomenon might related
to segmental duplication. Wang et al [39] proposed that soybean is diploid and has undergone at least
one genome-wide doubling event during evolution. In this study, we found that soybean had the most
gene family members and fragment duplication events compared to the other four legumes. Thus, We
speculate that this may due to the diploidization of the soybean during its evolution.

Protein interaction network analysis revealed that WRKY33 homologs LjWRKY20/37/43 all contain MYB
binding sites and can interact with MYB5T protein. Tao et al [40] found that WRKY33 can induce the
expression of MYB57 and CYP83B1 and stimulate the biosynthesis of the precursor /3G of 4MI3G, thus
inhibiting the formation of S. rape. MPKS3 protein, which is considered one of the important components
of the model plant clock. Sheikh et al [41] found that MPK3 can phosphorylate WRKY46, leading to the
activation of WRKY transcription factor, thus actively regulating the expression of defense genes. There is
a protein interaction network in which the six WRKY proteins interact with the MPK3 protein.We speculate
that MPK3 may phosphorylate these six WRKY transcription factors. In addition, different WRKY
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members have different hormone-related cis-acting elements, such as TGA element (auxin)/ABRE (ABA),
P-box (gibberellin)/GARE motif and WRKY element (Figure S2). The results suggested that the WRKY
gene may also play an important role in the regulatory pathways of plant signaling.

In this study, GmWRKY42/45/81/123 genes were highly expressed in roots. Zhou et al [42] confirmed that
these genes were indeed highly expressed in roots by RT-PCR experiments. Besides, Wang et al [43] found
that these genes were also overexpressed in transgenic roots. PYWRKY4 was highly expressed in all
tissues, consistent with the study of Wu et al [44]. Markus et al [45] found that WRKY6, an ODAR gene of
PvWRKY4, also regulates root development. Wu et al [44] found one gene, Pvwrky35, is highly expressed
in nodules and roots. Additionally, in this study, we found PvWRKY29 is also highly expressed in nodules
and roots. With transgenic methods, Khandal et al [46] found that CaWRKY37 of PvWRKY29 drives the
expression of CaCKX6 in root expansion and CKX activity in T4 transgenic chickpea plants.

It's well known that WRKY are involved in plant development and growth, and they can respond to
multiple abiotic stresses. In this study, GmMWRKY13 was shown upregulated under drought stress
indicating their drought-tolerant ability. Zhou et al [42] used transgenic methods to further investigate the
function of GmMWRKY'13 stress-induced genes and found that the reason of increased tolerance of
GmWRKY13 was due to its regulation of DREB2A and STZ/ Zat10. Furthermore, most WRKY genes were
downregulated under drought and salt stress, indicating that each WRKY member may share a common
function under drought and salt stress response. Taken together, these results suggest that WRKY genes
play an important role in responsing to abiotic stress in plants.

Conclusions

A total of 527 WRKY genes were identified and analyzed comprehensively in this study. The
chromosomal location, evolutionary relationships, conserved motifs, and gene structure of the WRKY
genes werelginvestigated in five legume species. The expression patterns of WRKY genes in seven
different tissues and their responses to various stresses suggest that they may play important roles in
legume growth and development.
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Figure 1

Phylogenetic relationships of the WRKY gene family of five legumes. Phylogenetic tree analysis of the
WRKY genes in Medicago truncatula, Cicer arietinum, Glycine max, Phaseolus vulgaris, Lotus
japonicus.The three clusters were designated as subfamily I-red, lla-pink,lIb-green,lic-lld-yellow,lle-blue

purple and lll-navy blue.
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Figure 2

Motif and intron-exon plots of the WRKY gene family of five legumes. a Phaseolus vulgaris, b Medicago
truncatula, ,c Lotus japonicus, d Cicer arietinum and e Glycine max WRKY gene family intron-exon and
conserved domain analysis of the WRKY protein phylogenetic tree in the first column of each figure; The
motif composition of the second column of the WRKY protein, Protional motif length; exon-intron
structure of the third WRKY gene; green box-intron; yellow box-exon; pink box-non-coding region; Black
line-5"end to 3"end non-coding region.
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Figure 3

Gene reproduction of the WRKY gene family of five legumes. Chromosome location and duplication
events analysis in a Glycine max, b Lotus japonicus, c Medicago truncatula, d Cicer arietinum, and e
Phaseolus vulgaris. Genes of different subfamilies with gene duplication relationships were connected by
lines in different colours.

Page 17/21



Medicago truncatula

it8
5

[*

Cicer arietinum

Car

Cab

Cab

Cad

Ca3

Ca2

Cal

Clcer arietinum

Ca7

Cab

Ca5

Cad

Cal

Ca2

Cal

Glycine max

~Gmi

Gm2 Gm3 Gmd4 Gms Gmé Gm7 Gm8 GmI Gm10 Gm11Gm12Gm13 Gmid4 Gm15 Gm16GMI7 Gm18 Gm1d Gm20

Glycine max

Pvd

Pvd

Pv3

Phaseolus vulgaris

Pvi1

Pv10

Pv8

Pvé Pvi

Pv&

Pv2

Pv1

Pvi1

0

1

Py

V8

P

Pv7

V6

P

V5

P

Pv4

Pv3

Pv2

Pvi

Phaseolus vulgaris

Lotus corniculatus

D

Figure 4

ies

Synteny analysis of WRKY genes among five legume spec
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Figure 5

The miRNAs targeted WRKY and gene regulatory network. a Aregulatory network relationships between
the WRKY and other proteins, and the putative miRNAs and their targeted WRKY genes .b WRKY protein

interaction network.
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Figure 6

Expression analysis of WRKY gene in different tissues of five legumes. Expression analysis of WRKY
genes in different tissues in a Phaseolus vulgaris b Medicago truncatula, c Lotus japonicus, d Cicer
arietinum and e Glycine max.Subgroup l-yellow,.Subgroup Il-red,Subgroup lll-blue.
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Figure 7

Expression analysis of the WRKY genes. gRT-PCR analysis reveals WRKY genes under a salt stress and b
drought stress in Glycine max.
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