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Abstract
The WRKY gene family encodes a large group of 
transcription factors that regulate genes involved 
in plant response to biotic and abiotic stresses. 
Sorghum is a notable grain and forage crop in 
semi-arid regions because of its unusual tolerance 
against hot and dry environments. In this study, 
we performed a genome-wide analysis of WRKYs 
using a genome assembly of sorghum bicolor. 
First, all possible WRKY gene sequences as well 
as all possible WRKY protein sequences in the 
Sorghum bicolor genome database were identified 
using the NCBI website. A set of 85 WRKY genes 
was identified in the S. bicolor genome and 
classified into three groups (I–III). Among the 
members of the group I, the SbWRKY13 had a 
different and novel zinc finger motif as compared 
to other members of this group. It was also found 
that mutations occurred at R, K, Y and Q in the 
conserved WRKYGQK sequence. No complete 
gene duplication was found in gene copy number 
investigation, suggesting that the expansion of 
SbWRKY genes was not necessarily based on 
the gene duplication events or duplication of 
SbWRKY genes had probably happened in the 
past times. Gene cluster analysis showed that 
the number of genes on chromosomes were 
positively correlated with the number of clusters. 
The study of amino acid composition revealed 
that totally in all groups, Alanine and Proline were 
the most frequent residues while Cysteine had 
the lowest frequency. The study of introns in the 
SbWRKY domain showed that the majority of 
SbWRKY genes had two types of introns in their 

WRKY domains (phase 0 and phase 2). Also, 
investigation of conserved known motifs revealed 
that there were six, two and one known motifs 
outside of the region of the SbWRKY domain for 
groups IIa, IIb and IIc, respectively. The results 
describe evolution and functional differentiations 
of WRKY transcription factors in Sorghum bicolor.

Key words: DNA-binding protein, Sorghum 
bicolor, Zing finger motif, WRKY.

INTRODUCTION
Environmental stresses are of the most important 
limiting factors that affect growth and yield of crops. 
The WRKY gene family encodes a large group of 
transcription factors that regulate genes involved in 
various physiological pathways including, development 
processes as well as responses to biotic and abiotic 
stresses such as pathogens (Gao et al., 2020), high 
temperatures (Wang et al., 2017), low temperatures 
(Romero et al., 2019), salt and drought (Chanwala et al., 
2020), H2O2 (Vandenabeele et al., 2003), UV radiation 
(Hu et al., 2020), nematode damage (Chinnapandi et 
al., 2019), wounding (An et al., 2019), dormancy and 
germination (Chen et al., 2016) and plant senescence 
(Gu et al., 2019). Therefore, the study of this gene 
family would be helpful in order to adopt strategies 
for increasing tolerance of crop plants against stresses. 
Also, the phylogenetic analysis of WRKY genes would 
be useful for studying and understanding their roles in 
plants.

The name of the WRKY family itself is derived 
from the most prominent feature of these proteins, 
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the WRKY domain which constitutes by about 60 
amino acid residues. In WRKY domain, a conserved 
WRKYGQK sequence at the N-terminal is followed 
by a metal chelating zinc finger motif (C–X4-5 – C–
X22-23 –H–X–H, (C2 H2) or C–X5–8 –C–X25–28 
–H–X1-2 –C, (C2 HXC)) at the C-terminal end (Xu et 
al., 2020). However, in some WRKY genes, the WRKY 
domain can be characterized as WRRY, WSKY, 
WKRY, WVKY, or WKKY (Xie et al., 2005). Studies 
have shown that WRKY transcription factors interact 
with the W-box (TTGAC[T/C]) sequence in promoter 
regions to modulate gene expression (Eulgem et al., 
1999; Ciolkowski et al., 2008).

Classification of genes is important for the 
functional analysis of a gene family (Sun et al., 2020). 
All known WRKY proteins contain either one or two 
WRKY domains. They can be classified on the basis of 
both the number of WRKY domains and the features 
of their zinc-finger-like motif. WRKY proteins with 
two WRKY domains belong to group I, whereas most 
proteins with one WRKY domain belong to group 
II. Generally, the WRKY domains of group I and 
group II members have the same type of finger motif, 
whose pattern of potential zinc ligands (CX4–5CX22–
23HXH) is unique among all described zinc-finger-
like motifs. The single finger motif of a small subset 
of WRKY proteins is distinct from that of group I and 
II members. Instead of a C2–H2 pattern, their WRKY 
domains contain a C2–HC motif (CX7CX23HXC). 
Owing to this distinction, they were assigned to group 
III. Based on a phylogenetic analysis of the WRKY 
family, the members of group II can be divided into 
five subgroups: IIa, IIb, IIc, IId, and IIe (Eulgem et al., 
2000). Sorghum, a C4 grass that diverged from maize 
just 15 million years ago, is the fifth most important 
cereal grown worldwide. This grain and forage crop 
is especially notable in the semiarid tropics because 
of its unusual tolerance of hot and dry environments. 
Sorghum has been recognized as a key plant species 
in the comparative analysis of grass genomes and as 
a source of beneficial genes for agriculture. (Mullet et 
al., 2002).

Little research has been conducted on genome-
wide WRKY transcription factor in S. Bicolor. 
Such information is useful for in-depth research in 
evolutionary biology, with the goal of elucidating the 
origin and evolution of species and enhancing their 
economic value. Therefore, in this study, we analyzed 
86 putative WRKY from the S. Bicolor genome. Also, 
we conducted a phylogenetic analysis to include 
information on the WRKY gene family evolution in S. 
Bicolor.

MATERIALS AND METHODS
Gathering the Sorghum bicolor WRKY sequence 
database
First, a Hidden Markov Model (HMM) profile of the 
WRKY domain (PF03106) was downloaded from the 
Pfam database (http://pfam.sanger.ac.uk/) (Finn et 
al., 2014). Then, all possible WRKY gene sequences 
in the Sorghum bicolor genome database were 
identified using the TBLASTN program against the 
non-redundant sequences (nr) database at the NCBI 
website (http://blast.ncbi.nlm.nih.gov). The gene 
overlapping was carefully scanned with regard to the 
start and endpoints of the nucleotide sequences and 
only non-overlapping WRKY sequences were used 
for further analysis. Similarly, all possible WRKY 
protein sequences were also identified using BLASTP 
programs (Expect threshold≤10-5). Subsequently, to 
confirm the presence of the WRKY domain, all derived 
protein sequences were evaluated through a search 
using a DELTA-BLAST algorithm (Domain Enhanced 
Lookup) at the NCBI web site. The MapChart software 
version 2.3 (Voorrips, 2002) downloaded from https://
www.wageningenur.nl/en/show/Mapchart-2.30.htm 
was used to show chromosomal locations of Sorghum 
bicolor WRKY genes. In order to study the conserved 
intron splicing sites in the SbWRKY domains, the 
unspliced DNA sequences were downloaded from 
http://pgsb.helmholtz-muenchen.de/plant/sorghum/
index.jsp. The Arabidopsis WRKY protein sequences 
were downloaded from www.arabidopsis.org. Amino 
acid composition (AAC) of the SbWRKY protein 
sequences was calculated using the ProtParam tool 
at ExPASy website http://web.expasy.org/protparam. 
Subsequently, the AAC was subjected to a one-way 
analysis of variance. Then, the averages of the AACs 
were compared according to the least significant 
difference (LSD) method using SPSS software release 
19.0.0 (α=0.05).

Sequence alignments and phylogenetic analysis
The alignment of the amino acid sequences of the 
WRKY domain was performed using the CLUSTALW 
program in MEGA software version 6 (Tamura et al., 
2013). The parameters used in the alignment were: gap 
open penalty: 10.00, gap extension penalty: 0.3, protein 
weight matrix: gonnet series, residue-specific penalties: 
hydrophilic penalties: on, gap separation distance: 0, 
end gap separation: on, use negative matrix: off, delay 
divergent cut off (%): 30. The alignment results were 
demonstrated and highlighted using Gendoc software 
version 2.7.

Phylogenetic trees were built using the Neighbor-
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joining method and the Jones-Taylor-Thornton (JTT) 
model using MEGA software version 6. The test of the 
phylogeny was done using the bootstrap method with 
1000 replicates.

The presence of possible known motifs on the 
outside of the main SbWRKY domain was evaluated 
using motif search program (http://www.genome.jp/
tools/motif/) against Pfam, NCBI CDD (Conserved 
Domain Database) PROSITE Profile library and only 
those groups that had a known motif on the outside of 
the main SbWRKY domain were displayed.

RESULTS AND DISCUSSION
Identification, classification and sequence alignments 
of S. bicolor WRKY genes
In this study, a set of 92 WRKY genes was recognized 
in the S. bicolor genome. Among these sequences, 
7 WRKY genes were excluded because of gene 
overlapping or lack of specific domains or motifs. 
Analysis of the amino acid sequences encoded by 
these 7 genes showed that both deletion and insertion 
occurred in CX4C and WRKYGQK motifs. Amongst 
the 85 remaining WRKY genes, 10 WRKY genes were 
placed in group I, 50 WRKY genes in group II, and 
25 WRKY genes in group III, based on the number 
of WRKY domains and the type of zinc finger motifs 
(Table 1).

In the present study, we found that amongst 10 
members of the group I, the SbWRKY13 had a 
different and novel zinc finger motif as compared to 
other members of this group. It contained two WRKY 
domains similar to group I while its zinc finger motif 
was similar to group III and not group I (C2HC instead 
of C2H2). Therefore, it was placed in a separate and 
new category as Group Ia and the rest members of the 
group was classified in Group Ib (Figure 1). This kind 
of WRKY domain structure could be important with 
regard to the point that the third SbWRKY group might 
have arisen as a result of loss in one of its WRKY 
domains.

WRKY genes are commonly found in land plants and 
many WRKY genes have been identified and classified 
in Arabidopsis thaliana (Eulgem et al., 2000), Oryza 
sativa (Wu et al., 2005; Xie et al., 2005) and Hordeum 
vulgare (Mangelsen et al., 2008). In the present 
work, a set of 85 WRKY genes was evaluated in the S. 
bicolor genome. Previous studies have demonstrated 
that the number of WRKY genes and genome size was 
independent of each other. For example, although 
Populus trichocarpa and Crocus sativus, have an 
approximately equal genome size (458 Mb and 487 

Mb). However, the number of identified WRKY genes 
in P. trichocarpa and C. sativus were 104 and 55 
genes, respectively which is about 2 times greater in P. 
trichocarpa than in C. sativus.

Multiple alignment analysis of SbWRKY domains 
was demonstrated in Figure 1. It has been proposed 
that the amino acid residues of WRKYGQK are the 
distinguishing regions of the WRKY transcription 
factor (Eulgem et al., 2000; Rushton et al., 2010; Song 
et al., 2014). In this study, it was found that mutations 
occurred at R (Arginine), K (Lysine), Y (Tyrosine) 
and Q (Glutamine), in the conserved WRKYGQK 
sequence. In total, the amino acid substitutions 
included 6 Q to E (i.e. in 6 cases, the amino acid Q was 
replaced by E), 5 Q to K, 1 Q to S, and only 1 R to T in 
the conserved WRKYGQK residues (Figure 1). Thus, 
the highest amino acid replacement occurred at the Q 
position.

Further study showed that subgroup Ian had 
the CX4CX22-23HXH zinc finger motif. Also, a 
CX4CX23HXH zinc finger motif was observed for 
subgroup Iac, CX5CX23HXC for subgroup Ibn, 
CX7CX24HXC for subgroup Ibc, CX5CX23HXH 
for subgroups IIa, IIb and IIe, and CX4CX22-24HXH 
for subgroup IIc. Furthermore, group III had the CX5-
7CX23-35HXC zinc finger motif (Figure 1). On the 
other hand, the alignment analysis revealed that in 
subgroup Ibc, the WRKY domain was replaced by 
WTKY. It seems that the subgroup IIc genes have been 
formed after group Ia, when it lost one of its WRKY 
domains. Likewise, group III is originated from the 
subgroup Ib. Previous research studies proposed that 
group II and III WRKY genes evolved from the group 
I through the elimination of the N-terminal in WRKY 
domain (Eulgem et al., 2000; Zhang & Wang, 2005).

For better classification of SbWRKY genes of 
group II, a phylogenetic tree was constructed with 
50 SbWRKY group II protein sequences together 
with the Arabidopsis WRKY protein sequences as a 
template (Figure 2). The results showed that the group 
II SbWRKY genes were divided into 5 subgroups, 
including 5 members in subgroup IIa, 6 in subgroup 
IIb, 21 in subgroup IIc, 7 in subgroup IId, and 11 in 
subgroup IIe.

Chromosomal location and the number of gene 
clusters of SbWRKY genes
A total of 85 WRKY genes were mapped to chromosomes 
1–10. Eleven WRKY genes including 2 group I, 7 group 
II, and 2 group III genes were situated on chromosome 
1. Also, eight genes were assigned to chromosome 
2. The highest number of WRKY genes belonged to 
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chromosome 3 (23 genes including 1 group I, 16 group 
II, and 6 group III genes), whereas only four WRKY 
genes were mapped to chromosome 5. Moreover, five 
genes were mapped to each of chromosomes 6, 7 and 
10. Furthermore, six (wholly from group II genes), 
seven (1 group I, 1 group II, and 5 group III genes) and 
eleven (2 group I, 7 group II, and 2 group III genes) 
WRKY genes were found on chromosomes 4, 8 and 9, 
respectively (Figure 3).

In Arabidopsis thaliana and Oryza sativa genomes, 
gene duplication events seem to have a more 
important role rather than gene expansion (Eulgem 
et al., 2000; Wu et al., 2005). In this study, however, 
we found no complete gene duplication. One nearly 
tandem duplication was observed on chromosome 10 
though (SbWRKY84 and SbWRKY85, Figure 3). This 
result suggested that in S. bicolor, the expansion of 
SbWRKY genes has not been necessarily based on gene 

Chr.: Chromosome, WGI: without GeneBank ID, SbWRKY: WRKY genes of Sorghum bicolor.

Table 1. The WRKY gene families in Sorghum bicolor genome. 

Gene name GeneBank ID Chr. Group Location Exon 
Count Gene name GeneBank ID Chr. Group Location Exon 

Count 
SbWRKY1  Sb01g000696 1 IIe 676390 3 SbWRKY44 Sb04g009800 4 IIe 12451791 3 
SbWRKY2  Sb01g005070 1 IId 4145185 4 SbWRKY45 Sb04g016540 4 IId 38362358 3 
SbWRKY3  Sb01g007480 1 Ia 6420226 4 SbWRKY46 Sb04g030930 4 IIe 60932443 3 
SbWRKY4  Sb01g007570 1 IIc 6524859 3 SbWRKY47 Sb04g033240 4 IIc 63147733 4 
SbWRKY5  Sb01g008550 1 IId 7382814 3 SbWRKY48 Sb04g034440 4 IIb 64267731 5 
SbWRKY6  Sb01g012870 1 IIc 11944441 2 SbWRKY49 Sb05g001170 5 III 1225736 2 
SbWRKY7  Sb01g014180 1 IId 13370277 4 SbWRKY50 Sb05g001220 5 III 1305458 3 
SbWRKY8  Sb01g027770 1 IIe 48360316 2 SbWRKY51 Sb05g017130 5 IIc 42145584 2 
SbWRKY9  Sb01g032120 1 Ia 54964329 4 SbWRKY52 WGI 5 III 1212386 1 
SbWRKY10  Sb01g036180 1 III 59806395 3 SbWRKY53 Sb06g013835 6 III 38137577 3 
SbWRKY11  Sb01g036870 1 III 60434864 3 SbWRKY54 Sb06g019710 6 Ia 49279763 5 
SbWRKY12  Sb02g011050 2 III 17809234 2 SbWRKY55 Sb06g024220 6 IIc 53339360 4 
SbWRKY13  Sb02g021226 2 Ib 52728488 8 SbWRKY56 Sb06g027290 6 IIe 56196796 4 
SbWRKY14  Sb02g022280 2 III 55170648 3 SbWRKY57 Sb06g027710 6 IId 56529226 3 
SbWRKY15  Sb02g022290 2 III 55213197 3 SbWRKY58 Sb07g006230 7 IIc 8885371 4 
SbWRKY16  Sb02g024760 2 IIa 59264547 3 SbWRKY59 Sb07g006980 7 IId 10712171 1 
SbWRKY17  Sb02g024765 2 IIa 59281563 2 SbWRKY60 Sb07g016330 7 Ia 40441219 4 
SbWRKY18  Sb02g027950 2 IIc 63184303 5 SbWRKY61 Sb07g019400 7 III 50025392 1 
SbWRKY19  Sb02g043030 2 III 76813673 3 SbWRKY62 Sb07g028430 7 Ia 63403512 3 
SbWRKY20  Sb03g000240 3 IIb 65767 5 SbWRKY63 Sb08g002520 8 III 2586470 3 
SbWRKY21  Sb03g003360 3 IIc 3574879 3 SbWRKY64 Sb08g002560 8 III 2649149 3 
SbWRKY22  Sb03g003370 3 IIb 3577819 3 SbWRKY65 Sb08g002570 8 III 2657310 3 
SbWRKY23  Sb03g003640 3 IIc 3846956 3 SbWRKY66 Sb08g002590 8 III 2673615 3 
SbWRKY24  Sb03g011800 3 IIb 13453957 6 SbWRKY67 Sb08g005080 8 III 6492893 3 
SbWRKY25  Sb03g026170 3 IIc 52684056 3 SbWRKY68 Sb08g016240 8 Ia 43243578 4 
SbWRKY26  Sb03g026280 3 IIb 52879966 2 SbWRKY69 Sb08g020270 8 IId 51276577 3 
SbWRKY27  Sb03g028440 3 IIe 56296964 3 SbWRKY70 Sb09g005700 9 IIc 7601936 3 
SbWRKY28  Sb03g028530 3 IIc 56464472 3 SbWRKY71 Sb09g023270 9 Ia 52888054 5 
SbWRKY29  Sb03g029920 3 III 58204806 3 SbWRKY72 Sb09g023500 9 III 53146881 3 
SbWRKY30  Sb03g030480 3 IIc 58723799 3 SbWRKY73 Sb09g026350 9 IIc 55640076 2 
SbWRKY31  Sb03g032800 3 IIc 61257721 3 SbWRKY74 Sb09g026830 9 IIc 56013261 3 
SbWRKY32  Sb03g033640 3 IIe 61888491 2 SbWRKY75 Sb09g028660 9 IIc 57513946 3 
SbWRKY33  Sb03g033780 3 IIc 62036742 2 SbWRKY76 Sb09g028750 9 IIb 57590098 6 
SbWRKY34  Sb03g034670 3 IIe 62841197 3 SbWRKY77 Sb09g029050 9 III 57799582 3 
SbWRKY35  Sb03g038170 3 III 66100608 3 SbWRKY78 Sb09g029810 9 IIc 58435466 3 
SbWRKY36  Sb03g038180 3 III 66110932 3 SbWRKY79 Sb09g029850 9 IIe 58485871 3 
SbWRKY37  Sb03g038190 3 III 66121144 3 SbWRKY80 WGI 9 Ia 39917265 3 
SbWRKY38  Sb03g038200 3 III 66129723 3 SbWRKY81 Sb10g004000 10 III 3530829 3 
SbWRKY39  Sb03g038210 3 III 66144796 3 SbWRKY82 Sb10g019923 10 IIe 42454390 5 
SbWRKY40  Sb03g038510 3 Ia 66433156 4 SbWRKY83 Sb10g020010 10 IIe 42717205 2 
SbWRKY41  Sb03g039550 3 IIc 67223920 3 SbWRKY84 Sb10g025590 10 IIa 54957968 3 
SbWRKY42  Sb03g047350 3 IIc 74261998 3 SbWRKY85 Sb10g025600 10 IIa 54965360 3 
SbWRKY43  Sb04g005520 4 IIa 5399378 2       
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duplication events or maybe duplication of SbWRKY 
genes has happened in the past times.

As suggested by Holub (2001) a gene cluster is 
defined as a chromosome region with two or more 
genes located within a 200 kb sequence. Accordingly, 

based on the Holub’s criterion, we found 12 WRKY 
gene clusters containing a total of 29 genes. Only one 
gene cluster was found on each of chromosomes 1, 5, 
8 and 10, whereas chromosomes 2, 3 and 9 contained 
two, four and two gene clusters, respectively (Figure 3). 

Figure 1. Alignment of Sorghum bicolor WRKY domains. Alignment was done using the Clustal W program and was highlighted 
using Gendoc software. The conserved residues within each group have been shown in black color. The position of the 
conserved intron was indicated by a small vertical red arrowhead line. The horizontal red lines indicate the conserved zinc 
finger motif positions.
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Figure 2. Phylogenetic tree of Arabidopsis WRKY and Sorghum bicolor WRKY proteins. The phylogenetic tree was drawn 
using the Neighbor-Joining (NJ) method with 1000 bootstrap replicates in MEGA 6.0 software. The AtWRKY protein sequences 
were downloaded from www.arabidopsis.org.
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No clusters were found on chromosomes 4, 6 and 7. 
Gene cluster analysis showed that the number of genes 
on chromosomes was positively correlated with the 
number of gene clusters (Pearson correlation=0.882, 
P-Value=0.001).

Amino acid composition (AAC) of the SbWRKY 
proteins 
The study of the AAC for the SbWRKY proteins 
(presented in Table 2 and Figures 4 and 5) revealed that 
the frequencies of nine amino acids were statistically 
different among SbWRKY proteins belonging to 
different groups (Figures 4 and 5). Totally in all 
groups, Alanine and Proline were the most frequent 
residues while Cysteine had the lowest frequency 
(Figure 4). Comparisons between mean percentages of 
the amino acids showed that threonine, glutamate and 

aspartate residues were significantly more frequent in 
SbWRKY III while a major part of the SbWRKY II 
proteins had been constituted by alanine and proline. 
Since glutamate and aspartate belong to the negatively 
charged amino acid group therefore, SbWRKY III 
proteins should have a negative net charge. Nakashima 
and Nishikawa (1992) reported that the AAC was 
different between cytoplasmic and extracellular 
peptides of membrane proteins. Alanine and Arginine 
residues were preferentially sited on the Cytoplasmic 
side, while the threonine and Cysteine/Cystine were 
preferentially sited on the extracellular side.

Research studies have shown that plants significantly 
accumulate proline when subjected to environmental 
stresses especially drought stress (Routley, 1966), 
Also, Thomas and Shanmugasundaram (1991) believe 

Figure 3. Chromosomal locations of Sorghum bicolor WRKY genes. The WRKY genes are shown on the left side of each 
chromosome. The chromosome numbers have been shown on the top of each chromosome. The color assigned to each gene 
shows the groups to which each WRKY gene belongs (group I in green (Bold); group II in red and group III in blue (Italic)). The 
numbers on the right side correspond to the start position of each WRKY gene. The SbWRKY13 is displayed inside a rectangle 
because of its zinc finger motif type.
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that as osmoregulation, alanine is able to reduce the 
damage caused by salt stress. Therefore, high amounts 
of these two amino acids in the studied SbWRKY 
proteins might have an association with the response 
of the plant against drought or salinity stresses. 

Phylogenetic Analysis
The WRKY domain phylogenetic tree can be divided 
into nine clades: Ian, Iac, IIa, IIb, IIc1, IIc2, IId, IIe, 
and III. Proteins of the group I contain two different 
WRKY domains placed at the N-terminal domain (In) 
or the C-terminal (Ic). Clade Iac contained 10 members 
including nine members with WRKY domains at 
the C-terminal region and one group IIc member 
(SbWRKY18). This group IIc member was clustered 
with SbWRKY62Iac, demonstrating a common origin 
of their domains. Also, Clade IaN had 11 members 
including nine members with WRKY domains at 
the N-terminal region and two group IIc members 
(SbWRKY6 and SbWRKY58) (Figure 6). This result 
confirms the above conclusion about the origin of the 
subgroup IIc. 

Group II can be divided into six clades. Figure 6 
shows that clusters IIa and IIb can be combined into 
one clade suggesting the domains had a recent gene 
ancestor. On the other hand, each of the clusters IId and 
IIe were placed in separate clades. The 21 members 
of the group IIc were clustered differently. Two group 
IIc members (SbWRKY41 and SbWRKY42) formed 
one clade (IIc2), while the rest members of the group 
formed the other clade (IIc1). Although all members 
of IIc1 and IIc2 belong to group IIc, however, they 
clustered into two clades, indicating the existence of 
divergence in group IIc. Also, Clade III contained 
27 members comprising of 25 group III members 
together with IbN and IbC domains, representing a 
high affinity between domains of group III and group 
Ib. Moreover, the phylogenetic tree showed that clade 
III was the nearest neighbor to the clades IId and IIe, 
suggesting that they have had a common ancestor 
before divergence.

Intron splicing sites in the SbWRKY domains
For intron analysis, the unspliced SbWRKY gene 
sequences were compared with the corresponding 
CDS sequences. The results showed that the majority 
of SbWRKY genes had two types of the intron in their 
WRKY domains (phase 0 and phase 2). A phase 0 
intron was located before the V position (the V-type 
intron), five amino acids after the second C residue 
in the C2H2 zinc finger motif (Figure 1). Another 
conserved intron which was a phase 2 intron was 
found after the R residue (the R-type intron) exactly 
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at the 9th residue position after the WRKYGQK motif 
(Figure 1). We found no intron in the WRKY domain 
of subgroup Ian. In group III as well as subgroups 
Iac, Ibn, Ibc, IIc, IId, IIe, an R-type intron was found 
eight residues after the WRKYGQK motif region in 
the WRKY domain of genes. In subgroups IIa and 
IIb, a V-type intron was detected five amino acids 

after the second C, and 17 residues before the first 
H within the zinc finger motif region in the WRKY 
domain (Figures 1 and 6).

So far, no V type intron has been reported in 
Arabidopsis WRKY genes. Also in Arabidopsis 
subgroup IIa and IIb WRKY genes, R-type introns are 
placed at the fourth amino acid (K residue) after the 

Figure 4. Histogram showing distributions of the frequency of nine amino acids among different groups of the Sorghum bicolor 
WRKY proteins.

Figure 5. Amino acid composition pattern in different groups of the Sorghum bicolor WRKY proteins. Comparisons were 
performed according to LSD method (α=0.05). Columns that do not share any letter are statistically different.
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Figure 6. Phylogenetic tree plus Exon-intron structures of WRKY domain genes of Sorghum bicolor. Exons and introns were 
represented by green boxes and black lines, respectively. First, the phylogenetic tree was constructed using the Neighbor-
Joining (NJ) method with 1000 bootstrap replicates in MEGA 6.0 software. Then the tree file in Newick format together with 
the Sorghum bicolor WRKY domain genes was inserted in Gene Structure Display Server 2.0 program (http://gsds.cbi.pku.
edu.cn/).
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second C residue in the zinc finger motif (Eulgem et 
al., 2000). Therefore, introns in subgroup IIa and IIb 
WRKY genes may have different origins. Also, eight 
studied SbWRKY genes have lost their introns. Intron 
loss can be considered as the consequence of intron 
turnover, the result of homologous recombination 
between an intron-containing allele and a mature 
mRNA (Wu et al., 2005).

Conserved Motifs in S. bicolor proteins outside of 
the region of the WRKY domain
In this study, we investigated the presence of 
conserved known motifs outside of the region of the 
main SbWRKY domain. Except for the conserved 
60 amino acid residues of the main WRKY domain, 
no important known motif was previously reported 
from the remainder of the WRKY protein sequences. 
However, the results of the present study showed that 
there were some known motifs that should be taken 
into consideration. Based on the results, no conserved 
motif was detected for groups Ia, IIe and III. However 
other groups had some known conserved motifs. 
For example, for groups IIa, IIb and IIc we found 
six, two and one motifs outside of the main WRKY 
domain region (Figure 7 and Table 3). Interestingly, 

we observed a DNA polymerase III motif (subunits 
gamma and tau) in group IIb. Analysis of the function 
of this motif in SbWRKY genes would be interesting. 
Also, a GCM motif was found for group IIc before the 
conserved WRKY domain. The GCM motif is a DNA 
binding domain that recognizes preferentially the non-
palindromic octamer 5’-ATGCGGGT-3’ therefore, 
the role of this motif in the mentioned group may be 
interesting.

In conclusion, we identified genome-wide WRKY 
transcription factors from the Sorghum bicolor 
genome and analyzed phylogenetic relationships, gene 
structures, intron splicing sites and gene duplication 
events. The amino acid composition as well as the 
conserved motifs in proteins were also analyzed. Our 
results can be used for further studies on evolutionary 
relationships and systematic taxonomy of WRKY 
transcription factors in other sorghum species.
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Figure 7. Distribution of conserved known motifs in Sorghum bicolor WRKY proteins. Motifs were identified by using MOTIF 
search program. Among all SbWRKY groups, only those groups (IIa IIb and IIc) that had a known motif on the outside of the 
main SbWRKY domain were displayed. The characteristics of each motif are shown in Table 3.
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Table 3. Characteristics of SbWRKY motif in Sorghum bicolor proteins.
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