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WRKY is one of the largest transcription factor families in
plants and plays important roles in the regulation of devel-
opmental and physiological processes. To date, the WRKY
gene family has not been identified in Saccharum species
because of its complex polyploid genome. In this study, a
total of 294 sequences for 154 SsWRKY genes were identified
in the polyploid Saccharum spontaneum genome and then
named on the basis of their chromosome locations, includ-
ing 13 (8.4%) genes with four alleles, 29 (18.8%) genes with
three alleles and 41 (26.6%) genes with two alleles. Among
them, 73.8% and 16.0% of the SsWRKY genes originated from
segmental duplications and tandem duplications, respect-
ively. The WRKY members exhibited conserved gene
structures and amino acid sequences among the allelic hap-
lotypes, which were accompanied by variations in intron
sizes. Phylogenetic and collinearity analyses revealed that
27 SsWRKYs originated after the split of sorghum and
Saccharum, resulting in a significantly higher number of
WRKYs in sugarcane than in the proximal diploid species
sorghum. The analysis of RNA-seq data revealed that
SsWRKYs’ expression profiles in 46 different samples includ-
ing different developmental stages revealed distinct tem-
poral and spatial patterns with 52 genes expressed in all
tissues, four genes not expressed in any tissues and 21
SsWRKY genes likely to be involved in photosynthesis. The
comprehensive analysis of SsWRKYs’ expression will provide
an important and valuable foundation for further investiga-
tion of the regulatory mechanisms ofWRKYs in physiological
roles in sugarcane S. spontaneum.

Keywords: Expression profiles • Genome wide • Phylo-
genetic analysis • Saccharum spontaneum • WRKY family.

Introduction

WRKY is one of the largest transcriptional regulator families in
plants and named after the WRKY domain, approximately 60
amino acid residues that is highly conserved among family

members (Eulgem et al. 2000). The twomost defining structural
characteristics of WRKY domain are WRKYGQK heptapeptide
sequence and a zinc finger motif C2H2 (C-X4–5-X22–23-H-X1-H)
or C2HC (C-X7-C-X23-H-X1-C) (Rushton et al. 1995, Eulgem et al.
2000). The WRKYGQK heptapeptide sequence has some var-
iants including WKKYGQK, WRKYGKK (Wang et al. 2014),
WRKYGEK, WRKYGRK, WKRYGQK, WSKYEQK (Wu et al.
2005) and WKKYGEK (GiacomelLi et al. 2010). Based on the
number of WRKY domains and the features of their zinc finger
motif, WRKYs are usually divided into three groups (I, II and III).
WRKY proteins with two domains belong to group I, while the
proteins with oneWRKY domain belong to group II with a C2H2

zinc finger, or to group III with a C2HC zinc finger. Group I is
subsequently divided into two subgroups, subgroup Ia contain-
ing C2H2 zinc finger and subgroup Ib containing C2HC zinc
finger, while group II is divided into IIa, IIb, IIc, IId and IIe based
on their phylogenetic relations (Eulgem et al. 2000, Xie et al.
2005). Therefore, the WRKY family in higher plants is divided
into groups I, IIaþ IIb, IIc, IIdþ IIe and III (Zhang and Wang
2005, Rushton et al. 2008), while WRKYs with an incomplete
WRKY domain are assigned to group IV (Xie et al. 2005).

The first WRKY cDNA, SPF1, was cloned from sweet potato
(Ipomoea batatas) in 1994 (Ishiguro and Nakamura 1994). With
the availability of whole genome information,WRKYs have been
identified genome wide from various plant species. These in-
clude the WRKY gene family of Arabidopsis thaliana (Eulgem
et al. 2000), cucumber (Cucumis sativus) (Ling et al. 2011), to-
mato (Solanum lycopersicum) (Huang et al. 2012), grape (Vitis
vinifera L.) (Guo et al. 2014), rice (Oryza sativa) (Ross et al. 2007),
Brachypodium distachyon (Tripathi et al. 2012), maize (Zea
mays) (Wei et al. 2012), wheat (Triticum aestivum L.) (Ning
et al. 2017) and pineapple (Ananas comosus) (Xie et al. 2018).

Previous studies have demonstrated that WRKY transcrip-
tion factors play important roles in regulating the various de-
velopment and physiological processes (Wu et al. 2016). For
instance, AtWRKY71 accelerates flowering and controls shoot
branching in Arabidopsis (Guo et al. 2015, Yu et al. 2016).
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AtWRKY18 and AtWRKY53 have a positive effect on leaf senes-
cence. However, overexpression of AtWRKY18 and AtWRKY53
can result in delayed senescence (Potschin et al. 2014).
Furthermore, WRKYs have been found to be involved in regu-
lating various biotic and abiotic stress defenses, specifically
NaWRKY3 and NaWRKYY6 coordinate responses to herbivory
in tobacco (Nicotiana attenuata) (Skibbe et al. 2008) and over-
expression of OsWRKY76 in rice plants significantly increases
the susceptibility to Magnaporthe oryzae but improves toler-
ance to cold stress (Yokotani et al. 2013). In addition,
AtWRKY46, AtWRKY54 and AtWRKY70 are involved in brassi-
nosteroid-regulated plant growth and negative regulation of
drought tolerance (Chen et al. 2017a).

Sugarcane (Saccharum spp.) is a classic C4 crop with the
highest photosynthetic rates among crops and is responsible
for about 80% of sugar and 40% of ethanol production world-
wide (Lam E et al. 2009, Zhang et al. 2013). Based on the con-
ventional taxonomy, Saccharum includes the following three
founding species: Saccharum spontaneum, Saccharum robus-
tum and Saccharum officinarum (Irvine 1999). Modern sugar-
cane cultivar was derived from a cross between S. spontaneum
and S. officinarum. Both S. spontaneum and S. officinarum are
considered to be the founding species for sugarcane studies.
However, S. spontaneum AP85-441 (1n¼ 4x¼ 32), generated
from the anther of octoploid SES208 (2n¼ 8x¼ 64) (Moore
et al. 1989, Zhang et al. 2018b), is the only autopolyploid with
allele-defined genome data availability in Saccharum. Due to
the potential collapsing of homologous sequences that
occurred during the assembly of the tetraploid S. spontaneum
genome, it is particularly challenging to accurately identify all
members of certain gene families based on sequence search
alone, especially for the large gene families, such as WRKY.

According to previous studies (Li et al. 2010, Phukan et al.
2016), WRKYs play a pivotal role in the regulation of sugar
metabolism and photosynthetic processes in plants. However,
no related research onWRKYswas available in sugarcane due to
its complicated genome. This study marks the identification of
the WRKY family in an autopolyploid plant, with 154 WRKYs
being identified through a combination of comparative genom-
ics and whole genome sequence resources of S. spontaneum.
SsWRKY1 to SsWRKY154 were named based on the loci of these
genes. The evolutionary relationship and collinearity of SsWRKY
genes were investigated. Subsequently, the gene structure of
SsWRKYs and SbWRKYs (Sorghum bicolor WRKYs) were eluci-
dated and the variations within allelic genes of SsWRKYs were
explored. In addition, this study comprehensively determined
the expression profiles of SsWRKY genes in various tissues.
Taken together, our study will provide a foundation for further
investigations into the evolutionary processes and physiological
functions of SsWRKY genes in S. spontaneum.

Results

Identification ofWRKY in S. spontaneum genome

WRKYs are found extensively in plants and even in some non-
plants, such as fungi and slime molds. Here, 23 species

representing the 11 lineages were selected to analyze the sugar-
cane WRKY family in a comprehensive and comparative way.
After searching with the HMMER software and deleting the
members lacking the WRKYGQK heptapeptide, 1,360 WRKYs
were obtained (Fig. 1). Saccharum spontaneum contained the
second largest number ofWRKYs among the examined species.
In addition, subgroups IIc and III were larger than the remaining
subgroups in S. spontaneum, which was similar to the other
monocot plant species (Fig. 1).

A total of 314 gene sequences were originally obtained
using both PF03106 [a Hidden Markov Model (HMM) profile
of WRKY DNA-binding domain (DBD)] and our own S. sponta-
neum genome database with BLASTP. Among them, 11 did not
have a WRKY domain-coding sequence, and were therefore
excluded from further analysis. Forty-seven gene sequences
were re-annotated manually with the assistance of FGENESH
(http://www.softberry.com/berry.phtml?topic=fgenesh&
group=programs&subgroup=gfind), nine sequences were
identified without WRKYGQK sequences and were deleted.
Furthermore, 83 WRKYs have 2, 3 or 4 allelic genes, including
13 (8.4%) genes with four alleles, 29 (18.8%) genes with three
alleles and 41 (26.6%) genes with two alleles (Supplementary
Fig. S1). Based on their chromosomal locations, we named
these 294 SsWRKY gene alleles as SsWRKY1 to SsWRKY154,
and additional -1 to -4 were added to the gene name for their
alleles (Supplementary Table S1). Among them,
Sspon.003B0016500 and Sspon.008A0006220 were separated
into two genes after re-annotation and their sequences con-
tained the WRKY functional domain, meaning that they were
named as SsWRKY63-2a and SsWRKY63-2b and SsWRKY143-1a
and SsWRKY143-1b, respectively (Supplementary Table S1).

Detailed information about the SsWRKYs is listed in
Supplementary Table S1, including the deduced protein
length, the molecular weight (MW), the theoretical isoelectric
point (pI), the aliphatic index (AI), the grand average of hydro-
pathicity (GRAVY) and the instability index (II). The length of
putative SsWRKYs ranged from 92 to 949 amino acids, and the
MW of the proteins ranged from 10,290.53 to 214,275.80 Da,
whereas the pI ranged from 4.71 to 10.37, which is similar to
grapevine (Wang et al. 2014), implying that different SsWRKYs
might operate in various microenvironments. The values of
GRAVY were all negative, suggesting that SsWRKYs were all
hydrophilic, similarly to wheat (Ning et al. 2017).

Classification and phylogenetic analysis of SsWRKYs

To further categorize and investigate the evolutionary relation-
ship of SsWRKY genes, we constructed an unrooted phylogen-
etic tree with 172 WRKY domains in sugarcane and 109 in rice
using the neighbor-joining (NJ) and maximum likelihood (ML)
methods, respectively (Fig. 2 and Supplementary Fig. S2).
Based on the classification of OsWRKYs and the primary struc-
ture features of SsWRKY proteins, all 154 SsWRKY genes were
classified into three major groups. The 17 SsWRKYs with two
WRKY domains were assigned to group I, which consists of two
subgroups. Subgroup Ia SsWRKYs had C2H2 zinc finger motifs of
C-X4-C-X22–23-H-X1-H, and subgroup Ib SsWRKYs contained
C2HC zinc fingers (C-X7-C-X23-H-X1-C). Interestingly,
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SsWRKY153 had three domains, which were absent in other
plants, suggesting that SsWRKY153 may be a WRKY gene spe-
cific to sugarcane, this gene will be further investigated. Group II
was comprised of 81WRKYs with a single WRKY domain and a
zinc finger motif of C-X4–5-C-X23-H-X1-H. The present study
further divided group II into five subgroups based on the pres-
ence of specific sequences in their zinc finger motifs, subgroup
IIa with a CX5CPVKKK(L/V)Q motif, subgroup IIb with a
CX5CPVRKQVQ motif, subgroup IIc with a CX4C motif, sub-
group IId with a CX5CPARKHVE motif and subgroup IIe with a
CX5CPARK(Q/M)V(E/D) motif, each containing 6, 12, 40, 11
and 12 proteins, respectively. Fifty-one SsWRKYs with a single
WRKY domain were assigned to group III due to their C2HC zinc
finger motif (C-X7-C-X23–31-H-X1-C). Finally, five SsWRKYs had
only partial WRKY domains and were classified as group IV.

We found that the C-terminal domains of subgroup Ia
SsWRKYs clustered into clade IaC and the N-terminal domains
of subgroup Ia were clustered into another clade IaN
(Supplementary Fig. S3). Subgroups IIa and IIb clustered into
one clade, with subgroups IId and IIe clustering into another,
and this phenomenon provided the evidence for the previous
proposal to merge subgroups IIa and IIb into a single subgroup,
as well as to merge subgroups IId and IIe into a single subgroup.
Subgroup IIc clustered into three clades, IIc1, IIc2 and IIc3, with
most SsWRKYs of this subgroup clustered into the IIc1 clade;

four subgroup IIc SsWRKYs clustered into IIc3 clade with the
N-terminal domain of SsWRKY99. In addition, 10 subgroup IIc
SsWRKY domains (SsWRKY26, -98, -100, -106, -107, -110, -111,
-112, -148 and -150) clustered within the IaN clade and
SsWRKY29 clustered within the IaC clade, indicating that group
I WRKY genes may represent the ancestral form of other
WRKYs. Therefore, SsWRKY26, -98, -100, -105, -106, -107, -110,
-111, -112, -148 and -150 may have evolved from the genes of
subgroup Ia through the loss of the C-terminal domain, while
SsWRKY29 may have evolved from genes of subgroup Ia
through the loss of the N-terminal domain. Both WRKY
domains of subgroup Ib (Supplementary Fig. S3, green dia-
mond) are imbedded within the cluster of group III
(Supplementary Fig. S3, red-filled triangle), supporting the
conclusion that subgroup Ib evolved from the duplication of
single group III WRKY domain in Gramineae (Brand et al. 2013).

Genomic location and duplication events among
SsWRKY genes
The genome chromosome location information of SsWRKYs
showed 286 of the 294 SsWRKY gene alleles distributed
throughout the eight chromosomes of S. spontaneum, with
the remaining eight gene alleles located in the unanchored
scaffolds. Many SsWRKY genes were located on chromosome
3 (31, 20.13%), chromosome 7 (27, 17.53%) and chromosome 2

Fig. 1 The evolutionary relationship of 23 species among 11 lineages. The numbers in parenthesis detail the number of alleles of SsWRKYs in S.
spontaneum. The phylogenetic tree was constructed using MEGA 7.0 based on the evolutionary relationship of 23 species obtained from NCBI
(https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi).
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(24, 15.58%), while chromosomes 4 and 8 are the locations for
only 8 (5.19%) and 9 (5.84%) genes, respectively. In addition,
SsWRKYs of subgroup IIc and group III were present in all chro-
mosomes, while the members of group I were not found on
chromosomes 4 and 8, the WRKY genes of subgroup IIb were
not present in chromosomes 1 and 5, subgroup IIdWRKY genes
were not found on chromosomes 7 and 8 and subgroup IIe
WRKY genes were not found on chromosomes 2 and 6.
Importantly, the members of subgroup IIa were only found
on chromosomes 2, 4 and 8 and the genes of group IV were
only found on chromosomes 1, 2, 3 and 7 (Table 1).

Gene duplication events of theWRKY genes have been iden-
tified in some plants, such as wheat and grape (Guo et al. 2014,
Ning et al. 2017). In this study, we identified 549WRKY collinear
pairs in S. spontaneum by using BLASTP andMCScanx software,
with 442 pairs of nonalleles and 107 pairs of alleles (Fig. 3 and
Supplementary Table S2). According to the methods of Holub
(2001), a chromosomal region within 200 kb containing two or
more genes is defined as a tandem duplication event.
Considering the difference of genome size between S. sponta-
neum and Arabidopsis, we examined the extended genomic
regions of 500 kb. Eighty SsWRKY gene alleles were clustered

Fig. 2 Phylogenetic tree ofWRKY domains fromAP85-441 (S. spontaneum) and rice (O. sativa). The unrootedNJ tree was constructed based on the
WRKY domains fromAP85-441 and rice usingMEGA7.0 with 1,000 boosted replicates. Branches with<50% bootstrap support were collapsed. The
different colored arcs indicate different groups (or subgroups) of theWRKYdomain. ‘N’or ‘C’ indicates theN-terminal orC-terminalWRKYdomains
of group I, respectively. The green and red solid circles represent the WRKY domain from AP85-441 and rice, respectively.
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into 34 tandem duplication event regions on chromosome 1B
(one cluster), 1D (two clusters), 2A (one cluster), 2B (two
clusters), 2C (one cluster), 2D (two clusters), 3A (five clusters),
3B (two clusters), 3C (three clusters), 3D (one cluster), 4C (one
cluster), 5A (one cluster), 5B (one cluster), 5C (two clusters),
5D (one cluster), 6A (one cluster), 7A (two clusters), 7B (one
cluster), 7C (one cluster), 8A (one cluster) and 8D (one clus-
ter) (Supplementary Table S3). Chromosome 3 had 11 clus-
ters, indicating a hot spot of WRKY gene duplication. In
addition to the tandem duplication events, 217 gene alleles
were found to derive from segmental duplication events
(Supplementary Table S4). These results suggested that seg-
mental duplication events may play a more critical role in
some SsWRKY genes possibly being generated by gene dupli-
cation events.

We then estimated the divergence time among tandem-
duplicated SsWRKY genes and between SsWRKY–SbWRKY
based on the pairwise Ks (Supplementary Table S5). The di-
vergence time of 17 SsWRKY tandem duplication pairs ranged
from 0.205 to 99.020 mya, illustrating that these SsWRKYs were
generated by recent gene duplication events in S. spontaneum,
while the other 12 tandem duplication pairs were ancient, due
to the divergence time ranging from 141.393 to 310.639 mya.
For example, SsWRKY67 and SsWRKY54 formed a tandem du-
plication pair as well as their orthologous SbWRKY24 and
SbWRKY25 in sorghum and OsWRKY10 and OsWRKY97 in
rice. However, some SsWRKY tandem duplication pairs had
only one orthologous SbWRKY, such as SsWRKY70 and
SsWRKY71-2 (Supplementary Fig. S4). This phenomenon
may also be responsible for the fact that the number of
WRKY genes in S. spontaneum is more than that of sorghum.

In addition, the divergence time between SsWRKY4-3,
SsWRKY5-1, SsWRKY5-3, SsWRKY20, SsWRKY21-1, SsWRKY21-
2, SsWRKY22-1, SsWRKY31-3, SsWRKY45-1, SsWRKY46,
SsWRKY47-1, SsWRKY48, SsWRKY49-1, SsWRKY59-1,
SsWRKY59-2, SsWRKY63-2a, SsWRKY63-2b and SsWRKY96 and
their orthologous SbWRKYs ranges from 4.497 to 7.479 mya
(Supplementary Table S5), which are shorter than that of S.
spontaneum and sorghum (7.779 mya) (Zhang et al. 2018a),
suggesting that these 14 genes originated from tandem dupli-
cation after the divergence of S. spontaneum and sorghum.

Multiple sequence alignment of SsWRKY proteins
The defining feature ofWRKY transcription factors is theWRKY
domain, which interacts with the W-box (C/T)TGAC(T/C),
thereby activating a large number of defense-related genes
(Eulgem et al. 2000). A multiple sequence alignment of the
core WRKY domain with approximately 60 amino acids of all
294 SsWRKY proteins is provided in Supplementary Fig. S5. A
total of 329 WRKY domains were found in SsWRKYs, with most
domains containing the highly conserved WRKY motif.
However, 20 domains possessed one to three mismatched
amino acids within the WRKY motif, such as WMKY, WKKY,
WRKL, WRRT,WEKF,WTTY,WKKN,WKAC,WEAC,WKNL and
WTNL. Similarly, more than 80% of SsWRKYs contained the
heptamer WRKYGQK, while WRKYGEK and WRKYGKK were
the most common variants, found in 19 and 14 proteins, re-
spectively. Other variants, such as WRRTCRR (SsWRKY42-1)
and WMKYGQK (SsWRKY102 and SsWRKY108 and
SsWRKY153), were presented in group I. WRKYGHK
(SsWRKY143-4) was found in subgroup IIa. In subgroup IIc,
SsWRKY5-1/-5-3/-4-2/-4-3/-73 contained a WKKYGQK se-
quence, SsWRKY111/-112 contained a WKACAQN sequence
and WEACAQN, WTNLGLQ and WEACAQN were found in
SsWRKY100, SsWRKY107 and SsWRKY110, respectively. In
group III, WEKFGEK was found in SsWRKY34 and WTTYSQK
was found in SsWRKY32; strikingly, the alleles of SsWRKY56
contained a single WRKL.

The zinc finger motif (C-X4–5-X22–23-H-X1-H or C-X7-C-
X23–31-H-X1-C) at the C-terminus of the WRKY domain is a
further important structural characteristic of WRKYs (Eulgem
et al. 2000). However, some variants present in this motif
(Supplementary Fig. S5), C-X5-C-X29-HNH, C-X4-C-X24-HQH
and C-X4-C-X25-HSH, were found in group II. Notably, group
III possessed motifs of C-X5-C-X27-HIC, C-X5-C-X28-HTC, C-X8-
C-X24-HTC, C-X6-C-X37-HTC and C-X7-C-X23-HNH, which were
not observed in other plants. Some SsWRKYs contained an
incomplete zinc finger motif, which could be due to mistakes
in genome annotations, or pseudogenes without biologic-
al functions.

Allelic gene analysis of SsWRKYs

The results of the gene structure analysis indicated that the
number and size of exons/introns among SsWRKY alleles were
highly conserved, albeit with some slight differences. In group I,
the second intron of SsWRKY27-4 was larger than the other
three alleles of SsWRKY27. The first intron of SsWRKY2-1 was
larger than SsWRKY2-2, and the last exon was split. The number

Table 1 The number of SsWRKY genes on chromosomes in differ-
ent groups

Chromosome Chr1 Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8

I Genes 2 3 2 0 2 5 2 0

Alleles 3 6 3 0 4 2 6 0

IIa Genes 0 2 0 1 0 0 0 3

Alleles 0 7 0 4 0 0 0 7

IIb Genes 0 1 5 1 0 1 3 1

Alleles 0 0 13 3 0 0 2 0

IIc Genes 4 3 12 2 1 9 6 2

Alleles 8 2 15 3 2 4 11 0

IId Genes 4 1 0 2 2 1 0 0

Alleles 7 3 0 1 3 0 0 0

IIe Genes 2 0 4 2 1 0 1 2

Alleles 2 0 10 3 0 0 2 3

III Genes 4 12 7 0 11 2 14 1

Alleles 4 19 12 0 16 3 21 2

IV Genes 1 2 1 0 0 0 1 0

Alleles 0 0 2 0 0 0 0 0

Summary Genes 17 24 31 8 17 18 27 9

Alleles 24 37 55 14 25 9 42 12
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of exons in SsWRKY2-3 was significantly less than the other two
alleles, which may be due to the incomplete WRKY domain. In
group II, SsWRKY68-1 lost an intron compared with SsWRKY68-
2 and SsWRKY68-3 had an intron inserted. The last introns of
SsWRKY80-1 and SsWRKY81-1 were larger than in their other

alleles, while the second intron of SsWRKY10-4 was smaller than
the other alleles. In group III, the first exon of SsWRKY91-1 was
split into two exons, as was the last exon of SsWRKY91-2. In
addition, the last exons of SsWRKY1-3 and SsWRKY39-2 were
split compared with their alleles. These results suggest that exon

Fig. 3 Schematic representations highlighting the interchromosomal relationships of the SsWRKY genes. (A) Collinear analysis of all 294 SsWRKY
gene alleles. (B) Collinear analysis of nonalleles. (C) Collinear analysis of alleles.
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insertion and splitting may have occurred in SsWRKY alleles
(Supplementary Fig. S6).

To identify the evolutionary forces acting on the 87 SsWRKY
genes with alleles, the ratio of the non-synonymous substitution
rate to the synonymous substitution rate (Ka/Ks) was calcu-
lated (Fig. 4 and Supplementary Fig. S7). With the exception of
SsWRKY2, SsWRKY52 and SsWRKY131, the Ka/Ks ratios of
SsWRKY alleles were <1, suggesting that these SsWRKY genes
were under purifying selection.

Comparative analysis of WRKYs between S.
spontaneum and S. bicolor

Sorghum bicolor is the closest related diploid to S. spontaneum;
the comparison of gene structures between these two species
will provide clues to the evolutionary gene events caused by

polyploidization. To further analyze the differences in WRKYs
between S. spontaneum and S. bicolor, the exon/intron struc-
tural analysis for the 154 SsWRKYs and 96 SbWRKYs was con-
structed. As shown in Fig. 5 and Supplementary Fig. S8, 148 of
the 154 SsWRKY genes possessed two to six exons (29 with two
exons, 74 with three exons, 19 with four exons, 15 with five
exons and 11 with six exons), with SsWRKY104 and
SsWRKY109 having only one exon, SsWRKY42 and
SsWRKY130 having seven exons and both SsWRKY70 and
SsWRKY142 having eight exons. These findings indicated that
both gains and losses of exons occurred during the evolution of
the WRKY family. The intron phases within the same groups
were conserved in the DBD. Intron phases were divided into
three groups based on the position of the intron within a codon
(Xie et al. 2005): a phase 0 intron interrupts and falls between

Fig. 4 The Ka/Ks of SsWRKY alleles and SsWRKY–SbWRKY. (A) The Ka/Ks ofWRKYs in group I. (B) The Ka/Ks ofWRKYs in subgroup IIb. The blue
indicates the Ka/Ks of SsWRKY alleles, and the orange indicates the Ka/Ks of gene orthologs between sorghum and S. spontaneum. The P-value of
<0.05 is indicated by *. The P-value of<0.01 is indicated by **.
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Fig. 5 Comparison of gene structure of the WRKYs between AP85-441 (S. spontaneum) and S. bicolor. (A) Comparison of the WRKY gene
structures in group I. (B) Comparison of WRKY gene structures in subgroups IIa and IIb. Exons and introns are represented by black boxes and
lines, respectively. TheWRKY domains are highlighted by red boxes, and the number indicates the phases of corresponding introns: phase 0 introns
interrupt two codons; phase 1 introns lie after the first base in a codon and phase 2 introns interrupt a codon between the second and third
nucleotides.
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two codons, a phase 1 intron is inserted after the first base in a
codon and a phase 2 intron interrupts a codon between the
second and third nucleotides. Almost all the sequences encod-
ing C-terminal WRKY domains of the subgroup Ia SsWRKY
genes contained a phase 2 intron, which is an R-type intron
(Wu et al. 2005), whereas no N-terminal WRKY domains had
phase 2 introns (Fig. 5A). On the contrary, sequences encoding
both C-terminal and N-terminal WRKY domains of subgroup Ib
genes contained R-type introns. The R-type intron was also
present in the WRKY domain of subgroups IIc, IId and IIe and
group III of SsWRKYs, suggesting the origin of the R-type intron
preceded the majority of gene duplication in this family. In
addition, the phase 0 intron (V-type intron; Wu et al. 2005)
was observed in subgroups IIa and IIb (Fig. 5B), which provided
additional evidence to support the designation of groups.

Consistent with SsWRKYs, SbWRKYs (detailed information
of SbWRKYs provided in Supplementary Table S6) also exhib-
ited similar exon/intron structures in the identical subgroups.
However, some variations in exon numbers and intron sizes
were observed between SbWRKYs and their orthologous
SsWRKYs (Fig. 5 and Supplementary Fig. S8). SsWRKY2 con-
tained a larger first intron than the orthologous SbWRKY9 in
group I (Fig. 5A). In subgroup IIaþ b, the second introns of
SsWRKY138/139 were smaller than those of the orthologous
SbWRKY87 (Fig. 5B). SsWRKY116 contained a larger first exon
than SbWRKY89 in subgroup IIc. In subgroup IIdþ e, intron
expansion occurred in SsWRKY3 and SsWRKY74 compared
with their orthologous SbWRKY genes. In addition, SsWRKY25
and SsWRKY142 possessed four exons, while their orthologous
genes had only three exons in group III (Supplementary Fig.
S8). These results demonstrate that the gaining and splitting
of exons and introns expansion occurred in the SsWRKY family.

In comparison to sorghum, an additional 58 WRKYs were
identified in S. spontaneum. Of them, 16 genes, including
SsWRKY26, SsWRKY32, SsWRKY83, SsWRKY95, SsWRKY110
and SsWRKY115, were observed to lack the orthologous
SbWRKY genes (Fig. 5 and Supplementary Fig. S8), suggesting
that these WRKYs may have been generated after the diver-
gence of S. spontaneum and sorghum. Furthermore, 23 add-
itional SsWRKYs were derived from tandem duplication
events (Supplementary Table S3).

Expression profiles of SsWRKY genes in
S. spontaneum

To assess the temporal expression patterns of the sugarcane
WRKY genes, our present study analyzed the transcriptome
data of 12 different tissues and developmental stages of S.
spontaneum (Supplementary Fig. S9 and Table S7). The tran-
scripts of 15 SsWRKY genes were not detected in any of these 12
samples, indicating that these genes were pseudogenes or had
special expression patterns not examined in our libraries. Fifty-
nine SsWRKY genes were expressed in all 12 samples tested
(FPKM> 0), and 36 genes showed constitutive expression
(FPKM> 2 in all samples). Expression profiles of SsWRKYs
showed that SsWRKY76 and SsWRKY93 were highly expressed
in all tissues at different developmental stages of S. spontaneum,
suggesting that these two genes are key functional genes (Fig. 6

and Supplementary Table S7). The expression levels of
SsWRKY67, SsWRKY68, SsWRKY71, SsWRKY78 and SsWRKY79
increased with the maturity of the leaves, indicating that they
may play an important role during the growth and develop-
ment of leaves. SsWRKY39 and SsWRKY104 exhibited the high-
est expression levels in the leaves of maturing S. spontaneum
(Fig. 6 and Supplementary Table S7), while a decrease from
the top to bottom of the stem was found during sugar accu-
mulation, revealing that these two genes may play an important
role in the regulation of sugar metabolism in the stem and the
development of their leaves in S. spontaneum.

For clarifying the functional differentiation ofWRKY genes in
the source tissues (photosynthesis tissues) of S. spontaneum,
our study exploited the continuous developmental gradient
of leaf blades. According to the study of maize leaves by Li
et al. (2010), the leaves were divided into four zones, including
a basal zone (base, 1 cm above the leaf two ligule, sink tissue), a
transitional zone (5 cm, 1 cm below the leaf one ligule, under-
going the sink-source transition), a maturing zone (10 cm, 4 cm
above the leaf one ligule) and a mature zone (tip, 1 cm below
the leaf two tip, fully differentiated and active C4 photosynthet-
ic zones). The sink region is considered as the tissue from the
basal zone to the sixth segment, and the source region is the
tissue region from the seventh segment to the tip. Six SsWRKYs
displayed undetectable levels indicating that these genes may
play a very limited role during the development of leaves in S.
spontaneum (Supplementary Fig. S10 and Table S7). Within
the gene family, SsWRKY125 had the highest levels of expression
in the leaf blade and specifically in the mature zone (fully differ-
entiated and active C4 photosynthetic zones). The transcript
abundances of SsWRKY68/76 in the different segments gradual-
ly increased from the base to tip of the leaves while gradually
reduced in SsWRKY56. The expression levels of SsWRKY71
peaked in the transitional zone and were lowest in the basal
zone and maturing zone. In contrast, SsWRKY140 exhibited a
peak expression in the basal region and the distal region of the
leaf, while displaying lowest expression in the transitional re-
gion. Moreover, five SsWRKY genes (SsWRKY21/22/39/93/109)
in the basal region of the leaves showed the highest transcript
abundances (Fig. 7 and Supplementary Table S7). These
results were further confirmed by quantitative real-time PCR
(qRT-PCR) experiments for a subset of these genes in three leaf
segments of S. spontaneum (Supplementary Fig. S11).

To investigate the diel expression patterns of theWRKYs, we
also collected RNA-seq samples at 2 h intervals over a 24-h
period and 4-h intervals over an additional 24 h from S. sponta-
neum. Transcripts of four WRKY genes (SsWRKY91, SsWRKY92,
SsWRKY95 and SsWRKY115) were not detected in all samples,
suggesting that these genes may play minor roles in the diel
changes in physiological processes in S. spontaneum
(Supplementary Fig. S12 and Table S7). SsWRKY93 and
SsWRKY45 showed high expression levels over the two 24-h
cycles, with SsWRKY45 having a peak expression at the start
of the night period (18:00) and SsWRKY93 significantly express-
ing at 8:00 (Fig. 8 and Supplementary Table S7). Moreover,
SsWRKY40 was observed to have a diel peak expression at 18:00.
SsWRKY125, -76, -140 and -129 had higher expression in the light
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period compared to that in dark, while SsWRKY38 and
SsWRKY105 were expressed at peak levels during the night.
Additionally, five genes, SsWRKY44, SsWRKY56, SsWRKY71,
SsWRKY143 and SsWRKY145, displayed high expression levels

at 8:00, 10:00, 12:00 and 16:00 and were barely expressed during
other periods (Fig. 8 and Supplementary Table S7). Taken
together, these findings point to the potential importance of
SsWRKYs in diurnal rhythms. It is notable that 21 SsWRKYs
showed specific expression levels in leaf gradient segments
and in the leaves during the diurnal cycles, suggesting that these
genes were likely involved in the photosynthesis process of S.
spontaneum. We further reviewed the close orthologous genes
of these 21 SsWRKYs in Arabidopsis using BLASTP (E-val-
ue< 1e�20) and phylogenetic analysis of WRKY proteins in S.
spontaneum and Arabidopsis, and 13 orthologous AtWRKYs
were previously reported in functional studies
(Supplementary Table S8 and Fig. S13). Among them,
AtWRKY40, which is the orthologous of SsWRKY76 and
SsWRKY145, inhibits expression of the light-harvesting chloro-
phyll a/b-binding proteins (Liu et al. 2013), the orthologous
AtWRKY46 of SsWRKY21 and SsWRKY22 regulates light-
dependent stomatal opening in guard cells (Ding et al. 2014)
and the other orthologous genes regulate the biotic stress and
abiotic stress, or function in the other processes of development
in Arabidopsis.

For 13 SsWRKY genes with four alleles in S. spontaneum, we
analyzed the allelic expression of these WRKYs using the
method of Zhang et al. (2018b). Of these 13 genes, seven
SsWRKY genes displayed non-neutral expression named allelic
differentially expressed genes, while the remaining six genes
displayed neutral expression. Our analysis showed that
SsWRKY alleles may play different roles in the growth and de-
velopment of S. spontaneum.

Discussion

This present study represents the first identification and char-
acterization ofWRKYs from whole genome sequences of sugar-
cane. Previous extensive studies have been performed in the
WRKY gene family of many other plant species, including
Arabidopsis (Eulgem et al. 2000), rice (Ross et al. 2007), grape
(Guo et al. 2014), soybean (Yang et al. 2017), maize (Wei et al.
2012) and B. distachyon (Wen et al. 2014).

WRKY transcription factors regulate many physiological
processes, and various abiotic and biotic stress responses
(Rushton et al. 2010, Phukan et al. 2016). In this study, 154
WRKYmembers were identified from whole genome sequences
of the S. spontaneum and were classified into group I (17 genes),
group II (81 genes), group III (51 genes) and group IV (five genes)
based on the phylogenetic relationship with rice and the pri-
mary structure of the WRKY domain. Although groups I, II and
IIIWRKYs have been well characterized inmany plants, group IV
WRKYs are rarely reported in the literature. The SsWRKYs of
group IV contained an incomplete domain, and theWRKYGQK
motif was only identified after re-annotation using FGENESH
(http://www.softberry.com/berry.phtml?topic=fgenesh&
group=programs&subgroup=gfind), indicating that these
genes may have lost their function as WRKYs.

This study identified 1,360 WRKY genes in S. spontaneum,
and another 22 representative species were used to further
explore the evolution of the WRKY family. Interestingly,

Fig. 6 Expression pattern ofWRKY genes in different tissues and devel-
opmental stages in S. spontaneum. Seedling, premature and mature
indicate 35-day-old, 9-month-old and 12-month-old S. spontaneum,
respectively.

Fig. 7 Expression pattern of WRKY genes across leaf gradients of
S. spontaneum.
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compared with Arabidopsis (genome size 125Mb), cucumber
(genomic size 367Mb), rice (genome size 480Mb) and sorghum
(genomic size 760Mb), S. spontaneum (monoploid genome size
843Mb) had larger numbers of WRKY family members (Ling
et al. 2011, Zhang et al. 2016). In addition, the number ofWRKYs
in many higher plants was more than that of some lower plants,
suggesting thatWRKY genes might play a significant role in the
evolution of simpler unicellular to more complex multicellular
forms. Thus, we speculated that the number of WRKY genes
expanded as plants evolved possibly due to genome duplica-
tion, which is in agreement with a previous study (Ning et al.
2017). Interestingly, the number ofWRKYs in S. spontaneumwas
similar to that in wheat (C3) and maize (C4) and higher than
that in sorghum (C4) and rice (C3), indicating that the number
of WRKYs may not be related to C3 or C4 metabolism.
Understandably, the gene expansion of SsWRKY mainly
occurred after the divergence of the two C4 close relative plant
species, sorghum and S. spontaneum.

As a proximal species of sugarcane, the number ofWRKYs in
S. bicolor (96) was less than that of S. spontaneum (154).
Previous studies showed that segmental and tandem duplica-
tion might be important in the expansion of the WRKY gene
family in species, such as white pear (Huang et al. 2015), peanut
(Song et al. 2016b), Brassica napus (He et al. 2016) and pine-
apple (Xie et al. 2018). The results of collinearity analysis showed
that 217 (73.8%) of the SsWRKY genes originated from segmen-
tal duplication and 47 (16.0%) originated from tandem dupli-
cation, revealing the high segmental and low tandem
duplications presented in SsWRKY genes, which is consistent
with those in wheat (Ning et al. 2017), grapevine (Guo et al.
2014) and soybean (Song et al. 2016a). Therefore, both tandem
and segmental duplications contributed to the expansion of
SsWRKY family, but the segmental duplication may play a
more critical role. The duplications of individual genes,

chromosomal segments or entire genomes could provide a pri-
mary source of material for the origin of evolutionary novelties,
including new gene functions and expression patterns (Lynch
and Conery 2000). Thus, the gene expansion of S. spontaneum
may contribute to the neofunctionality of WRKYs.

Multiple sequence alignments of SsWRKYs revealed many
variations in WRKY domains, including WRKYGEK, WRKYGKK,
WRKYGHK, WEKFGEK, WRRTCRR, WEACAQN, WKNLGMQ,
WTNLGLQ, WKACAQN, WTTYSQK, WKKNQIH and WRKL.
The WRKYGQK motif showed binding site preferences with
the W-box, while the WRKY genes without the WRKYGQK
motif may recognize binding sequences other than W-box as
previous reports suggest (Ciolkowski et al. 2008). In the case of
NtWRKY12, which contains a WRKYGKK motif, it appeared to
bind a SURE-like element (TTTCCAC), as opposed to a W-box
element (van Verk et al. 2008). In soybean, GmWRKY6 and
GmWRKY21 contained a WRKYGKK motif, which could not
bind normally to theW-box (Zhou et al. 2008). The mutation in
the WRKYGQK motif influenced the normal interaction of
WRKY genes with the downstream target genes, suggesting
that these amino acids may be important for binding site rec-
ognition. Notably, the variants of WRKYGQKmotif were mainly
observed in subgroup IIc and group III of sugarcane, indicating
that theWRKYs of subgroup IIc and group III may have a variety
of biological functions.

The diversification of exon-intron structures plays an im-
portant role in the evolution of many gene families, and the
rearrangement and fusion of different chromosome fragments
result in the gain and loss of exons-introns (Xu et al. 2012, Guo
et al. 2013). Our current study showed that SsWRKYs belonging
to the same group share similar exon-intron structures, with the
exception of the group III genes: SsWRKY97-1 possessed 13
exons and SsWRKY97-2 possessed only five exons. In addition,
SsWRKY genes in subgroup IIc contained 2–6 exons, while ap-
proximately 75% (30/40) had 2–3 exons. Sorghum is one of the
closest diploid relatives of the Saccharum genus. Comparative
analysis of the orthologous between SsWRKYs and SbWRKYs
made it possible to investigate the specific evolutionary events
after the polyploidization of Saccharum (Zhang et al. 2016).
Among the SsWRKY genes, the intron of SsWRKY169 was larger
than its orthologous SbWRKY58 and SsWRKY116 contained a
larger first exon than its orthologous gene SbWRKYY89.
Moreover, the number of exons/introns in SsWRKY121 and
SsWRKY151 were greater than that of their orthologous genes.
These results suggested that SsWRKY family was undergoing
gene expansion following polyploidization in S. spontaneum.

Gene expressional patterns are highly correlated with their
functions in plants (Niehrs and Pollet 1999). In our study, the
expression profiles revealed the different expression patterns for
each SsWRKY in different tissues, providing a valuable resource
for future functional research. Sun et al. (2003) found that
SUSIBA2 (HvWRKY46) was involved in sugar signaling in barley,
while in our study, SsWRKY21, SsWRKY22, SsWRKY39,
SsWRKY56, SsWRKY104, SsWRKY125 and SsWRKY140 presented
a peak expression level in stem 3 during the maturity, and the
transcripts in stems gradually decreased from the distal to near-
terrestrial end, indicating that these genes may participate in

Fig. 8 Expression pattern of WRKY genes at different time periods in
leaves of S. spontaneum.
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sugar metabolism. In monocots, leaf development and photo-
synthetic differentiation proceeded from base to tip in a highly
regular and continuous manner (Sharman 1942, Leech et al.
1973, Evert et al. 1996). According to the research of Li et al.
(2010), the mesophyll and bundle sheath cells in the basal re-
gion of the leaf were undifferentiated and their basic cellular
functions were still activated in this region, e.g. DNA synthesis,
cell wall synthesis and hormone signaling. The current study
found that the expression levels of SsWRKY21, SsWRKY22,
SsWRKY39, SsWRKY56, SsWRKY93 and SsWRKY124 were higher
in the basal region of the leaves, indicating the involvement of
these genes in basic cellular activities. In the region of transition
from sink to source tissues, the transcript abundance of genes
associated with the photosynthetic machinery was increased (Li
et al. 2010) and the expression levels of SsWRKY71 and
SsWRKY145 were dominant in the region of transition from
sink to source tissues, suggesting that these two genes were
associated with the photosynthetic machinery. The distal re-
gion of the leaf was fully differentiated and had the highest
levels of photosynthesis, with SsWRKY68, SsWRKY122 and
SsWRKY125 exhibiting peak expression in the distal region of
the leaves, further indicating that these threeWRKY genes may
be highly correlated with the photosynthetic reactions in leaves.
The 24-h ‘biological clock’ in plants known as circadian rhythm
gives plants an innate ability to measure time, allowing them to
anticipate daily changes in the environment and to coordinate
the developmental and metabolic processes induced by the
environmental factors, such as light and temperature (Green
et al. 2002, Michael et al. 2003, Dodd et al. 2005, Ni et al. 2009). It
is well documented that the expression levels of several plant
genes are affected by diurnal control (Giuliano et al. 1988,
Becker et al. 1992, Xu et al. 2017). In S. spontaneum, the expres-
sion of SsWRKY38, SsWRKY40, SsWRKY45, SsWRKY56,
SsWRKY67, SsWRKY71, SsWRKY145 and another 22 SsWRKY
genes fluctuated in the mature leaves during the diurnal cycle,
suggesting that the transcriptional levels of these SsWRKY genes
may be subject to diurnal control. Interestingly, SsWRKY12,
SsWRKY27, SsWRKY40, SsWRKY39, SsWRKY44, SsWRKY45,
SsWRKY56, SsWRKY67, SsWRKY68, SsWRKY71, SsWRKY93,
SsWRKY109, SsWRKY114, SsWRKY124, SsWRKY125,
SsWRKY129 and SsWRKY140 correlate with photosynthesis in
sugarcane rather than their orthologousWRKYs in Arabidopsis,
revealing that WRKY genes function differently in monocots
and dicots. In conclusion, the expression profiles of SsWRKYs
in this study provided rich resources to further investigate the
functions of SsWRKYs in S. spontaneum.

Conclusions

In this present study, 154 SsWRKY genes were initially identified
from the whole S. spontaneum genome and were categorized
into three main groups. These SsWRKY genes were unevenly
distributed among 32 chromosomes of S. spontaneum.
Phylogenetic and collinearity analyses provided some valuable
clues to the evolutionary characteristics of SsWRKY genes. The
collinearity analysis indicated gene duplication contributed to

the expansion of the WRKY gene family in S. spontaneum.
Expression analysis suggested that SsWRKY genes may have
played a key role in the process of development, sugar metab-
olism and photosynthesis in S. spontaneum. Overall, this sys-
tematic analysis provided valuable information to
understanding the biological functions of the SsWRKY genes
in sugarcane.

Materials and Methods

Plant materials
Sugarcane seedling stem and leaf tissues were obtained from 35-day-old S.
spontaneum (SES-208, 2n¼ 8x¼ 64). Tissue samples from leaf roll, leaf, top
internode (internode number 3), maturing internode (internode number 6)
and mature internode (internode number 9) were collected from premature
9-month-old and mature 12-month-old S. spontaneum as previously described
(Zhang et al. 2016, Chen et al. 2017b). The 11-day-old S. spontaneum seedlings
were grown with lamps at a light intensity of 350μmol/m2/s, 14:10 L/D, 30�C L/
22�C D and 60% relative humidity and used for harvesting the second leaves,
which were cut into fifteen 1-cm segments according to the method of Li et al.
(2010). Samples were pooled from an average of four plants per biological rep-
licate, and three biological replicates in total were collected on different dates.

Finally, as described by Ming et al. (2015), the middle 4-cm part of the first
leaves of S. spontaneum was collected from a field at Fujian Agriculture and
Forestry University (Fuzhou, Fujian, 119�1604800E, 26�404800N) during the sugar
accumulation stage every 2 h (6:00, 8:00, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00,
22:00, 24:00, 2:00, 4:00) and every 4 h (6:00, 10:00, 14:00, 18:00, 20:00, 2:00, 6:00)
from March 2 to 3, 2017.

These tissues were wrapped in tin foil paper and frozen using liquid nitrogen
and stored �80�C for RNA extraction.

Sequence retrieval
WRKY sequences of rice, A. thaliana, maize, wheat, B. distachyon, grape, tomato,
poplar (Populus trichocarpa) and cucumber were obtained from rice genome
annotation project (http://rice.plantbiology.msu.edu/) (Kawahara et al.
2013), TAIR (The Arabidopsis Information Resource) (http://www.arabidop
sis.org/) and Plant Transcription Factor Database (http://planttfdb.cbi.pku.
edu.cn/) (Jin et al. 2017). The genomic data of S. bicolor and other species
were obtained from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.
html) and NCBI (https://www.ncbi.nlm.nih.gov/). The genomic data of S.
spontaneum was generated in our own laboratory (accession number in
GenBank: QVOL00000000) (Zhang et al. 2018b).

Identification of WRKY in S. spontaneum
A HMM profile of the WRKY DBD (PF03106) was obtained from the Pfam
protein family database (http://pfam.xfam.org/) (Finn et al. 2016) and used
to identify putative WRKYs from the S. bicolor genome sequence through the
BLASTP program and default parameters (Ling et al. 2011). Next, the selected
sorghum WRKYs were used as query sequences to carry out BLASTP searches
against the predicted sequences of S. spontaneum. The sequences with E-value
<1e�10 were selected for further analysis, and the HMM profile of WRKY
domains was applied as the query to survey all potential proteins. Finally, the
physical and chemical properties including number of amino acids (NA), MW,
theoretical pI, GRAVY, AI and II of the putative SsWRKYs were calculated using
the online ExPASy-ProtParam tool (http://web.expasy.org/protparam/).
Manual annotation was performed for the genes that were incorrectly predicted.

Multiple sequence alignment, phylogenetic analysis
and classification of sugarcane WRKYs
A total of 294 predicted SsWRKY proteins were included in multiple sequence
alignments using DNAMAN. The sequences of domains of SsWRKYs and
OsWRKYs were aligned using MUSCLE in MEGA 7.0 with default parameters
(Kumar et al. 2016). The phylogenetic tree (Fig. 2) based on the alignments was
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constructed using MEGA 7.0 with the NJ method with the bootstrap test
replicated 1,000 times, the Poisson model and pairwise deletion. To verify the
classification of the phylogenetic tree based on NJ, an additional phylogenetic
tree (Supplementary Fig. S2) was constructed using theMLmethod with 1,000
bootstrap replicates, the Jones-Taylor-Thornton (JTT) model, gamma distribu-
tion and partial deletion (Kumar et al. 2016). Based on the multiple sequence
alignment and the previously reported classification of OsWRKYs, the SsWRKYs
were assigned to different groups and subgroups (Ross et al. 2007, Rushton et al.
2010, Xu et al. 2016).

Exon-intron structure of SsWRKY genes
The exon-intron structures of sugarcane WRKY genes were determined based
on their coding sequence alignments and their respective genomic sequences,
while diagrams were obtained from the online program Gene Structure Display
Server (http://gsds.cbi.pku.edu.cn/) (Hu et al. 2015).

Calculation of Ka/Ks
The non-synonymous (Ka) and synonymous (Ks) substitution ratios were cal-
culated by the easy_Kaks calculation program (Zhang 2018). Meanwhile,
Fisher’s exact test for small samples was applied to verify the Ka and Ks calcu-
lated by this method (Wang et al. 2009). The divergence time (T) was calculated
by T¼Ks/(2� 6.1� 10�9)� 10�6 Mya (Lynch and Conery 2000).

Chromosomal locations and collinearity analysis for
all SsWRKYs
The physical location of SsWRKYs on the chromosomes was obtained from the
database of S. spontaneum genome. To analyze the duplication pattern for each
SsWRKY gene, the BLASTP program (E-value<1e�5) and Multiple Collinearity
Scan toolkit (MCScanX) were used (Wang et al. 2012).

Analysis of the expression profiles of WRKYs in S.
spontaneum based on RNA-seq
The cDNA library preparation was performed according to the manufacturer’s
protocol (TruSeqV

R

RNA; Illumina). The RNA-seq libraries were pooled and
sequenced with 100-nt paired-end primers using an Illumina HiSeq2500 plat-
form at the Center for Genomics and Biotechnology, Fujian Agriculture and
Forestry University. Raw data were aligned to reference gene models using
TRINITY (Griffith et al. 2018). RNA-seq quantitative analysis was completed
through Trinity Transcript Quantification, and the fragments per kilobase of
exon model per million mapped reads (FPKM) value of the gene was calculated
using the RESM (RNA-Seq by Expectation-Maximization) method.

Experimental validation of SsWRKY gene expression
levels by qRT-PCR
The expression levels of four SsWRKY genes (SsWRKY56, SsWRKY76, SsWRKY93
and SsWRKY140) in three tissues (the sixth, 10th and 15th segments of 11-day-
old second leaves) of S. spontaneum were validated by qRT-PCR. Integrated
DNA Technologies (http://www.idtdna.com/Primerquest/Home/Index)
were used to design gene-specific primer pairs (Supplementary Table S9).
Total RNA of tissues was extracted using a Plant RNA kit (R6827-01; Omega
Bio-Tek). First-strand cDNA was synthesized with the TransScript All-in-One
First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Removal)
(TransGen Biotech). The real-time qPCR was performed with SYBR green
(TaKaRa Biotechnology) on a Multicolor Real-Time PCR Detection System
(Bio-Rad). Reaction parameters for thermal cycling were 95�C for 30 s, followed
by 40 cycles of 95�C for 5 s and 60�C for 30 s, finally a melting curve (65–95�C, at
the increments of 0.5�C) performed to confirm the PCR specificity. The
glyceraldehyde-3-phosphate dehydrogenase gene and eukaryotic elongation
factor 1a were selected as internal standards for normalization, and tree repli-
cates were used (Ling et al. 2014). The relative expression levels were calculated
using the 2�ΔΔCt method (Livak and Schmittgen 2001).

Supplementary Data

Supplementary data are available at PCP online.
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