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Abstract

The WRKY transcription factor (TF) gene family expanded greatly in the evolutionary process from green algae to
flowering plants through whole genome, segmental, and tandem duplications. Genomic sequences from diverse
plant species provide valuable information about the origin and evolution of WRKY domain-containing proteins.
Accumulating data indicate that WRKY TFs bind W-box and/or other cis-elements, revealing the specificity of cis-
element recognition based on the structure of the WRKY protein as well as the nucleotides adjacent to the core
sequences. Physical interactions among WRKY proteins or between WRKY proteins and other regulatory factors
afford important insights into the regulation of this TF family. WRKY proteins are essential players in the kinase
signaling network. The interaction of plant resistance (R) proteins with WRKY TFs and the existence of unusual
chimeric R-WRKY proteins suggest diversity in signaling pathways for rapid immune responses. In this review, we
focus mainly on progress in understanding the function of WRKY TFs in response to biotic stresses and focus on
their multiple roles in Arabidopsis and rice plants.
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Background

WRKY transcription factors (TFs) comprise a large gene
family. Since the first report of the WRKY gene from
sweet potato (Ishiguro and Nakamura 1994), numerous
WRKY genes from a wide range of plant species have
been characterized and shown to participate in growth,
development, metabolism, and responses to environ-
mental cues (Chi et al. 2013; Schluttenhofer and Yuan
2015; Phukan et al. 2016; Chen et al. 2017a; Jiang et al.
2017a). Accumulating data show that a large portion of
WRKY genes are responsive to pathogens, elicitors, and
defense-related phytohormones such as salicylic acid
(SA) or jasmonic acid (JA), implying a major role for the
WRKY gene family in plant immunity. WRKY TFs posi-
tively or negatively regulate various aspects of the plant
innate immune system, which consists of pathogen-asso-
ciated molecular pattern (PAMP)-triggered immunity
(PTI) and effector-triggered immunity (ETI) (Jones and
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Dangl 2006). WRKY proteins participate in metabolism,
including the synthesis of phytohormones, phytoalexins,
and other defense-related chemicals (Wang et al. 2010;
Schluttenhofer and Yuan 2015; Liang et al. 2017).
WRKY TFs are also important players in the regulation
of plant growth and development (Grunewald et al
2012; Cai et al. 2014; Ding et al. 2015b; Li et al. 2015;
Tian et al. 2017). In addition, WRKY proteins are
involved in the plant response to abiotic stresses (Wang
et al. 2007; Yokotani et al. 2013; Lee et al. 2018).
Increasing genome sequencing data from diverse plant
species provide an excellent platform for the genome-
wide analysis of WRKY family genes. Modified hypo-
theses of WRKY gene evolution have been proposed
based on genomic exploration and phylogenetic analyses
(Rinerson et al. 2015). Chimeric WRKY TFs containing
the WRKY domain (WD) and other novel protein do-
mains have been discovered through genome mining
(Rinerson et al. 2015; Mohanta et al. 2016). Genomic
sequences have facilitated transcriptomic analyses of gene
families, such as the WRKY genes, in a specific physio-
logical process or stress condition and the discovery of
important genes involved in particular circumstances

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s42483-019-0022-x&domain=pdf
http://orcid.org/0000-0001-7210-2370
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:guozj@cau.edu.cn

Chen et al. Phytopathology Research (2019) 1:13

(Ning et al. 2017; Yang et al. 2017; Xie et al. 2018). In
addition, chromatin immunoprecipitation-sequencing
(ChIP-seq) and DNA affinity purification sequencing
(DAP-seq) have been used to identify genome-wide
binding sites for TFs, such as the WRKY TFs (Liu et al.
2015; O’Malley et al. 2016; Birkenbihl et al. 2017). The
integration of the available data may provide valuable
information regarding the function and evolutionary
relationships of orthologous genes.

Among the WRKY TFs, the formation of homo- and
heterocomplexes to regulate gene expression through
auto- and cross-regulatory mechanisms is often ob-
served (Xu et al. 2006; Liu et al. 2016). WRKY proteins
also interact with other proteins, such as receptors,
kinases, and other TFs, and are interwoven in tran-
scriptional regulatory networks (Ishihama et al. 2011;
Chang et al. 2013; Xie et al. 2014; Sheikh et al. 2016;
Lal et al. 2018). The formation of dynamic protein-
protein interactions is an important step in the under-
taking of biological functions. In general, WRKY TFs
regulate target genes through binding W-box (TTGA
CY, with the core sequence TGAC) cis-elements in
gene promoters. However, some WRKY TFs recognize
cis-elements without the W-box core sequence. In this
review, we summarize recent progress in understan-
ding WRKY evolution and DNA binding activities and
focus on WRKY protein interactions, especially those
in response to biotic stress and the regulation of
metabolism.
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WRKY structure and evolution

The WRKY domain (WD) is approximately 60 amino
acid residues in length and has potential DNA binding
activity. The WD is derived from classical CyH, zinc
fingers present in mutator transposons by the addition
of a WRKY-like motif upstream of the zinc finger (Babu
et al. 2006). WRKY proteins are divided into three
groups based on the type of zinc finger motif and the
number of WDs (Eulgem et al. 2000). Group I and II
members contain C,H, zinc finger motifs, whereas
WRKY proteins in group III have C,HC zinc fingers.
WRKY genes are classified further into subgroups by
phylogenetic analyses, especially group II, which is
divided into at least five subgroups (Ila to Ile). A scheme
of each WD subgroup in rice is shown in Fig. 1. Incon-
sistency beyond the two classification roles is observed.
Reasons for this could be mutations in key amino acid
residues, such as the very conserved heptad WRKYGQK
and the amino acids involved in zinc binding; variations
in zinc finger length; evolutionary intermediates between
(sub)groups; and WD deletion. For example, OsWRKY5
and OsWRKY68, which are clustered in subgroup Illa,
contain CX,CX3HXH (X for any amino acid) zinc
fingers that are similar to the subgroup Illa CX;CX,3HXC
zinc finger, implying the possible divergence of C,H, and
C,HC zinc fingers (Wu et al. 2005). Wheat TaWRKY157
contains two WDs, but because it has a C;HC zinc finger,
it is suggested to be an intermediate member of groups I
and IIT (Ning et al. 2017). An extended zinc finger is found
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in rice, moso bamboo, and wheat group III WRKY pro-
teins, i.e., CX¢.,CX,HXC with n > 23 (Wu et al. 2005; Li et
al. 2017; Ning et al. 2017). Members in group II have a
CXsCXy3HXH zinc finger motif, except subgroup Ilc,
which has a CX,CX,3HXH zinc finger that is the same as
that in the C-terminal WD (CTWD) of group I WRKY
proteins. The subgroup IIc members can be clustered into
separated clades, in which the ancient Ilc clade neighbors
the CTWD clade (Xu et al. 2016; Jiang et al. 2017b), sug-
gesting a close evolutionary relationship between genes in
group I and subgroup Ilc. Subgroup Ilc has also been pro-
posed to be a separate group by Zhang and Wang (2005)
or subgroup Ib by Wu et al. (2005). In addition to va-
riations in zinc finger motifs, mutations in the consensus
WRKYGQK sequence often appear in various plant spe-
cies, and frequently observed variants include WRKYGKK
and WRKYGEK (Wu et al. 2005; Yao et al. 2015; Jiang et
al. 2017b; Yang et al. 2017; Song et al. 2018).

The diversification of WRKY genes has been explained
by several hypotheses. Initially, group I WRKY genes
were considered the ancestors of other WRKY genes,
possibly due to the presence of only one group I WRKY
gene in the unicellular green agar Chlamydomonas rein-
hardtii (Wu et al. 2005; Xie et al. 2005; Zhang and
Wang 2005). Later, the available genome sequence of the
filamentous terrestrial alga Klebsormidium flaccidum
shows two WRKY genes, one in group I that contains
two WDs and the other in subgroup IIb, reflecting the
existence of a subgroup IIb gene early in the evolution
of plants (Hori et al. 2014). Group III and group III-like
genes are also found in the Selaginella moellendorffii
and Physcomitrella patens mosses. However, subgroup
ITa WRKY genes are absent in S. moellendorffii (Rinerson
et al. 2015; Rensing et al. 2008). Therefore, Rinerson et
al. (2015) proposed two alternative hypotheses of WRKY
gene evolution: the “group I hypothesis” and the “Ila +
IIb separate hypothesis”. The “group I hypothesis” sug-
gests that all WRKY genes evolved from group I CTWDs
and that genes in subgroups Ila + IIb diversified ahead of
the appearance of the conserved R-type (splicing at the
codon of Arg, phase 2) intron present in the CTWDs
and subgroups Ilc, IId, and III. However, the Ila and IIb
genes contain a V-type (phase 0) intron that is located
before the Val residue in the WDs (Fig. 1). This differ-
ence in intron positions hints of divergence. The alterna-
tive “Ila + IIb separate hypothesis” suggests that genes in
subgroups Ila and IIb evolved directly from a single WD
gene in ancestral algae and that their lineage is different
from that of the other group I WRKY genes (Rinerson et
al. 2015). Furthermore, it seems reasonable to assume that
an ancient, subgroup Ilc-like WRKY gene is the ancestor of
all WRKY genes, as proposed by Xu et al. (2016). The pre-
sence of nonplant WRKY genes in fungal, diplomonad, and
amoebozoa species indicates lateral gene transfer events
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that occurred before the formation of WRKY groups in
flowering plants and reflects ancient WRKY proteins that
contained a single WD (Rinerson et al. 2015).

The WRKY gene family expanded greatly in the evo-
lutionary process from one or a few genes in green algae
to over 30 genes in the earliest land plant mosses and
over 100 genes in some flowering plants (Fig. 2 and
Additional file 1: Table S1). Whole genome, segmental,
and tandem duplications were the main contributors to
the expansion of the WRKY gene family. The amplifica-
tion of group III WRKY genes in O. sativa ssp. japonica
and O. nivara arose from segmental and tandem gene
duplication (Wu et al. 2005; Xu et al. 2016). Group III
WRKY genes are evolutionarily dynamic and play an
important role in plant adaption. Phylogenetic analysis of
group III WRKY proteins from ten representative mono-
cots and dicots revealed monocot- and dicot-specific
clades (Xie et al. 2018), supporting the hypothesis that the
diversification of some WRKY genes occurred after the di-
vergence of monocots and dicots (Wu et al. 2005). Nearly
half of the TaWRKY genes arose from segmental duplica-
tion (Ning et al. 2017). The expansion of the groups I and
II WRKY genes in Gossypium occurred through WGD
(whole genome duplication) and tandem duplications
(Ding et al. 2015a). The pineapple genome possesses
relatively fewer WRKY genes than other monocots,
which is possibly due to a lack of pangrass p WGD
events during pineapple evolution (Xie et al. 2018),
while WGD and local gene duplication led to the exis-
tence of a large number of close GmWRKY homologs
in soybean (Yang et al. 2017).

WRKY binding elements

Most WRKY proteins bind to W-box sequences in vitro,
as determined by electrophoretic mobility shift assays
(EMSAs). The solution structure of the AtWRKY4
CTWD complex with a W-box element was obtained by
NMR (Yamasaki et al. 2012). It revealed that a four-
stranded [-sheet enters the major groove of B-form
DNA in an atypical mode assigned to the B-wedge, in
which the p-sheet is approximately perpendicular to the
DNA helical axis. Residues in the conserved WRKYGQK
sequence contact the DNA bases mainly by extensive
apolar contacts with thymine methyl groups, which was
verified by substitution of the thymine bases with uracil
(Yamasaki et al. 2012). The structure of the WD-DNA
complex can easily explain the results of previous muta-
tional experiments and showed that Trp, Tyr, and two
Lys residues in the WRKYGQK sequence are indispen-
sable for DNA binding (Maeo et al. 2001; Duan et al.
2007; Ciolkowski et al. 2008). The zinc finger structures
of WDs are also required for WRKY protein binding to the
W-box element since the addition of zinc ion chelate elimi-
nated the binding activity in EMSAs (Rushton et al. 1995).
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WRKYs on the right (for references see Additional file 1: Table S1). The expansion of WRKY family genes is mainly due to whole genome,

Recently, the zinc ion was shown to bridge the dimerization
of the WDs in the OsWRKY45 crystal structure (Cheng et
al. 2019). The WD dimer interacts with the major groove
of the W-box element, and water-mediated hydrogen
bonds participate in the base-specific interaction between
the protein and DNA. These results also explain why
WRKY proteins often form homo- and heterocomplexes.
There have been several reports about the interaction
of WRKY proteins harboring a WRKYGKK sequence
with DNA cis-elements. Pepper CaWRKY1, a negative
regulator of plant defense, bound to a DNA fragment
with three TTGAC elements, as shown using EMSA
analysis (Oh et al. 2008), whereas soybean GmWRKY6
and GmWRKY21 were unable to bind the W-box (Zhou
et al. 2008). GmWRKY167, which contains a WD with a
WRKYEDK sequence that is phylogenetically close to
the N-terminal WD (NTWD) of group I WRKY pro-
teins, was unable to bind the W-box element in vitro
(Chi et al. 2015; Yang et al. 2017). It is unclear whether
the inability of GmWRKY167 to bind the W-box was
due to the change of the common GQK sequence to
EDK in the WD close to the NTWD, since the CTWDs
of group I WRKY proteins are mainly responsible for

DNA binding (Ishiguro and Nakamura 1994; de Pater et
al. 1996; Maeo et al. 2001), its location in the Golgi, or
both. Tobacco NtWRKY12, which also contains the
WRKYGKK sequence, interacts with the WIK-box
(TTTTCCAC) but not with the consensus W-box. The
WXK-box was required for the induction of PR-1a expres-
sion by SA and bacterial elicitors, as shown in tobacco
leaves (van Verk et al. 2008). Mutation of the GKK
sequence to GQK or GEK abolished the binding activity
of NtWRKY12 to both the WK- and W-boxes, and the
GKK-containing AtWRKY51 recombinant protein did not
bind to the WK- or W-boxes (van Verk et al. 2008). Rice
OsWRKY7, which contains the WRKYGKK sequence,
formed a complex with the W-box but not with the
WK-box, and the mutation of GKK to GQK enhanced
W-box binding activity, as examined by EMSA (Chen et
al. unpublished data). In addition, WRKY proteins with
the common WRKYGQK motif bind different types of
cis-elements. OsWRKY13 bound to the W-box and PRE4
(TACTGCGCTTAGT), which are also present in its own
promoter, both in vitro and in vivo (Xiao et al. 2013).
Sugar signaling in barley2 (SUSIBA2, HYWRKY46) bound
to both a sugar-responsive element (SURE, TAAAGATTA
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CTAATAGGAA) and the W-box element (Sun et al.
2003). AtWRKY70 bound not only to the classic W-box
but also to the WT-box (YGACTTTT, GACTTT as the
core sequence), which was essential to elicit the activation
of gene expression in parsley protoplasts (Machens et al.
2014). Recently, the WD of AtWRKY50 was shown to
interact with WT-box and WT-box-like elements, but the
use of recombinant full-length AtWRKY50 hampered
DNA binding (Hussain et al. 2018). The N-terminal region
of AtWRKY50 possibly impedes DNA binding, as esti-
mated from structure modeling. Additionally, AtWRKY50
interacted with the TGA2 and TGA5 TFs and simultan-
eously bound to proximal cis elements in the PRI pro-
moter; this then synergistically stimulated the SA-induced
expression of PRI (Hussain et al. 2018). These data
suggest that the differences in amino acids among the
WRKYGQK heptad and the rest of the WRKY proteins
may affect the WD structure and lead to a preference for
nucleotide bases, thereby enabling the selective and con-
certed regulation of many target genes by the WRKY TFs.
In addition, nucleotides adjacent to the core sequence can
also influence TF binding, as observed in the case of
AtWRKY70 (Machens et al. 2014).

Molecular techniques have been developed to characterize
regulatory elements and TF function on a genome-wide
scale. The DAP-seq method interrogates genomic DNA
with recombinant TF proteins for the discovery of TF
binding sites (O’Malley et al. 2016). The ChIP-seq
method was successfully used to identify AtWRKY33 bind-
ing sites in the Arabidopsis genome following infection
with Botrytis cinerea and also revealed that AtWRKY33
negatively regulated abscisic acid (ABA) biosynthesis genes
NCED3 and NCEDS5 in resistance towards this ne-
crotrophic fungus (Liu et al. 2015). Birkenbihl et al. (2017)
compared AtWRKY18, AtWRKY40, and AtWRKY33
binding sites in flg22, a 22 amino acid epitope of fla-
gellin, triggered immunity, providing valuable insight
into defining a genome-wide transcriptional regulatory
network for defense responses involving WRKY TFs.
The genome-wide analysis of WRKY binding sites also
allows us to decipher its pleiotropic functions.

WRKY shortcut immune signaling

The recognition of strain-specific pathogen effectors by
host resistance (R) proteins is linked with the serial acti-
vation of defense responses. Plant R proteins, termed
NLRs, are comprised of N-terminal coiled-coil (CC) or
Toll-interleukin 1 receptor (TIR) domains followed by
nucleotide-binding and leucine-rich repeats. R proteins
physically interact with TFs in plants. The barley mildew
A (MLA) locus encodes CC-type NLR (CNL) proteins,
which mediates against the powdery mildew fungal
pathogen Blumeria graminis (Shen et al. 2007). The CC
domain of MLAI10 interacts with two subgroup Ila
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WRKY proteins, HYWRKY1 and HYWRKY2 (Shen et al.
2007). HYWRKY1 and HvWRKY?2 function as repressors
in basal defense, which is similar to the role of subgroup
IIa WRKY family members in Arabidopsis. Later, the
MLA10 CC domain was also shown to bind HvMYB6,
which functions as a positive regulator in basal and
MLA-triggered resistance to B. graminis (Chang et al
2013). The activation of MLA10 was required to release
HvMYB6 from the HYWRKY1 repressor complex and to
stimulate the expression of HvMYB6-regulated genes.
The data indicate that active MLA10 recruits HYMYB6
as an immediate activator for transcriptional reprogram-
ming, which is sequestered by the HYWRKY1 repressor
during the resting state (Chang et al. 2013). Panicle blast
1 (Pb1), which encodes a CNL protein, confers durable
and broad-spectrum resistance to Magnaporthe oryzae
races (Inoue et al. 2013). Pbl, through its CC domain,
interacts with OsWRKY45 in the nucleus, and the inter-
action protects OsWRKY45 from ubiquitin proteasome
system degradation. Conversely, Pb1-mediated blast re-
sistance depends on OsWRKY45. A schematic diagram
of the OsWRKY TFs involved in signaling networks is
shown in Fig. 3a. XA21, a receptor kinase, is a pattern
recognition receptor for Xanthomonas oryzae pv. oryzae
(Xoo) resistance (Park and Ronald 2012). The XA21
intracellular region interacts with the subgroup Ila
OsWRKY62 repressor exclusively in the nucleus of rice
protoplasts. Intriguingly, XA21 is cleaved to release the
intracellular kinase domain for nuclear translocation,
which is required for XA21-mediated Xoo resistance. The
XA21-mediated immune response through interaction
with OsWRKY62 involves the derepression of defense
(Peng et al. 2008; Park and Ronald 2012). OsWRKY46 and
OsWRKY72 interact with the CNL-type BPH14 (brown
planthopper resistance 14) protein (Hu et al. 2017). The
BPH14 interaction increases the stability of OsWRKY46
and OsWRKY72, which stimulates the expression of
the receptor-like cytoplasmic kinase (RLCK) gene and
the callose synthase gene by binding to their pro-
moters, providing an important clue for insect resis-
tance mechanisms (Fig. 3a).

Arabidopsis Botrytis-induced kinase 1 (BIK1), a member
of the RLCK family, functions downstream of the pattern
recognition receptors (PRRs)-BAK1 complex (Veronese et
al. 2006). EFR, the bacterial translation elongation factor
Tu (EF-Tu) receptor, phosphorylates BIK1 on a unique
extended loop away from the core BIK1 kinase domain
(Lal et al. 2018). Phosphomimetic mutants at these sites
showed the increased accumulation of JA and SA and
enhanced resistance to bacterial Pseudomonas syringae pv.
tomato (Pst) DC3000. BIK1 is localized in the nucleus,
where it interacts with AtWRKY33, AtWRKY50, and
AtWRKY57. Interestingly, the BIK1 phosphomimetic
mutant had significantly reduced trans-phosphorylation
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activity towards AtWRKY33, AtWRKY50, and AtWRKY57
compared with that of native BIK1 (Lal et al. 2018). It has
been proposed that the reduced trans-phosphorylation of
AtWRKY50/AtWRKY57 and AtWRKY33 by pathogen-ac-
tivated BIK1 derepresses the TF-mediated negative regula-
tion of JA and SA induction, respectively (Lal et al. 2018).
Figure 3b shows the AtWRKY TFs that participate in
signaling pathways.

Chimeric proteins consisting of domains typically
found in both R proteins and WRKY TFs seem likely to

exist in many plant species (Rinerson et al. 2015;
Mohanta et al. 2016). AtWRKY52 is comprised of a
TIR-type NLR structure and a C-terminal WD. The
Sensitive to Low Humidity 1 (SLHI) gene was isolated as
the R gene RRSI-R (AtWRKY52-like) and confers resist-
ance to the bacterial wilt pathogen Ralstonia solanacearum
(Deslandes et al. 2002; Noutoshi et al. 2005). The sihi
mutant, caused by an amino acid insertion in the SLH1
WD that thereby impairs its W-box binding capacity,
confers constitutive defense activation under conditions
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of low humidity, indicating that the WD functions nega-
tively in SLH1 disease resistance (Noutoshi et al. 2005).
The WD of RRSI-R is a “fused decoy” that intercepts
pathogen effectors as they attempt to target WRKY TFs to
inhibit immune transcription (Le Roux et al. 2015; Sarris
et al. 2015). The R. solanacearum effector PopP2, which
has acetyltransferase activity, interacts with RRS1-R in the
plant cell nucleus and acetylates a Lys residue in the
WRKYGQK motif to block WD binding to W-box
elements. The head-to-head RRS1 and RPS4 pair, which
both recognize the PopP2 and P. syringae pv. AvrRps4 ef-
fectors, have integrated a WD decoy to hijack effectors
that target WRKY TFs (Le Roux et al. 2015; Sarris et al.
2015). Recently, Ma et al. (2018) showed that the WD
in RRS1 interacts with its adjacent domain to maintain
the RRS1-RPS4 NLR complex in an inactive state in the
absence of effector. Effector AvrRps4 enables the inter-
action with the WD, thus disrupting the intramolecular
association and derepressing the NLR complex, whereas
PopP2-triggered activation occurs in a more complicated
manner. Interactions of the NLR receptors with transcrip-
tional networks and the presence of unusual NLR-WRKY
proteins suggest the possibility of either diversity in
signaling or accelerated signaling by shortcut signaling
pathways for early, immediate immune responses against
diverse invasion pathogens.

WRKY interactions with kinases

The mitogen-activated protein kinase (MPK) cascade is
an important signaling event in plant defense against
invading pathogens. MPKs are activated through phos-
phorylation by MPK kinases (MKKs or MEKs), which in
turn are phosphorylated by upstream MPK kinase kinases
(MEKKs). MPK3, MPK4, and MPK6 are often linked to
plant responses to biotic and abiotic stresses. An increasing
number of WRKY TFs have been identified as substrates
of these MPKs and important components in MPK signa-
ling pathways for the regulation of plant immunity and
stress adaptation. In Nicotiana benthamiana, group I
NbWRKYS contains a D (docking) domain followed by
an SP (serine/proline residue) cluster in the N-terminal
region, which is highly conserved in some group I
WRKY proteins (Ishihama et al. 2011). The SP sites in
NbWRKYS8 can be phosphorylated by WIPK and SIPK
(orthologs of AtMPK3 and AtMPK®, respectively) in vitro,
and only two SP sites are phosphorylated in planta
through the activation of NbMPKs by MEK2 (Ishihama et
al. 2011). The phosphorylation of NbWRKY8 increases its
binding to W-box elements and transactivation activity.
The NbMPK-mediated phosphorylation of NbWRKY8
plays an important role in the activation of the immune
response, as demonstrated by using phosphomimetic and
virus-induced gene silencing mutants (Ishihama et al
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2011). Later, NbWRKY8 and its close homologues
NbWRKY7, NbWRKY9, and NbWRKY11 were shown
to bind with the promoter of NbRBOHB via MEK2PP-
and INF1 signal-responsive W-box containing elements to
positively regulate NbRBOHB expression (Adachi et al.
2015). Furthermore, the authors demonstrated that the
transactivation of NbRBOHB through the MPK-WRKY
route only occurred following a long-lasting and ro-
bust second ROS (reactive oxygen species) burst
induced by ETI, but not a rapid ROS burst triggered
by PTI (Adachi et al. 2015).

AtWRKY33, a close homologue of NbWRKYS, is re-
quired for the AtMPK3/AtMPK6- and pathogen-induced
biosynthesis of camalexin, an indolic phytoalexin and phy-
tohormone ethylene in Arabidopsis (Mao et al. 2011; Li et
al. 2012). AtWRKY33 is phosphorylated by AtMPK3/
AtMPK®6 in vitro and in vivo in response to B. cinerea
infection, and the mutation of AtWRKY33 phosphory-
lation sites compromises its ability to fully complement
the deficiency in camalexin accumulation in the atwrky33
mutant. Pathogen-inducible AtWRKY33 is regulated by
the AtMPK3/AtMPK6 cascade in a potential positive
feedback regulatory loop since AtWRKY33 targets its own
promoter. AtWRKY33 is also present in the nuclear
complex between AtMPK4 and AtMKS], a substrate of
AtMPK4 (Qiu et al. 2008). AtWRKY33 is released from
the ternary complex upon challenge with P. syringae or
flg22 treatment due to the phosphorylation of AtMKS1 by
activated AtMPK4. Subsequently, released AtWRKY33
targets the promoter of PAD3 (phytoalexin deficient 3),
which encodes the P450 enzyme CYP71B15, for the last
step of camalexin biosynthesis (Fig. 3b). However,
AtMPK4 is not needed for camalexin production in
Arabidopsis in response to B. cinerea invasion (Mao et
al. 2011). Nevertheless, these results indicate that
AtWRKY33 functions downstream of AtMPKs in the
regulation of camalexin biosynthesis. Pipecolic acid (Pip),
a Lys catabolite, is key to establish systemic acquired
resistance (SAR) in Arabidopsis upon localized pathogen
infection. Pip is synthesized via ALD1 (AGD2-like defense
response protein 1) and further converted by FMO1 (fla-
vin-dependent monooxygenase 1) to N-hydroxy-pipecolic
acid, which is a vital component of SAR activation
(Hartmann et al. 2018). Activated AtMPK3/AtMPK6
induces ALDI1 expression mediated by AtWRKY33 to
elevate local Pip accumulation (Wang et al. 2018). In
addition, Pip-induced AtMPK3/AtMPK6 activation or
pathogen-triggered AtMPK activation is compromised in
atwrky33 and aldl mutants. These results reveal that
AtMPK3/AtMPK6 and AtWRKY33 together with ALD1
and Pip form a positive regulatory loop in SAR activation
(Wang et al. 2018).

AtWRKY46, a group III WRKY protein member, was
identified as a substrate of AtMPK3 by in vitro
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phosphorylation analyses (Sheikh et al. 2016). AtWRKY46
stability was reduced in protoplasts treated with flg22,
whereas the mutation of either of the two phosphorylation
sites to inactivate AtWRKY46 stabilized the protein. In a
previous study, AtWRKY46 transcript levels were strongly
upregulated in protoplasts and plants expressing the in-
compatible combination of RPM1 or PRS2 with avrRpmlI,
avrB or avrRpt2, and AtWRKY46 was an early marker
gene in the convergent ETT signaling pathway (Gao et al.
2013). Furthermore, AtWRKY46 was synergistically regu-
lated by WRKYs such as the subgroup IIc WRKYs
AtWRKYS, AtWRKY28, and AtWRKY48 with the Ca*
"-dependent protein kinases (CPKs) CPK4, CPK5, CPKS6,
and CPK11l. The CPKs phosphorylated AtWRKYS,
AtWRKY?28, and AtWRKY48, enhancing their binding ac-
tivity to W-box elements. The AvrRPm1 and AvrRpt2 ef-
fectors triggered fast and long-lasting CPK activation but
little AtMPK activation, unlike the induction of flagellin,
suggesting the predominant role of CPKs in ETI signaling
mediated by RPS2 and RPM1 in Arabidopsis (Gao et al.
2013). MPKs and CPKs also function in a parallel or syn-
ergistic manner in early innate immunity (Boudsocq et al.
2010). In addition, rice OsCPK18 interacts with OsMPK5
(equivalent to OsMPK3 in the text) and activates it
through phosphorylation (Xie et al. 2014). The
OsCPK18-OsMPK5 pathway negatively regulates rice re-
sistance to M. oryzae and represents a direct link between
calcium signaling and the MPK cascade.

The group I WRKY protein OsWRKY30 in rice inter-
acts with multiple OsMPKs and is phosphorylated by
OsMPK3, OsMPK?7, and OsMPK14 (Shen et al. 2012). A
phosphorylation-negative OsWRKY30 mutants at all SP
sites did not exhibit improved drought tolerance in
transgenic rice plants. In another study, the overexpres-
sion of OsWRKY30 conferred increased resistance to M.
oryzae against sheath blight fungus Rhizoctonia solani
(Peng et al. 2012). Enhanced disease resistance is asso-
ciated with the upregulation of JA biosynthetic genes
and increased JA production upon pathogen infection.
Additionally, OsWRKY30 is a downstream target of the
OsMKK3-OsMPK7 module and positively regulates the
defense response against bacterial Xoo (Jalmi and
Sinha 2016). Pathogen-inducible OsWRKY53 is a close
homologue of NbWRKY8. The N-terminal conserved
SP cluster in OsWRKY53 is the phosphorylation site
for OsMPK3/0OsMPK6, which is activated by OsMKK4
(Chujo et al. 2014). Phosphorylated OsWRKY53 has
elevated transactivation activity, but there is no change in
its ability to bind W-box elements. The overexpression of
an OsWRKY53 phosphomimetic further enhanced re-
sistance to a virulent M. oryzae strain and strongly up-
regulated numerous defense-related genes compared
to their expression in plants overexpressing native
OsWRKY53 (Chujo et al. 2014). OsWRKY53 is also
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rapidly induced by wounds and in a delayed fashion by at-
tack from the striped stem borer (SSB) Chilo suppressalis
(Hu et al. 2015). OsMPK3/OsMPK6 positively regulates
OsWRKY53 transcription; however, OsWRKY53 nega-
tively affects OsMPK3/OsMPK6 transcription and kinase
activity after infestation with SSB larvae. Consequently,
OsWRKY53 overexpressing plants accumulate less ethy-
lene and jasmonate in response to SSB attack compared
with the wild-type and RNAI lines and attenuate resis-
tance to SSB larvae (Hu et al. 2015). These results suggest
that OsWRKY53 acts as a negative feedback modulator of
OsMPK3/OsMPK6 in defense against herbivores but
activates disease resistance to blast fungus (Fig. 3a). It is
curious that OsWRKY53 regulates OsMPK3/OsMPK6 in
response to pathogen infection and has an antagonistic
effect on a specific subset of genes in response to herbi-
vore and pathogen invasion. Group I OsWRKY70 prio-
ritizes defense over growth through increasing the
biosynthesis of the defensive phytohormone JA and
reducing the levels of the growth hormone GA upon
attack by C. suppressalis (Li et al. 2015). The activation
of OsWRKY70 made rice plants more resistant to the
chewing herbivore C. suppressalis but more susceptible to
the rice planthopper Nilaparvata lugens, a piercing-suck-
ing insect. Further experiments revealed that the in-
creased JA level was associated with C. suppressalis
resistance and that the reduced GA level was respon-
sible for N. lugens susceptibility (Li et al. 2015). Recently,
OsWRKY53 was identified as a positive regulator of rice
brassinosteroid (BR) signaling that acts downstream of the
OsMKK4-OsMPK6 cascade to control plant architecture
(Tian et al. 2017). BRs promote OsWRKY53 protein levels
and then negatively regulate their own expression. The
trade-off between immunity and growth has important
implications for the evolution and exploitation of the
immune response to help protect crops from biotic
stresses without growth penalty.

WRKY complex and cascade

Protein interactions have important implications in our
understanding of the complicated network of functional
interactions. Accumulating data show that WRKY proteins
can form homo- and heterocomplexes. In Arabidopsis,
AtWRKY18, AtWRKY40, and AtWRKY60, its three sub-
group Ila members, interact by themselves and with each
other through leucine zipper motifs (Xu et al. 2006). The
three WRKY genes are negative regulators of basal de-
fenses, acting in a complicated manner with additive
and antagonistic effects (Xu et al. 2006). The additive
effects of AtWRKY18, AtWRKY40, and AtWRKY60 are
evident from their partially redundant roles in responses
to biotrophic and hemibiotrophic pathogen infection
based on the phenotypes of single, double, or triple
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mutants (Xu et al. 2006; Schon et al. 2013). In addition,
the overexpression of AtWRKYI18 increased resistance to
P. syringae, while coexpression of AtWRKY18 with
AtWRKY40 or AtWRKY60 made plants susceptible to the
pathogen (Xu et al. 2006). The three WRKY genes also
function in the ABA signaling pathway. ABA-induced
AtWRKY60 transcription was strongly inhibited in the
atwrkyl8 or atwrky40 mutants, implying cooperation be-
tween AtWRKY18 and AtWRKY40 in the transcriptional
activation of AtWRKY60 in response to ABA (Chen et al.
2010). AtWRKY40 is proposed to be linked to red light
and ABA signaling and negatively mediate the ABA-
dependent inhibition of seed germination via downregula-
tion of ABIS transcription (Geilen and Bohmer 2015).
Physical interactions among AtWRKY18, AtWRKY40,
and AtWRKY60 may alter their W-box binding capacity.
AtWRKY60, which has little W-box binding activity alone,
can enhance AtWRKY18 but reduce AtWRKY40 binding
to W-box-containing sequences (Xu et al. 2006). The
three WRKY proteins showed mostly antagonistic effects
upon binding to some W-box elements from the ABI4
and ABIS5 promoters that were tested (Liu et al. 2012).

WRKY gene transcription follows a sequential regula-
tory cascade. The group III WRKY protein OsWRKY45
is an important positive player in the resistance against
the rice blast fungus M. oryzae (Shimono et al. 2007).
OsWRKY13 in subgroup Ile and OsWRKY42 in
subgroup IId are transcriptional repressors, and the
overexpression of OsWRKYI13 or the suppression of
OsWRKY42 enhanced resistance to M. oryzae (Xiao et
al. 2013; Cheng et al. 2015). OsWRKY42 functions
downstream of OsWRKY13, which acts downstream of
OsWRKY45-2, an allele of OsWRKY45/OsWRKY45-1
with a 10-amino acid difference from Minghui 63, an
indica rice (Xiao et al. 2013; Cheng et al. 2015).
OsWRKY13 and OsWRKY45-2 bind to each other and
their own promoters, suggesting that OsWRKY13 and
OsWRKY45-2 mutually control the transcription of each
other’s genes and are potentially fine-tuned by their own
autoregulation. OsWRKY45-2-upregulated OsWRKY13
suppresses OsWRKY42; in turn, its protein derepresses
JA-related genes in response to M. oryzae infection
(Cheng et al. 2015). Additionally, transgenic rice plants
overexpressing OsWRKY42 display an early senescence
phenotype with an elevated hydrogen peroxide content,
probably through the inhibition of OsMT1d gene expres-
sion (Han et al. 2014). OsWRKY®62, a subgroup Ila WRKY
member, has been analyzed as a repressor of disease
resistance (Peng et al. 2008; Liu et al. 2016). Interest-
ingly, OsWRKY62, after forming a heterocomplex with
OsWRKY45, plays a positive role in the resistance to
the rice blast and leaf blight pathogens, while the
OsWRKY62 homocomplex acts as a repressor in the
hypoxia response (Fukushima et al. 2016).
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OsWRKY80 is induced by JA and the rice sheath blight
fungus R. solani (Peng et al. 2016). Rice plants over-
expressing OsWRKY80 exhibited enhanced resistance
against R. solani concomitant with an increased level of
OsWRKY4 transcription. Furthermore, OsWRKY80
specifically interacts with the promoter of OsWRKY4,
which positively regulates the defense response to R. solani
via the JA/ethylene-dependent signal pathway (Wang et al.
2015; Peng et al. 2016). The data suggest that OsWRKY80
together with OsWRKY4 functions as a positive regulatory
circuit in disease resistance.

WRKY regulates metabolites

Upon pathogen infection, plants are triggered to produce
active antimicrobial compounds termed phytoalexins, and
their constitutive chemicals are named phytoanticipins
(VanEtten et al. 1994). Such compounds are generally
associated with the defense response, although each indi-
vidual compound may have a greater or lesser effect
against infectious pathogens. For example, camalexin and
indole-glucosinolate in Arabidopsis and triterpenoid sapo-
nins in oats play an important role in plant defense against
certain pathogens (Papadopoulou et al. 1999; Schon et al.
2013). Accumulating information has unraveled the
regulatory networks and biosynthetic pathways of these
bioactive compounds, including phytoalexins. The sig-
nificance of WRKY TFs in the regulation of specialized
metabolism has been reviewed by Schluttenhofer and
Yuan (2015).

Rice plants infected with bacterial and fungal pathogens
or treated by UV radiation produced diterpenoids, sakura-
netin, phenolamides as phytoalexins (Cho and Lee 2015).
Some of the compounds showed different activities
against bacterial and fungal pathogens (Cho and Lee
2015). OsWRKY45 is required for benzothiadiazole (BTH)
priming of diterpenoids such as momilactone A and phy-
tocassanes C and E synthesis after M. oryzae inoculation
(Akagi et al. 2014). OsWRKY62 and OsWRKY76, sub-
group Ila members, form homo- and heterocomplexes
and negatively regulate rice defense responses (Liu et
al. 2016). Knockdown of OsWRKY62 and OsWRKY76
through RNA interference (dsOW62/76) led to the
alternative splicing of the two genes and immunity to
M. oryzae and Xoo infection. The individual knockout of
OsWRKY62 or OsWRKY76 showed their role in a negative
feedback regulation (Liu et al. 2016). Primary and secon-
dary metabolism was reprogrammed in dsOW62/76
plants compared to metabolism in the wild-type plants
(Liang et al. 2017). More importantly, dssOW62/76 plants
accumulated a remarkable amount of diterpenoids, saku-
ranetin, and phenolamides, while the pool of free flavo-
noids was reduced. Additionally, the levels of SA and JA/
Ile-JA were increased in dsOW62/76 plants and individual
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OsWRKY62 and OsWRKY76 knockout lines compared to
those in wild-type plants. In contrast, the overexpression
of OsWRKY62 or OsWRKY76 repressed the accumulation
of diterpenoids and sakuranetin (Yokotani et al. 2013;
Liang et al. 2017).

The phytoalexin camalexin (3-thiazol-2-yl-indole) has
an important defense function against some necro-
trophic, hemibiotrophic, and biotrophic pathogens, if
not all of them (Ahuja et al. 2012). As mentioned earlier,
phosphorylated AtWRKY33 regulates camalexin biosyn-
thetic genes such as CYP71A13 and PAD3 (Qiu et al.
2008). AtWRKY18 and AtWRKY40 are also implicated
in phytoalexin biosynthesis. The double atwrkyl8
atwrky40 mutant showed the transcriptional activation
of genes related to camalexin and indole-glucosinolate
biosynthesis, and the accumulation of these bioactive
compounds was required for resistance towards the bio-
trophic powdery mildew fungus Golovinomyces orontii
(Schon et al. 2013). AtWRKY12 in subgroup Ilc acted in
phenylpropanoid pathways via regulating lignin deposition
(Wang et al. 2010). Plants expressing an atwrkyl2 mutant,
like its ortholog in Medicago truncatula (mtstp), showed
secondary wall thickening in pith cells and a significant
increase in stem biomass. AtWRKY12 negatively regulates
downstream NAC and CCCH-type zinc finger TFs that
control lignin, xylan, and cellulose formation (Wang et al.
2010, Fig. 3b). Similarly, the suppression of AtWRKY12
orthologs in switchgrass and maize caused the ectopic
deposition of secondary cell walls (Gallego-Giraldo et al.
2016). These results suggest that WRKY TFs involved in
metabolism may have conserved roles across plant species
(Schluttenhofer and Yuan 2015).

Jasmonate is often used as a key elicitor to regulate sec-
ondary metabolism. Jasmonate-responsive TFs, such as
WRKYs and MYCs, are involved in the regulation of plant
metabolism. The ectopic expression of AtWRKYI8 and
AtWRK40 together with AtMYC2 activated the MEP
(2-C-methyl-D-erythritol 4-phosphate) pathway in Salvia
sclarea hairy roots and consequently elevated the abietane
diterpene content (Alfieri et al. 2018). Catharanthus roseus
produces various terpenoid indole alkaloids that are of
pharmaceutical importance. MeJA-inducible CrWRKY1,
an ortholog of OsWRKY45, positively regulates the trypto-
phan decarboxylase gene through binding to its promoter,
resulting in an increase in tryptamine followed by serpen-
tine accumulation (Suttipanta et al. 2011). In the opium
poppy (Papaver somniferum), PsWRKY binds to the
tyrosine decarboxylase gene promoter to regulate benzy-
lisoquinoline alkaloid production (Mishra et al. 2013).
These decarboxylase-generated amines and phenolic
acids in the phenylpropanoid pathway can form phe-
nolamides, as observed in rice (Liang et al. 2017).
Phenolic acid and polyamine conjugates also play a
role in disease resistance. In wheat, TaWRKY70
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imparts resistance against the Fusarium head blight
pathogen Fusarium graminearum by regulating the
synthesis of coumaroylagmatine and coumaroylputres-
cine (Kage et al. 2017). In another report, TaWRKY70
was positively involved in high-temperature wheat
seedling resistance to the stripe rust fungus Puccinia
striiformis f. sp. tritici (Wang et al. 2017).

WRKY in multiple pathways

Phytohormone BRs regulate multiple plant growth and
developmental processes as well as their responses to
environmental challenges. The BR signal may be trans-
duced through a negative acting glycogen synthase
kinase-3-like kinase BIN2 (BR-insensitive 2) to the
BES/BZR1 (BR insensitive-EMS-suppressor-1/brassina-
zole-resistant 1) family TFs, which regulate the expres-
sion of BR-responsive genes. Three Arabidopsis group 111
WRKY TFs, AtWRKY46, AtWRKY54, and AtWRKY70, are
induced by BRs and function redundantly in BR-regulated
plant growth (Chen et al. 2017b). The three WRKYs
interact with BES1 and cooperatively regulate BES1 tar-
get genes. The BESI upstream regulator BIN2 can also
interact with and phosphorylate AtWRKY46, AtWRKY54,
and AtWRKY70, leading to the instability of at least
AtWRKY54 in planta (Chen et al. 2017a, b). The
atwrky46 atwrky54 atwrky70 triple mutant is deficient for
BR-regulated plant growth but more tolerant to drought
stress than wild-type plants, indicating that AtWRKY46,
AtWRKY54, and AtWRKY70 play a positive role in plant
growth and a negative role in drought responses (Chen et
al. 2017b). In addition, AtWRKY46 is also involved in
multiple processes including disease resistance, iron trans-
location under Fe deficiency, and lateral root development
(Hu et al. 2012; Ding et al. 2015b; Yan et al. 2016).

The atwrky54 atwrky70 double mutant exhibits the in-
creased accumulation of SA and H,O, with accelerated
leaf senescence and enhanced resistance against the
necrotrophic pathogens B. cinerea and Pectobacterium
carotovorum, suggesting that AtWRKY70 together with
its closest homolog, AtWRKY54, negatively regulate
senescence and resistance to necrotrophs (Besseau et al.
2012; Li et al. 2017). It is likely that the elevated SA con-
tent in the atwrky54 atwrky70 double mutant stimulates
the appropriate accumulation of H,O, and cell wall for-
tification, consequently raising resistance to necrotrophs
but that this is not sufficient to increase resistance to
biotrophs or hemibiotrophs (Li et al. 2017). AtWRKY30
interacts with two negative senescence regulators,
AtWRKY54 and AtWRKY70, and one senescence acti-
vator, AtWRKY53, which was the first WRKY TF cha-
racterized as a senescence regulator. The expression of
AtWRKY30, AtWRKY53, AtWRKY54, and AtWRKY70 is
partially dependent on SA synthesis during senescence,
while AtWRKY30 and AtWRKY53 but not AtWRKY54
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and AtWRKY70 are responsive to ROS such as H,O,
and ozone (Besseau et al. 2012). The [-glucuronidase
activity driven by the AtWRKY30 promoter is induced
strongly by chitin and especially cellobiose (B-1,4-diglu-
cose), which functions as a damage-associated molecular
pattern molecule (Souza et al. 2017). Tolerance to oxida-
tive and salinity stresses was increased by the constitu-
tive expression of AtWRKY30 (Scarpeci et al. 2013).
AtWRKY70 binds the W- and WT-box elements in the
AtWRKY30 promoter, suggesting that AtWRKY70 may
directly regulate AtWRKY30 expression (Machens et al.
2014) and not just their protein-protein interaction as
mentioned above. Recently, AtWRKY70 was shown to
repress SARD1 (SYSTEMIC ACQUIRED RESISTANCE
DEFICIENT 1) via direct binding to the WT-box in the
promoter of SARDI, which encodes a positive regulator
of plant defense that promotes SA biosynthesis (Zhou et
al. 2018). AtWRKY70 is mainly an immune repressor in
the absence of pathogens but activates immunity after
pathogen attack, as revealed by transcriptomic analysis.
The promoters for the genes with altered expression are
enriched in WT-box elements. The authors suggested
that the repression of SARDI by AtWRKY70 contributes
to fitness, because the WT-box motif is conserved
within the Brassicaceae family (Zhou et al. 2018).
AtMEKK]1 regulates AtWRKY53, which is phosphory-
lated by the kinase and exhibits increased DNA binding
activity (Miao et al. 2007). Interestingly, AtMEKK]1 binds
to the promoter of AtWRKY53, and the binding motif in
AtMEKK]1 is necessary for age-regulated AtWRKY53 ex-
pression (Miao et al. 2007). AtWRKY75 is a positive
regulator of leaf senescence and flower timing (Guo et
al. 2017; Zhang et al. 2018). AtWRKY75 binds to the
promoter of the FLOWERING LOCUS T (FT) gene,
whereas DELLA proteins interact with AtWRKY75 to
attenuate its activation (Zhang et al. 2018). AtWRKY75
expression is induced by age, SA, and H,O,. Meanwhile,
AtWRKY75 promotes SA synthesis by upregulating
SID2 (SA induction-deficient 2) transcription and sup-
pressing CAT2 (catalase 2) transcription (Guo et al.
2017). The overexpression of AtWRKY75 accelerates leaf
senescence, which can be compromised by silencing
SID2 or increasing catalase activity. A tripartite amplifi-
cation loop model involving AtWRKY75, SA, and ROS
has been proposed, which provides insights into the mo-
lecular regulatory network of senescence (Guo et al.
2017). These results support the promoting role of SA
and ROS in leaf senescence.

AtWRKY23, a subgroup IIc WRKY protein, partici-
pates in root development by controlling auxin distribu-
tion (Grunewald et al. 2012). AtWRKY23 regulates the
synthesis of flavonols, particularly in the root tip, by
stimulating the transcription of T7T7 (transparent testa
7), which encodes flavonoid 3’-hydroxylase and mediates
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the conversion of dihydrokaempferol to dihydroquerce-
tin (Grunewald et al. 2012). Consequently, the accumu-
lation of quercetin, an endogenous negative regulator of
auxin transport, is elevated in the roots of plants that
constitutively express AtWRKY23 compared with its levels
in the roots of wild-type plants. In an earlier study,
AtWRKY23 was reported to be a plant-parasitic cyst nema-
tode (Heterodera schachtii)-inducible gene (Grunewald et
al. 2008). The expression of AtWRKY23 is stimulated dur-
ing the early stages of nematode feeding site establishment,
and the suppression of AtWRKY23 decreased susceptibility
toward the parasitic nematode (Grunewald et al. 2008).
Auxin-inducible AtWRKY23 expression is controlled by
SOLITARY ROOT/INDOLE-3-ACETIC  ACID14
(SLR/TIAA14) as well as its downstream TFs AUXIN
RESPONSE FACTOR (ARF) 7 and ARF19. Therefore,
the AtWRKY23-mediated, flavonol-induced regulation of
auxin transport for development could be hijacked by plant
pathogens during evolution (Grunewald et al. 2012). A
gain-of-function mutant, difl, of OsWRKY11, a very close
homolog of AtWRKY23, exhibits semidwarf and late flower-
ing phenotypes due to elevated OsWRKY11 transcription
caused by a T-DNA insertion (Cai et al. 2014). In the dlfl
mutant, the alternative splicing of OsWRKY11 was ob-
served along with the presence of a shorter transcript
by a deletion in the third exon leading to premature
translation. Plants overexpressing the short transcript
showed a very high level of transgene transcription and
a phenotype similar to that of the dlfl mutant (Cai et
al. 2014). The overexpression of wild-type OsWRKY11
decreased plant height but enhanced resistance to Xoo
and tolerance to drought stress, while knock-down of
OsWRKY11 compromised these phenotypes (Lee et al.
2018). These results indicate that OsWRKY11 positively
regulates biotic and abiotic stress responses with a pos-
sible growth penalty. The transcription level of
OsWRKY89 (renamed 104 by the CGSNL) was strongly
induced by MeJA and UV-B radiation (Wang et al. 2007;
Rice WRKY working group 2012). The overexpression of
OsWRKY89 increased lignin and SA content and en-
hanced resistance to M. oryzae and tolerance to UV-B ir-
radiation.  Additionally, = OsWRKY104  functioned
downstream of ABA responsive element binding factor 1
(OsABF1) (Zhang et al. 2016). The overexpression of
drought-inducible OsWRKY104 delayed the heading
time by the suppression of Early heading date 1
(Ehd1) expression, suggesting that OsABF1 represses
floral initiation at least partially through the activation
of OsWRKY104 in response to water deficit (Zhang et
al. 2016).

Knockout oswrky22 lines exhibited not only increased
susceptibility to both virulent and avirulent M. oryzae
strains but also altered cellular responses to nonhost
M. grisea and the barley powdery mildew pathogen
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(Abbruscato et al. 2012). In addition, silencing OsWRKY22
enhanced sensitivity to aluminum stress (Li et al. 2018).
OsWRKY22 bound with the promoter of the OsFRDL4
(citrate transporter-like) gene via W-boxes and promoted
Al-induced citrate secretion and Al tolerance in rice
(Li et al. 2018). OsWRKY45 participates in response to
biotic and abiotic cues. OsWRKY45 can be phosphory-
lated in vitro by OsMPK4 and OsMPK6, which are
activated via OsMKK4, OsMKK6 or OsMKK10-2, but
not OsMKKI1 (Ueno et al. 2013). The phosphorylation of
OsWRKY45 via the OsMKK10-2-OsMPK6 cascade was
required for its activity in SA-dependent disease resistance
(Ueno et al. 2015). However, BTH-induced M. oryzae
resistance was compromised by ABA treatment or abiotic
stresses such as cold and high salinity, implying that the
antagonistic effects of abiotic stresses possibly are me-
diated by ABA signaling. Two tyrosine phosphatases,
OsPTP1/2, dephosphorylated OsMPK6 in the presence of
ABA, leading to the deficient activation of OsWRKY45
and an increased susceptibility to the blast fungus (Ueno
et al. 2015). Antagonistic effects were also observed
among OsWRKY45-mediated responses to biotic stimuli.
The overexpression of OsWRKY45 elevated resistance
against biotrophic and hemibiotrophic pathogens such as
the bacterium Xoo and the fungus M. oryzae, whereas
knockdown of OsWRKY45 enhanced resistance to the
necrotrophic fungal pathogen R. solani and herbivores
such as the brown planthopper Nilaparvata lugens
(Shimono et al. 2012; Huangfu et al. 2016).

Concluding remarks

WRKY TFs participate in a regulatory network that inte-
grates internal and environmental factors to modulate
various aspects of defense responses. The interactions
among WRKY TFs provide insights into the dynamic
regulation of target genes in a functionally cooperative
and antagonistic manner. The auto- and crossregulation
of the WRKY gene family imply that the WRKY cascade
potentially fine-tunes this regulation by its own auto-
regulation. However, much effort is needed to resolve
this mechanism in detail. Several WRKY TFs interact
with receptors or components of the signal reception
complex, suggesting a potential shortcut for signaling
pathways. More importantly, the activation or enhanced
activation of WRKY TFs is often associated with other
signaling components, such as protein kinases. There-
fore, how the R protein-WRKY complex recruits new
members to promote plant immunity requires inves-
tigation. One particular strategy is to integrate the
increasing amount of sequencing data with information
on protein-protein and protein-DNA interactions in the
WRKY-mediated regulation of important biological pro-
cesses to establish a comprehensive WRKY signaling and
transcriptional regulatory network. As WRKY TFs are
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essential for plant metabolism, clarifying how WRKY
proteins regulate metabolism is a key step in modulating
crop immunity. Additionally, it is worth noting that the
versatility of WRKY TFs in defense against different
pathogens, tolerance to abiotic stresses, and agronomic
traits possibly limits the application of these genes to
improve crops.
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