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ABSTRACT

One of the fundamental behaviors of plants, being sessile allows them to develop an intricate molecular machinery to adapt themselves to
biotic and abiotic challenges experienced in the environment. In response to adapt against a particular stress, a massive transcriptional
activity of several genes triggered the defense responses in the plant cell. Extensive research on stress related studies have introduced the
role of transcription factors for regulation of the plants responses. In many cases, transcription factors acts as a “master or key regulator”
of gene expression under one or multiple stress conditions. In plants, WRKY has emerged as a major and largest transcription factor
family. Arabidopsis and rice has 74 and 109 WRKY members respectively, which play a major role during stress and development.
WRKY gene family has been studied to be induced in response to several phytohormones such as SA, JA, ABA and pathogen attack, thus
have been found to be a key player in plant defense mechanism. This gene family also forms a highly interacting regulatory network with
stress response, by acting as either transcription activator or repressor thereby modulating the gene expression. Beside stress and
developmental conditions, WRKY is also induced in nutrient deficient conditions such as phosphate deficiency and starvation. The main
emphasis of this review is to summarize the progress in WRKY transcription factor research under stress and developmental conditions.
At the same time an attempt has also been made to comment upon interaction with a wide range of signaling networks such as MAP
kinase proteins, 14-3-3 proteins, calmodulin and regulator of chromatin such as histone deacetylases, and plant-pathogen defense proteins.
Moreover, a crosstalk or overlap is also discussed among these different components or pathways involving WRKY transcription factor.

Keywords: abscisic acid signaling, abiotic stress, biotic stress, nutrient deficiency, plant defense, signal transduction, thermal tolerance,
transcription
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INTRODUCTION pine, Pinus monticola (Liu et al. 2009), 45 in barley, Hor-

The WRKY family is among the largest family of transcrip-
tion factors in higher plants and almost specific to green
lineage like green algae and land plants. WRKY class of
transcription factors binds to W-box, which begin with the
sequence TTGACC or TTGACT. A large gene family of
the WRKY superfamily of transcription factors have been
identified in several plants, 74 members in Arabidopsis
(Dong et al. 2003), 109 members in the rice, Oryza sativa
(Ross et al. 2007), 197 in soybean, Glycine max (Schmutz
et al. 2010), 66 in papaya, Carica papaya, 68 in sorghum,
Sorghum bicolor, 104 in poplar, Populus alba, 38 in moss,
Physcomitrella patens (Pandey and Somssich 2009), 80 in

deum vulgare (Mangelsen et al. 2008), 55 in cucumber,
Cucumis sativus (Ling et al. 2011), 47 in castor bean, Rici-
nus communis (Li et al. 2012), 81 in tomato, Solanum lyco-
persicum (Huang ef al. 2012), and 119 in maize, Zea mays
(Wei et al. 2012). Their presence in such large numbers in
several plants species points towards their important role in
evolution. The phylogenetic analysis of WRKY genes
based on the conserved amino acid sequence showed these
are present in a few non-plants species such as Giardia
lamblia and Dictyostelium discoideum (Glockner et al.
2002; Pan et al. 2009). The phylogenetic analysis also
suggests that WRKY genes might have originated approx.
1.5-2 billion years ago in eukaryotes but absent in animals
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(Ulker and Somssich 2004).

The first reported WRKY genes were SPF1 from sweet
potato ([pomoea batatas), ABF1 and ABF2 from wild oat
(Avena fatua), which play a major role in the regulation of
gene expression in sucrose metabolism and during germina-
tion (Ishiguro and Nakamura 1994; Rushton et al. 1995).
PcWRKYI and PcWRKY3 from parsley (Petroselinum cris-
pum) provided the first evidence that these transcription
factors play important role in plant defense and termed the
name WRKY after the conserved WRKY amino acid se-

quence in their DNA binding domains (Rushton ef al. 1996).

Besides regulating responses to biotic stress, the WRKY
proteins have been implicated in the regulation of many
other biological processes such as wounding (Hara et al.
2000), senescence (Hinderhofer et al. 2001; Miao et al.
2004), development (Johnson et al. 2002), dormancy,
drought tolerance (Pnueli et al. 2002) and hormone sig-
naling pathways (Zhang et al. 2004; Xie et al. 2005). Being
a large gene family of transcription factors involved in
many physiological and developmental processes in plants,
WRKY group of genes enticed us to discuss their structure
and function in greater detail. Moreover, this report will
emphasize the functional role of WRKY in different sig-
naling networks, which require alteration in gene expres-
sion to bring about a final response.

Structural features and classification

DNA-binding domain is the defining feature of WRKY pro-
teins and binds to W-box (C/TTGACT/C) in the cis-regu-
latory element of the target gene promoter (Rushton et al.
1996). Each WRKY protein has at least one WRKY domain
of approximately 60 amino acids containing the conserved
amino acid sequence WRKYGQK at its N-terminal end,
coupled with a novel metal chelating zinc-finger-like motif
at the C-terminal, CX,.7CXy,.,3sHXH /C. For proper binding
of the WRKY proteins both the WRKY and Zn finger motif
are required (Maeo ef al. 2001). Based on the comparison
of WRKY domain sequences and their numbers from
AtWRKY proteins, Eulgem et al. (2000) classified the
AtWRKY into three groups, group I, group II and group III.
Group I proteins contain two WRKY domains and a C2H2
type zinc-finger motif, group II proteins have a single
WRKY domain and a zinc-finger motif same as that of
group 1. Group III proteins are similar to group II pos-
sessing a single WRKY domain but differ from both the
groups in containing a unique C2HC type zinc-finger motif.
On the basis of the primary amino acid sequence, the group
II proteins were further divided into five subgroups Ila, IIb,
Ilc, IId, and Ile (Euglem et al. 2000). Based on phylo-
genetic analysis, conserved domain structures and intron
positions of the WRKY domains in a range of eukaryotes
(slime mold, green alga and higher plants such as Pinus,
rice, Arabidopsis), a new classification system was pro-
posed in which the genes were reorganized into five inde-
pendent groups i.e., group 1, group 2a+2b, group2c, group
2d+2e, and group 3. The new system of classification re-
tained group I and group III as such from classification
done by Euglem et al. (2000) but the subgroup Ilc was
promoted to group 2c, while subgroup Ila and IIb, IIc and
IId were merged to form group 2a+2b and group 2d+2e res-
pectively (Zhang ef al. 2005).

Based on the structure and numbers of WRKY domain
and zinc finger motifs, the WRKY proteins of rice were
grouped into four groups. Group I proteins possess two
WRKY domains and two zinc finger motifs of either C2H2
or C2HC type. Group II proteins have a single WRKY
domain and C2H2 type zinc finger motif, while group III
proteins have a single WRKY domain like that of group II
but differ in the sequence of their zinc finger motif (C2HC).
The unique group IV proteins possess a single WRKY
domain and an incomplete zinc finger motif designated as
C2XX motif (Ross et al. 2007).

The NMR solution structure of a WRKY domain
revealed that this domain consists of a four-stranded B-sheet
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and a zinc-binding pocket formed by the conserved Cys/His
residues (Yamasaki et al. 2005). The crystal structure of
AfWRKY1-C (C-terminal WRKY domain of 4fWRKY1)
showed that it is composed of five B-strands forming an
antiparallel B-sheet with DNA-binding site located at 2
and B3 strands (Duan et al. 2007). Beside the WRKY
domain, WRKY proteins contain characteristic features of
transcription factor such as nuclear localization signals,
activation or repression domains, and domains associated
with protein-protein interactions such as leucine zippers and
TIR-NBS-LRRs (Chen et al. 2011)). The presence of the
characteristic features of transcription factors and DNA bin-
ding domain enables WRKY proteins to play a major role in
regulation of gene expression.

ROLE IN ABIOTIC STRESSES

WRKY transcription factors are now known to be involved
in regulating responses involved in abiotic stresses such as
drought, cold, high salinity, heat shock, ultraviolet B-radia-
tion, and in developmental and physiological processes like
senescence (Miao et al. 2004), dormancy (Pnueli et al.
2002) and hormonal responses (Xie et al. 2005). However,
very little is known about their mechanistic role in abiotic
stresses as compared to biotic stress. WRKY genes are cen-
tral regulators in signal transduction pathways either acting
as activators or repressors of gene expression (Liu et al.
2006). WRKY family of transcription factors has many
members in different plants and considering the fact that
they play diverse roles, many of which are still unknown
under different environmental conditions, it becomes a chal-
lenging task to determine their mode of action. Here, we
describe a few of the possible abiotic processes where
WRKY gene family members are known to be involved.

Role in nutrient deficiency

Mineral nutrient deficiency is a major limitation for plant
growth and development, having a direct bearing on the
agricultural yield around the world (Luan et al. 2009). Plant
mineral nutrient deficiency also imposes abiotic stress con-
ditions in plant. Plants absorb minerals from the soil
through their roots, which is then transported and finally
distributed and assimilated to rest of the plant. In response
to low-nutrient conditions, plants adapt by augmenting their
competence of nutrient uptake from the soil. Plants need to
“monitor” the external nutrient concentration and ‘‘res-
pond” to the condition and like many biological processes,
this “nutrient sensing-responding” process could involve a
signaling pathway. Unfortunately, very little is known about
the components involved in this signaling network. Re-
cently, it has been shown that several WRKY transcription
factors like AftWRKY6, AtWRKY45 and 4tWRKY75 also
participate in the nutrient deficiency response signaling
pathways (Chen et al. 2009). WRKY75 is the first member
of the WRKY transcription factor family reported to be
involved in regulating phosphate starvation response and
root development. In the absence of phosphate (Pi), the ex-
pression of WRKY75 was strongly induced and the expres-
sion is rapidly suppressed by resupply of Pi. RNAi mutants
of WRKY75 in Arabidopsis further revealed the expression
pattern of some Pi-starvation associated genes, such as
phosphatases, Mt4/TPS1-like genes (Metallothionein4/Tre-
halose-6-Phosphate Synthasel), and high-affinity Pi trans-
porters, which are reduced upon suppression of WRKY75
(Devaiah et al. 2007). This resulted in reduced Pi uptake in
this RNAI transgenic plant. Phenotypically these mutants
also showed significant increase in the number of root hair
and increase in the number and length of the lateral roots.
This confirmed the role of AtWKY75 in regulation of Pi
starvation response and also in the regulation of root archi-
tecture (Wang et al. 2002; Devaiah et al. 2007). This gene
WRKY75, which is activated in response to Pi deficient
condition, is also induced in nitrogen, potassium and iron
starvation conditions, but not by other abiotic stresses such
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Fig. 1 Model depicting the role of WRKY in regulating responses to
nutrient deprivation conditions. In low Pi condition some of the WRKY
genes like AtWRKY6/42/75 are playing a very important role to adapt
accordingly and AtWRKY6 is regulated by degradation via 26S proteo-
some-mediated proteolysis and thought to relieve the expression of PHO1
promoter. Under low potassium conditions, AtWRKY31/40/45 are tenta-
tively up regulated and AtWRKY30/64 are down regulated as determined
by microarray analysis under potassium starvation conditions. Also in low
boron conditions, AtWRKY6 is highly up regulated as found in the ex-
pression analysis study.

as cold, drought and salt stresses (Devaiah et al. 2007).
Another member of Arabidopsis WRKY family, 4fWRKY6,
also plays an important role in phosphate deficiency res-
ponse (Chen et al. 2009). WRKY transcription factors have
a DNA binding domain, which binds to W-box motifs in the

promoters of their target genes and regulate their expression.

One of the targets of WRKY6 transcription factor is PHOS-
PHATE! (PHOL1), which is known to be involved in regu-
lating Pi loading of the xylem possibly through a signal
transduction cascade or by affecting the activity of trans-
porter proteins (Fig. 1). The PHOI1 promoter is known to
contain six W-box motifs (four named as Wq, Wx, Wyand
W;) close to the coding region. ChIP-qPCR (Chromatin
Immunoprecipitation Quantitative PCR) analysis confirmed
that WRKY6 strongly interacted with Wy and W; motifs,
thereby, suggesting that WRKY6 regulates the transcription
of PHO1. WRKY6 negatively regulates PHO1 expression
was confirmed by the observation that the transcription of

AGI Function Name
AT4G22070 Regulate defense response AtWRKY31
AT1G62300 Regulate PHO!1 in low Pi and defense response AtWRKY6
AT1G80840 Regulate ABA signaling and defense response AtWRKY40 W
AT3G01970 Regulate carbon starvation AtWRKY45
AT5G43290 Regulate cold stress AtWRKY49
AT5G15130 Regulate ABA signaling, sugar starvation, defense response AtWRKY72
AT5G24110 Regulate oxidative stress AtWRKY30
AT1G66560 Regulate defense response AtWRKY64
AT2G38470 Regulate salt and oxidative stress AtWRKY33
AT1G69810 Regulate osmotic stress AtWRKY36
AT4G31800 Regulate ABA signaling and defense response AtWRKY18
AT4G23550 Regulate defense response AtWRKY29
AT2G03340 Regulate defense response AtWRKY3
AT1G55600 Regulate defense response and seed development AtWRKY10

PHOI1 in roots of Arabidopsis was greatly reduced in
WRKY6-overexpression lines (Chen et al. 2009). Another
transcription factor A{WRKY42 regulates the PHO! trans-
cription in phosphate deficient conditions through binding
to the W-box, similar to that AtWRKY6. Previously,
AtWRKY6 was identified to be involved in the process of
leaf senescence and defense related processes through the
expression of its target gene SIRK, a receptor like protein
kinase (Robatzek and Somssich 2002). AtWRKY6 act as a
positive regulator under boron deficiency condition as
shown genetically in the T-DNA insertion of 4¢WRKY6 ren-
dering reduced root length in the mutant plant (Fig. 1)
(Kasajima et al. 2010).

Potassium is one of the important macronutrient for
plant growth and development, which perform vital func-
tions in metabolism, growth, and stress adaptation (Leigh
and Jones 1984). Deficiency of this macronutrient leads to
inhibition of growth, protein synthesis and susceptibility to
pathogen due to increased level of nitrogen and sugar com-
pounds (Armengaud et al. 2004). Previously, Armengaud et
al. (2004) used full genome microarray to monitor the
transcrlptome of Arabidopsis seedlmgs exposed to long-
term K starvation and short-term K’ resupply after starva-
tion. Their gene expression data showed that some of the
WRKY transcription factors were also regulated under
potassium starvation condition. By using a potassium
expression database (http://www.brc.dcs.gla.ac.uk/rb106x/
arabidopsis_results.htm) from Armengaud et al. (2004), we
have analyzed the whole WRKY gene family, and found
that some of the Arabidopsis WRKY transcrlptlon factors
were substantially up regulated during K starvation and
down regulated upon external short term K replenishment.
Expression of AtWRKY6, AtWRKY3I, AtWRKY40, and
AtWRKY45 genes in the roots and shoots were 51gn1ﬁcantly
up-regulated upon K* starvatlon and the transcript levels
were quickly reduced after K" was replenished, except
AtWRKY45, which was highly up-regulated upon potassium
replenishment specifically in roots (Fig. 2). In contrast,
AtWRKY49 and AtWRKY72 were up-regulated upon exter-
nal potassium resupply but slightly down regulated in
potassium starvation condition. Expression levels of
AtWRKY30 and AtWRKY64 went down during starvation
condition but no significant change was observed in re-
supply (Fig. 2). Transcrlpts for AtWRKY33 showed signifi-
cant down regulation in K" resupply in both root and shoot.
Also from whole AtWRKY family some of the WRKY
genes like AtWRKY3, AtWRKY10 and AtWRKY29 did not
show any significant changes in transcript level in pro-
longed starvation as well as upon resupply i.e. all of them
showed lower transcript level in root and shoot. Similarly,

Roots 2h Shoots 2h Shoots 6h Roots 14d

starved

Shoots
starved

Na -K Na -K

Fig. 2 Expression profile of K' responsive WRKY genes. On the left side, AGI number (4rabidopsis gene index number), gene name and functions of
each gene are given based on the already published reports and TAIR Arabidopsis database. On the right side, expression profile of some of the selected
genes is shown on the basis of differential expression. Green color indicates the down regulation and pink color is for up regulation of the transcript level
of individual WRKY genes. Tissue types, conditions and treatment controls are mentioned on the top of the heat map. Also for each treatment three
replicate experiments are used and their respective expression is shown as relative expression value.
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the higher levels of transcripts were observed for
AtWRKYI18 and AtWRKY36 during starvation as well as re-
supply conditions (Fig. 2).

Like WRKY transcription factor, SUSIBA2 (Sugar Sig-
naling in Barley 2) (WRKY homolog in Hordeum vulgare),
also binds strongly to the W-box and SURE (a SUgar Res-
ponsive cis Element) present in the sugar metabolism genes
ISO1 (Iso amylasel) and SBEIIb (Starch-Branching En-
zymes) promoter (Sun et al. 2003). Another WRKY mem-
ber, AtWRKY4 and AtWRKY34 regulates AtNDPK3 (Nuc-
leoside Diphosphate Kinase), which is known to be induced
during sucrose and glucose deficiency. Sequence analysis of
NDPK3 reveals the presence of two WBOXHWISOT1 boxes
in the promoter region that is shown to interact with WRKY
protein 4 and 34 (Hammargren et al. 2008). In carbon defi-
cient condition, A1WRKY45 and AtWRKY65 regulate the ex-
pression of the downstream genes. In carbon starvation con-
dition the whole genome transcriptome profiling revealed
that the expression level of AtWRKY45 and AtWRKY65
were up regulated (Contento et al. 2004).

Role in drought, abscisic acid signaling and
stomatal opening

Drought is one of the major abiotic stresses, which restrict
plant growth and crop production. Drought stress induces
the accumulation of ABA, which leads to stomatal closure,
thereby, reducing water loss caused by transpiration
(Schroeder et al. 2001). The accumulation of cytosolic ABA
is sensed by the ABA receptors PYR/PYLs of the START
domain superfamily, which then interacts with a phos-
phatase PP2C, and represses the PP2C activity. When ABA
is not available, PP2C acts as a constitutive negative regu-
lator of a family of kinases (SnRK2) whose autophosphory-
lation is required for kinase activity. Activation of the
kinase activity of SnRK2 leads to the activation of down-
stream targets like ABF2 (ABA responsive elements-bin-
ding factor 2) and ABI5 (ABA insensitive5) and finally the
regulation of expression of ABA responsive genes (Fujii
and Zhu 2009; Ma et al. 2009; Nishimura et al. 2009; Park
et al. 2009). Some of the WRKY genes are known to be in-
volved in drought and salinity stress response. For example
OsWRKY11, expressed under heat shock inducible
HSP101 promoter led to enhanced heat and drought tol-
erance and this is the first report of enhancement of tol-
erance to abiotic stress by over expression of WRKY genes
(Wu et al. 2009). Recently, it was shown that over-expres-
sion lines of two allele of rice OsWRKY45; OsWRKY45-1
and OsWRKY45-2 showed reduced and increased ABA sen-
sitivity, respectively. This suggests that OsWRKY45-1 is a
negative and OsWRKY45-2 is a positive regulator of ABA
signaling. In addition OsWRKY45-2 also negatively regu-
lates responses to salt stress in rice. The differential regula-
tions of ABA signaling and salt stress signaling by the two
alleles of OsWRKY45 suggested that they regulate the
transcription through different signaling pathways (Tao et al.
2011). Rice OsWRKY72, and Arabidopsis AfWRKY7S5,
belonging to group II of the WRKY superfamily are in-
duced in salinity and heat stresses as well as by phytohor-
mone ABA and naphthalene acetic acid (NAA) (Kato et al.
2007; Song et al. 2010). Besides the abiotic stress, WRKY
transcription factors also form an important part of stomatal
closure mechanism, which is induced by pathogens to pre-
vent infection of the plants (Schulze-Lefert and Robatzek
2006). Abscisic acid is a plant hormone that mediates dif-
ferent abiotic stresses in plants and hence is known as
‘stress hormone’. Abiotic stress in plants is mediated through
two pathways, ABA-independent and ABA-dependent path-
ways (Shinozaki and Yamaguchi-Shinozaki 2000). Studies
reveal that in cold stress, there is no ABA accumulation,
which means that response to cold stress is mediated
through an ABA-independent pathway (Thomashow et al.
1999; Shinozaki and Yamaguchi-Shinozaki 2000). Salt and
drought stress signal transduction activate both of these
pathways involving ABFs (ABRE binding factor), MYC/
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ABA-independent

l ﬂ ABF2/AREBI J

[:::j RD21/COR47 \
\ E RD29A/COR47

Response to cold stress

Fig. 3 Model showing the role of WRKY genes in ABA-dependent and
-independent responses. In the case of osmotic stress where no ABA
accumulates i.e. in ABA independent pathway, OsWRKYS8 confers osmotic
stress tolerances by positively regulating stress inducible RD2/ and
COR47. In the second case where ABA accumulates i.e. in ABA-depen-
dent pathway, AtWRKY40/18/60 directly induced osmotic stress tolerance
while AtWRKY63 acts by up regulating ABF2/AREBI1, which in turn
increases the expression of RD294 and COR47.

Nucleus

L Osmotic stress tolerance

MYB, DREB?2 (Drought Responsive Element Binding) and
NAC domain containing transcription factors. In case of
rice, the expressional analysis of the WRKY genes showed
that most of them are involved in abiotic stress signaling
pathway in an ABA-dependent manner (Ramamoorthy et al.
2008). Since AtCOR47 and AtRD21, two ABA-independent
abiotic stress responsive genes, were up regulated in
OsWRKY0S8 overexpression line, which suggested that
OsWRKY08 enhances the osmotic stress tolerance of trans-
genic Arabidopsis through an ABA-independent signaling
pathway (Fig. 3) (Song et al. 2009).

Arabidopsis mutant, over sensitive to ABA, abo3 (ABA
overly sensitive 3) had a T-DNA insertion in the gene en-
coding WRKY transcription factor, AtWRKY63. The expres-
sion of ABA-responsive transcription factor ABF2/AREBI
and stress inducible genes RD294 and COR47 was lower in
the abo3 mutant than in the wild type upon ABA treatment
(Fig. 3). The abo3 mutant also showed reduced sensitivity
to ABA mediated stomatal closure. Electrophoresis mobility
shift assay (EMSA) showed that ABO3 (AtWRKY63) pro-
tein can recognize and binds to the TGAC core sequence of
W-box in the promoter of ABF2 and regulates the expres-
sion of ABF2/AREBI, a key transcriptional activator for
ABA-responsive genes (Fig. 3) (Ren et al. 2010). During
seed germination and post germination growth of plants,
three WRKY genes regulate ABA response in a negative
manner. The key players involved are AtWRKY1S,
AtWRKY60 and AtWRKY40; and the Mg-chelatase H
subunitputative  ABA receptor (ABAR). ABAR spans
chloroplast envelope and the cytosolic C-terminus binds
ABA. When ABA level is high in the cell, ABAR binds to
ABA and recruits AtWRKY40, AtWRKY18 and
AtWRKY60 repressor proteins from the nucleus to cytosol.
As a result, the repression of expression of ABA-responsive
genes like ABF4, ABI4, ABI5, DREBIA, MYB2 and RABI18
was relieved and ABA mediated transcription takes place
(Rushton et al. 2011). In another work, it was shown that
AtWRKY40, AtWRKY18 and AtWRKY60 were involved in
plant responses to ABA and abiotic stresses such as salt and
osmotic stress (Chen ef al. 2010). By examining their single,
double and triple mutants and over-expression lines, it was
revealed that AtWRKY40 negatively regulate ABA respon-
ses during seed germination and post-germination growth,
however, AtWRKY18 and AtWRKY60 were found to regu-
late ABA responses positively. In the mutants of AtWRKY40
and AtWRKYI8, the expression of AtWRKY60 was signifi-
cantly reduced, which conferred that the A#WRKY60 might
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be a direct target of AtWRKY40 and AtWRKYI18. Also, it
was suggested that the expression of the AtWRKY60 was
controlled by AtWRKY18AtWRKY40 hetero-complex (Chen
et al. 2010). All these studies indicated that WRKY proteins
play a major role in ABA signaling as well as in abiotic
stresses.

Role in oxidative and thermal tolerance

In the cell, reactive oxygen species (ROS) play an impor-
tant role as a signaling molecule and on the other hand is a
toxic by-product of aerobic metabolism. Due to its dual role,
a complex network of genes termed as ‘ROS gene network’
controls the regulation of the cellular ROS homeostasis.
Antioxidants such as ascorbate, glutathione, tocopherol
along with different enzymes and proteins regulate the ROS
homeostasis and production. Under oxidative stress, the
induction of AtWRKY25 depends on Zatl12, a member of the
zinc-finger protein (Rizhsky er al. 2004a). Similarly, the
expression of AtWRKY70 also increases in transgenic line
of Zat7 and the expression is repressed in EAR-mutated
Zat7 since Zat family contains the EAR domain (ERF-asso-
ciated amphiphilic repression), that could act as a repressor
(Ciftci-Yilmaz et al. 2007). Other WRKY members like
AtWRKY18, AtWRKY33, AtWRKY40 and AtWRKY70 were
constitutively expressed in Atapx1 (Ascorbate Peroxidasel)
knockout mutant, which scavenges ROS during high light
stress (Davletova et al. 2005a). Therefore, WRKY trans-
cription factor play a major role in response to ROS stress
and may act down or upstream to Zat proteins. These fin-
dings suggested complex interactions between different
transcription factors and pathways that might be occurring
in a cell upon oxidative stress.

Temperature beyond an organism’s optimal tolerance
range is considered as a major abiotic stress. Changes in the
optimal temperature affect cellular homeostasis, which
leads to impaired plant growth and development. WRKY
proteins are now known to be involved in regulating plant
responses to heat and dehydration stress as well (Wang et al.
2011). In Arabidopsis transgenic plants, where a highly
conserved transcriptional coactivator, MBF1c (Multiprotein
Bridging Factorl) was overexpressed led to increased ex-
pression of WRKY proteins AfWRKY 18, AfWRKY33,
AfWRKY40, and AfWRKY46. The overexpression lines
showed enhanced thermo-tolerance compared to the wild-
type plants. These results indicated that A¢tWRKYIS,
AtWRKY33, AtWRKY40, and AtWRKY46 have a role in con-
ferring thermo-tolerance (Suzuki et al. 2005). OsWRKY11
in rice has also been reported to interact with HSP101
promoter and hence play a role in heat and drought stress
tolerance (Wu et al. 2009). Also the AtWRKY25 and
AtWRKY39 are positive regulators of thermo-tolerance (Li
et al. 2009, 2010). AtWRKY25, AtWRKY26 and AtWRKY33
were involved in the regulation of heat stress. Expression of
AtWRKY25 and AtWRKY26 was induced upon treatment
with high temperature, whereas AtWRKY33 expression was
repressed. AtWRKY33 along with AfWRKY25 and
AtWRKY26 positively regulate heat stress tolerance (Li et al.
2011). Mutant plants of these three genes showed sensitive
phenotype rather than over expression plants, which
showed enhanced resistance to heat stress (Li et al. 2011).
Arabidopsis transgenic plants over-expressing soybean gene
GmWRKY21 was tolerant to cold stress, whereas
GmWRKY54-transgenic plants function in stress tolerance
through the regulation of DREB2A, RD29B and STZ (Zhou
et al. 2008). HYWRKY38, a barley gene coding for a WRKY
protein, has been reported to be involved in cold and
drought responses (Mare et al. 2004). In the case of Bras-
sica campestris, BcWRKY46 plays an important role in res-
ponding to ABA and abiotic stress, as the constitutive ex-
pression of BcWRKY46 under the control of the CaMV35S
promoter reduced the susceptibility of transgenic tobacco to
freezing, ABA and salt.
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ROLE IN BIOTIC STRESSES

In the environment, plants are vulnerable to attack by a
variety of pathogens like bacteria, virus, fungi, insects and
to counteract this attack, they have developed active
defense mechanism to protect themselves. One of the
mechanisms, they adopt is transcriptional activation of a
large number of genes to induce defense responses (Yang et
al. 1997; Rushton and Somssich 1998).

Plants mainly have two layers of innate immunity sys-
tem against pathogen attacks. The first layer is activated by
pathogen associated molecular patterns (PAMPs), which
includes flagellin, elongation factor Tu and chitin, and is
known as PAMP triggered immunity (PTI). These PAMPs
molecules are not present in host cells and evolutionarily
conserved in microorganisms. Plant resistance (R) protein
specifically recognized some effector proteins and activates
effector-triggered immunity (ETI), the second layer of
innate immunity. Most of the known R proteins belong to
the NBS-LRR protein, named after their characteristic
nucleotide binding (NB) and leucine rich-repeat (LRR)
domains. R gene-activated ETI involves a complex defense
program including production of reactive oxygen species
(ROS) and salicylic acid (SA), rapid programmed cell death
(hypersensitive responses, HR) and induction of a large
number of host genes including pathogenesis-related (PR)
genes (Jones and Dangl 2006). The plant hormones, sali-
cylic acid (SA), jasmonic acid (JA) and ethylene play a very
important role in defense responses (Chen et al. 2000;
Dellagi et al. 2000; Eulgem et al. 2000; Kim et al. 2000;
Asai et al. 2002; Ulker et al. 2004). Systemic acquired
resistance (SAR) is induced defense mechanism in plants
that brings about enduring and broad range protection
against microorganism by the accumulation of PR proteins
via SA signaling. SA activates the positive regulator protein
NPRI1 (non-expresser of pathogenesis-related genel, also
known as NIM1 and SAI1) to mediate the signaling cascade
that confers resistance against the microorganism (Durrant
and Dong 2004).

WRKY transcription factors in plant defense: Case
study in Arabidopsis

WRKY proteins play important roles in plant defense res-
ponses augmenting the W-box sequences (C/TTGACT/C),
which binds to WRKY domain and induces the expression
of many defense-related genes (Rushton er al. 1996;
Eulgem et al. 1999; Yang et al. 1999; Du and Chen 2000).
Like the WRKY gene family, W-boxes are present in pro-
moters of many defense-regulated genes like PR genes,
which regulate their own expression (Rushton ez al. 1996;
Maleck et al. 2000). Also, it was shown that some of the
WRKY genes were induced in pathogen infection but not
detectable in SA treated plants and vice versa. This sug-
gested that WRKY gene families were regulated by two
different pathways i.e. NPR1-dependent and NPR1-inde-
pendent pathway. NPR1-dependent pathway is mediated by
SA. When SAR inducers are absent, NPR1 is shown to be
as an oligomer and present in the cytosol whereas, after
SAR induction the oligomer is transformed into monomer
and is localized in the nucleus (Mou et al. 2003). Plant
signaling molecules like SA and JA/ET act antagonistically,
as mutation of COIl and JARI-JA signaling molecule
causes increased SA accumulation and this accumulation
further promotes JA signaling (Kloek et al. 2001; Kunkel
and Brooks 2002; Spoel et al. 2003). WRKY TFs are
known to negatively regulate defense responses. Loss-of-
function mutant of AtWRK62 showed enhanced expression
of JA-responsive genes like LOX2 and VSP2 and on the
other hand the over-expression of A¢WRKY62 led to the
repression of JA-responsive genes (Mao ef al. 2007). Also
in another study, it was shown that the expression of SA
responsive gene PR1 is enhanced in At7WRK62 loss-of-func-
tion mutants and the expression is repressed in AtWRK62
overexpression lines (Kim et al. 2008). Other WRKY pro-
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Fig. 4 Simplified model of the WRKY genes involved in the plant defense responses. In plant, defense signaling can be activated via PAMP receptors
(PTI-PAMP Triggered Immunity) or through pathogen elicitor, which activated SA or JA pathways. In PTI activated PAMP receptors upon binding to the
pathogen, activates MAPK cascade, which in turn up regulate At#WRKY22 and AtWRKY29. AtWRKY22 and AtWRKY29 positively regulate defense
response genes. This pathway is suppressed by effector protein (E) and is thought to be activated upon interaction with resistant protein (R) and termed as
ETI (Effector Triggered Immunity). In the second pathway, which involves SA and JA, AfWRKY70 positively regulate SA mediated defense response and
negatively regulate JA mediated defense response. In contrast to AtWRKY70; AtWRKY8 and AtWRKY33 negatively regulate SA mediated defense

response and positively regulate JA mediated defense response.

teins like AtWRKY38 have very similar protein structure
and expression pattern as AtWRKY62 protein (Kalde et al.
2003).

The JA-dependent plant defense is triggered by bio-
trophic pathogens but SA-dependent pathway is linked to
necrotrophic pathogen. AtWRKYS is a negative regulator of
plant defense responses to biotrophic bacterial pathogen
Pseudomonas syringae and positive regulator of defense
responses against necrotrophic fungal pathogen, Botrytis
cinerea. This is proved by the study of mutant line of
AtWRKYS, which showed increase resistance to Pseudomo-
nas syringae and decreased resistance to Botrytis cinerea,
whereas over-expression lines of AtWRKYS showed the
opposite results. This also suggested that A/WRKY8 protein
might act downstream to both SA and JA to regulate
defense responses (Fig. 4) (Chen et al. 2010). AtWRKY33
over-expressing or mutant plants showed similar kind of
regulation as AtWRKYS8 in defense response signaling (Fig.
4) (Andreasson et al. 2005; Zheng et al. 2006). However,
AtWRKY70 acts in the opposite manner as AfWRKYS i.e. it
played a positive role in SA signaling and functions as a
negative regulator of JA-inducible genes. Mutation in
AtWRKY70 increased the susceptibility to biotrophic and
necrotrophic pathogens, Erwinia carotovora and the fungal
pathogens Erysiph ecichoracearum and Botrytis cinerea
(Fig. 4) (Li et al. 2004, 2006; AbuQamar et al. 2006). In
another instance, the expression of WRKY46 of Arabidop-
sis increases in response to SA and Pseudomonas syringae
infection, which is structurally linked to WRKY53 and
WRKY70 (Hu et al. 2012). In Arabidopsis, WRKY?22 and
WRKY?29 are downstream components of the flagellin re-
ceptor (FLS2), a leucine-rich repeat (LRR) receptor kinase
and a mitogen-activated protein kinase (MAPK) cascade,
which confers resistance to both bacterial and fungal patho-
gens. Overexpression of the AtWRKY29 induces the plant
defense response against P. syringae and B. cinerea (Asai et
al. 2002). AtWRKY53, AtWRKY54, and AtWRKY70 were
identified as direct targets of NPR1 since they were shown
as structurally similar (Wang et al. 2006).

Some of the WRKY proteins act as negative regulator
of basal defense responses in plants. The mutant line of
AtWRKY7,  AtWRKY1l,  AtWRKY17,  AtWRKY2S5,
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AtWRKY38, AtWRKY48 and AtWRKY62 increase basal
plant resistance triggered by a virulent P. syringae strain
(Journot-Catalino et al. 2006; Kim et al. 2006; Zheng et al.
2007; Xing et al. 2008). Arabidopsis AtWRKYIS8 trans-
cription factor interacts physically and functionally with
AtWRKY40 and AtWRKY60 and functions as negative regu-
lators of plant resistance against the P. syringae and the fun-
gal pathogen E. cichoracearum (Xu et al. 2006; Shen et al.
2007).

WRKY transcription factors in plant defense: case
study in other plants

Some of the other WRKY genes were found to be up-
regulated in response to pathogen in a number of plants
other than Arabidopsis like in rice, Oryza sativa (Kim et al.
2000; Wen et al. 2003; Liu et al. 2005), potato, Solanum
tuberosum (Dellagi et al. 2000), sugarcane, Saccharum
officinarum (Lambais et al. 2001) and chamomile, Matri-
caria chamomilla (Ashida et al. 2002). Approximately 109
WRKY genes have been identified in rice, which are in-
volved in mainly abiotic and biotic stress responses. Over-
expression line of OsWRKY71 exhibited the constitutive
expression of both OsNPRI and OsPRIb and confers dis-
ease resistance to bacterial blight. This indicates that
OsWRKY71 may act as a transcriptional regulator upstream
of OsNPRI and OsPRIb in rice defense response signaling
pathways (Liu et al. 2007). The overexpression of
OsWRKY13 enhances resistance to the bacterial blight Xan-
thomonas oryzae and the fungal blast Magnaportha grisea
by activating SA-biosynthesis and SA-response genes while
suppressing JA signaling (Qiu et al. 2007, 2008a). The over
expression of OsWRKY89 in rice showed reduced growth
but an increased resistance to M. grisea by regulating the
wax deposition on the leaf surface (Wang et al. 2007).
OsWRKY31 was strongly induced by the rice blast fungus
M. grisea and auxin, which suggested that OsWRKY31
might be a common component in the signal transduction
pathways of auxin and defense responses in rice (Zhang et
al. 2008). OsWRKY45 is a component of the salicylic acid
(SA) signaling pathway in rice and its knockdown lines
showed decreased resistance to fungal blast whereas its
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over expression in transgenic rice dramatically enhanced re-
sistance to leaf blight (Shimono ez al. 2007; Tao et al. 2009).

Recently, it was shown that the expression level of
GhWRKY3 (Gossypium hirsutum) was regulated in response
to wounding and pathogen infection via SA, JA/ET sig-
naling pathways (Guo et al. 2010). By homology search
analysis, 22 WRKY genes were identified in Coffea arabica.
Among the 22 WRKY genes, five of them, namely,
CaWRKY6, CaWRKYIll, CaWRKYI12, CaWRKYI3 and
CaWRKYI14 were shown to be involved in regulating res-
ponse to pathogens (Ramiro et al. 2010). Wheat TaWRKY45
protein an orthologue of rice OsWRKY45 has been shown
to be up regulated in response to a plant immune system
strengthener benzothiadiazole (BTH) upon Fusarium head
blight (FHB) infection caused by fungus Fusarium grami-
nearum. In overexpression of the TaWRKY45 transgenic
lines, an enhanced resistance against F. graminearum was
observed (Bahrini ef al. 2011). The over expression of
grapevine (Vitis vinifera) VvWRKYI in tobacco (Nicotiana
tabacum) act as a negative regulator of plant defense res-
ponses to different fungal infections whereas its ectopic
expression enhanced resistance to the necrotrophic fungi
(Marchive et al. 2007). In barley (Hordeum vulgare),
HvWRKYI and HvWRKY? showed enhanced resistance
against powdery mildew fungus Blumeria graminis via
repression of PAMP-triggered basal defense through inter-
action of intracellular mildew A (MLA) (Shen et al. 2007).
Two insect-responsive WRKY genes native to tobacco
Nicotiana attenuata, WRKY3 and WRKY6 have been iden-
tified, where they coordinate JA-mediated defense respon-
ses. Silencing of either WRKY3 and WRKY6 or both,
makes plant highly vulnerable to Manduca sexta attack
(Skibbe et al. 2008). The involvement of WRKY in several
other plant species in biotic stress responses suggests this
class of transcription factors in regulation of gene expres-
sion upon pathogen challenge. However, the mechanistic
functional role of several of the WRKY transcription factors
required further investigation.

CONCLUSIONS AND FUTURE PROSPECTS

WRKY transcription factor super family plays important
role in many plant processes and is mainly responsible for
regulation of responses to biotic and abiotic stresses. The
WRKY regulates the gene expression by directly or in-
directly modulating downstream target genes, by activating
or repressing other TF genes or by self-regulating their own
expression. Recent molecular and mutant studies have shed
light on some aspect of their functions and the mode of
action. However, this information is just the tip of the
iceberg and future studies will have to focus on answering
questions pertaining to the downstream targets of WRKY,
the individual and redundant roles of WRKY genes in res-
ponse to different environmental stress and finally the com-
plex crosstalk among different signaling pathways coordi-
nated by WRKY to generate response to a particular stress.
One of the major implications of WRKY transcription
factors could be in generating the transgenic plants, where
some of the “key regulators” or “master-regulator” WRKY
leads to enhancement of productivity and yield of crop
plants by providing higher tolerance to both abiotic and
biotic stresses, which causes the major havoc in crop pro-
ductivity worldwide.
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