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Abstract
Plants face numerous challenges in their natural habitat by various biotic stresses, which in turn

trigger their stress-response related machinery. This is achieved by activation or repression of a complex
system consisting of key genes coding for miRNAs, siRNAs, and most importantly transcriptional factors
(TFs). Among transcriptional factors (TFs), a superfamily of WRKY TFs is considered most important
as they regulate maximum number of downstream genes as well as proteins, by both direct (auto and
cross-regulation) and indirect mechanisms (physical interactions within themselves or other TFs, proteins
and small RNAs) reported hitherto. All the WRKY TF members possess a conserved WRKY domain
consisting of nearly 60 amino acids with a specific heptapeptide sequence (WRKYGQK) with a Zn2+-
finger motif that binds to a specific cis-regulatory element of a defense gene called as W-box (TTGAC[C/
T]). This W-box has been reported to be present in the promoter region of genes related to plants’ innate
immunity including PAMP triggered immunity (PTI), effectors triggered immunity (ETI), basal defense
and systemic acquired resistance (SAR). As a result of this specific molecular orchestration primarily in
plant immunity, this superfamily has established as a good target in plant disease management. Therefore,
in the present review, the focus will be on highlighting the application of the WRKY TFs and plant
disease management specifically.
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1. Introduction
Due to the sedentary life and changing climatic

conditions, plants have to face various environmental
stresses on a regular basis. Among all the stresses,
biotic stresses incited by plant pathogens especially
affect the growth of various food crops such as rice,
barley, sugarcane, lentil, fava bean, chickpea and
many more (APS 2020). Upon being challenged by
phytopathogens, the plants must change their growth
as well as Défense pattern which lead to modification
of host-pathogen interaction (Madhusudan et al.
2019). Due to continuous changes in climatic
conditions, new virulent races or pathovars develop,
that can further infect the crops which were resistant
to pathogens previously (APS 2020). Therefore, in

order to combat these new entities, there is a pressure
to enhance the current, as well as to develop new
management strategies for phytopathogens. 

To improve the strategies, special focus is also
given in understanding changes occurring at the genic,
transcriptional, protein, metabolic as well as the cellular
levels (Chen et al. 2019). The converging point of all
these changes can be traced back to the trans-
criptional regulation controlled by transcription factors
(TFs). The various TFs related to stress-responsive
genes are WRKY “worky”, AP2/ ERF, bZIP, MYC,
MYB, MADS, NAM, ATAF, CUC and NAC (Chen
et al. 2019). Each TF consist of a specific polypeptide
binding domain which binds to a sequence/stretch of
DNA bases together known as cis-regulatory
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elements (CREs) in response to specific stress (Mittal
et al. 2018). 

Among all of the TFs reported till date, WRKY
TF superfamily is of great  importance as they are
reported to be involved in a diverse range of plant
development, defence (Figure 1), metabolism,
senescence, wounding, stress response and much
more (Chen et al. 2019). The WRKY TF superfamily
members interact among themselves or with other
key TFs, proteins, and small RNAs to regulate the

target genes (Chen et al. 2019). Our objective in this
article is mainly to discuss the WRKYTFs modulation
in complex defence gene network, which is a key
step for signal transduction pathways related to plant
immunity. We have summarised in present article, the
structure and classification of WRKY as well as
downstream regulation or interaction with same or
other TFs, proteins and small RNAs to regulate the
defence gene for various plant pathogens such as
fungi, bacteria, and viruses.

Figure 1. Schematic representation of the WRKY TFs imparted protection in plants
against all biological and non-biological stresses.

Sources: Google Scholar (https://scholar.google.co.in/), PubMed (https://www.ncbi.nlm.nih.gov/pubmed) and
Web of Science (https://clarivate.com/webofsciencegroup/solutions/web-of-science/) till 10th July, 2020.

2. WRKY TFs: structure
A specific and conserved DNA-binding domain

is the distinguishing character of WRKY TFs which
is partly protruding region of almost 60 amino acids
in plants (Chen et al. 2019). In this region, there is an
almost invariable sequence at N terminal of protein,
WRKYGQK (W; Tryptophan, R; Arginine, K; Lysine,
Y; Tyrosine, G; Glycine Q; Glutamine, K;
Lysine).WRKY TFs generally binds to a considerably
conserved region of DNA identified as the W-box
elements having the conserved motif TGACC/T singly
or in tandem repeats situated in the promoter region
of defense genes (Chen et al. 2019). Recently, the
WRKY domain structure with W-box as a binding
site was identified,

eet enters the major grove of DNA in an atypical
mode termed  the  wedge, where the sheet is nearly
perpendicular to the helical axis of the DNA (Yamasaki
et al. 2012).  Whereas, C-terminal of the protein
consist of zinc-finger-like motif Cx4-5Cx22-23HxH or
Cx7Cx23HXC formation  (Li et al., 2015).Tryptophan

(Y) makes the core of the conserved (WRKYGQK)
sequence, whereas rest of the amino acids binds to
DNA. Glycine (G) helps in the formation of protrusion
to make the grove for binding to W box by
hydrophobic interaction with the methyl groups of
thymine nitrogenous bases of the DNA. Mutation in
the thymine base or Zn2+-binding site drastically
reduced the DNA-binding activity due to the
destruction in the active structure of DNA binding
domain protein (Yamasaki et al. 2013). Only in very
few crops like Arabidopsis (WRIY), soybean
(WHQY), potato (WHKC and WRKC), black
cottonwood (FRKY), tomato (WRKR, WIKY,
WSKY, and WQKY) and French bean (ARKM,
WWKN, and WRMY), WRKY proteins have been
reported with changes in the conserved sequence of
WRKY (Mohanta et al. 2016).
3. Classification of WRKY TFs

In the initial days of researchInitially ,

ato as SPF1
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(Ishiguro and Nakamura 1994). However, later,
Rushton and group identified three different WRKY
TFs (WRKY1, WRKY2 and WRKY3) from parsley
in a stress response against elicitor Pep25
of Phytophthora parasitica and given the name of
“worky” in 1996 (Rushton et al. 1996). This opened
a way for identification of stress responsive WRKY
TFs which has resulted now in a superfamily. As a
result, based on the total number of WRKY domains
and presence/absence of Zn2+-finger-like motif,
WRKY proteins are classified into three groups i.e.,
Group I, Group II and Group III (Chen et al. 2019).
The group I members consist of two WRKY domains,
whereas Group II members have one WRKY domain
along with Cys2-His2-type of Zn2+-finger motif. Group
II members are further divided into five subgroups
IIa to IIe based on the presence of additional amino
acid motifs in the WRKY domain. Group III members
also contain one WRKY domain with Cys2-His/Cysor
Cys2-His2 type of zinc-finger motif (Eulgem et al.
2000). The criterion of this classification method is
exclusively based on protein structure; however, this
classification does not include evolution, origin, and
duplications of a gene for WRKY TFs. So, in the
year 2005, Zhang and Wang (2005) again reclassified
WRKY TFs into five groups i.e., group 1, group 2a +
2b, groups 2c, group 2d + 2e and group 3, based on
phylogenetic analysis, domains conservation and
intron position in WRKY domain. WRKY TFs were
again classified into two groups where Group 1
includes R-type of the intron in the WRKY domain
whereas Group 2 members include V-type of an intron
(Zhang and Wang 2005).
4. Role of host plant WRKY against viral
diseases

As described earlier, the WRKY TFs are one
of highly studied regulatory protein family which play
both positive and negative roles in plant immunity
(Chen et al. 2019). One of the major challenges to
plant immunity is the onset of viral diseases. There
are already many reports in the literature by various
research groups for the bolstering support of the role
of WRKY TFs against plant viruses. Out of all
published articles, the first preliminary report was by
Yoda et al. (2002). In their pioneer work, they
screened a set of defense reaction genes up-regulated
during the hypersensitive response (HR) in wild
tobacco (Cv. Xanthinc) upon Tobacco mosaic
virus (TMV) infection using fluorescent differential
display (Yoda et al. 2002). The full-length deduced
TIZZ protein contained a single WRKY domain which

showed high similarity to one of WRKY family
member namely WIZZ. Their results indicated the
presence of a novel type of WRKY protein(s) that
might play a critical role in HR signal activation.

Dardick et al. (2007)observed significant
changes in gene expression concomitant with Plum
pox poty virus (PPV), Tomato ringspot
virus (ToRSV) and Prunus necrotic ring spot ilar
virus (PNRSV) symptoms in Nicotiana
benthamiana leaves. The number of pathogens
associated are? identified including WRKY
transcription factors, which were consistent with the
severity of the observed symptoms in all the three
viruses (Dardick et al.2007). In a similar study,
McGregor, and colleagues(McGregor et al. 2009),
focused on one of the most devastating Ipomoea
batatas disease namely sweet potato virus disease.
They used a similar global gene expression approach
in two different sweet potato cultivars NASPOT1
(resistant) and Beauregard (susceptible), and found
that cell expansion genes, as well as chloroplastic
genes, were suppressed while stress-related and
various transcription family genes (WRKY,
homeodomain proteins, and NAC-like proteins) were
induced highly. After virus infection, the protein
synthesis-related genes induction was in co-relation
with virus accumulation in susceptible plants. This
switch in the expression of all these specific host-
encoded genes was established as a reason to cause
developmental defects in susceptible plants
(McGregor et al. 2009).

Using Bean pod mottle virus-based VIGS
technology, the role of WRKY6, as well as WRKY30
in Rsv1-mediated resistance was elucidated in
soybean (Zhang et al. 2012). Similarly, the over
expression of cotton  GhWRKY 15 and Gh
WRKY11 in transgenic tobacco plants activated the
expression of several PR, POD, and APX genes,
therefore, triggering systemic acquired resistance
(SAR) to protect the plant against viral pathogens
such as TMV and cucumber mosaic virus (CMV)
as compared with the wild type (Yu et al. 2012).
Inoculation of Rice tungro spherical virus (RTSV)
on susceptible rice (Cv. TN1) changed the transcripts
levels of multiple stress-related genes including
multiple members of the WRKY gene family
(OsWRKY1, OsWRKY5, OsWRKY9,
OsWRKY28, OsWRKY29 and OsWRKY45)
(Satoh et al. 2013). 

The role of six tomato WRKYs (WRKY41,
WRKY42, WRKY53, WRKY54, WRKY 80 and
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WRKY81) in tomato yellow leaf curl virus
(TYLCV) infection were elucidated using subcellular
localization analysis, interaction network analysis and
TRV-VIGS by Huang et al.(2016). Time-course
analysis of the effect of Ugandan cassava brown
streak virus grafting on resistant and susceptible
cassava varieties transcriptome revealed the up-
regulation of differentially expressed-defence genes
response genes including LRR-containing, NBARC-
containing, PR, LEA, WRKY, GATA, NAC and
HSPs (Amuge et al. 2017).

Madronero et al. (2018) adopted the global gene
expression analysis approach on Papaya meleira
virus complex induced changes in infected papaya
at pre-and post-flowering stages. They reported that
at the pre-flowering stage, a total of 633 DEGs was
observed including multiple SA-, ethylene (ET)-
pathway genes, PR genes, ROS genes, and WRKY
TF encoding genes (Madronero et al. 2018).
Recently, the combinatorial effect of low light
intensity/shading and Soybean mosaic virus on the
transcriptome level of soybean plants was assessed
(Zhang et al. 2019). Among all the 24 DEGs related
to plant-pathogen interaction, a total of two WRKY
genes (WRKY33 and WRKY62) were differentially
expressed under both light conditions. More recently,
Kumar and Dasgupta (2020) studied the effect of
infection by both rice tungro viruses (Rice tungro
bacilliform virus and RTSV) at the rice
transcriptomic landscape was deduced by using global
gene expression changes using Illumina Hiseq 2500
platform followed by qRT-PCR. About 959 DEGs
were related to stress-responsive pathways and
hormonal homeostasis. Among all DEGs, the reported
WRKY transcription factors were LOC_
Os05g25770, LOC_Os08g38990, LOC_
Os09g25060, and LOC_Os11g02520 (Kumar and
Dasgupta 2020). By summarising all these studies by
various authors, we can conclude that the WRKY
TFs regulate host defence against viruses at various
levels directly or indirectly.
5. Role of host plant WRKY against bacterial
diseases

Unlike viruses, the bacteria grow in the spaces
between plant cells and cause multiple symptoms
including cankers, wilts, soft rots, blights, scabs, galls
and leaf spots (APS 2020). Dellagi et al. (2000) were
the first to report the elicitor-induced nature of
WRKYs in response to bacteria where they have
isolated an upregulated potato St WRKY1 protein
using the SSH technique upon inoculation of 

Erwiniacarotovora subsp. atroseptica culture
filtrate (Dellagi et al. 2000). Another evidence of the
involvement of WRKY against bacterial diseases in
plants was forwarded by Robatzek and Somssich
(2002), studied  the targets of senescence- and
defence-associated AtWRKY6 factors. Their study
revealed the WRKY6 negative regulation on its
promoter activity as well as promoters of AtPR1,
AtSIRK and other closely related WRKY family
members (Robatzek and Somssich 2002). A WRKY
gene ‘CaWRKY’ was isolated by using a domain-
specific differential display procedure, during the
infection of Xanthomonas campestrispv. vesicatoria
(Park et al. 2006). Dang et al. (2013) clarified the
role of pepper CaWRKY40 in imparting resistance
against R. solanacearum infection and reported that
the overexpression of CaWRKY27 enhanced the
resistance of tobacco transgenic plants to Ralstonia
solanacearum (Dang et al. 2014).

A positive role of OsWRKY51 and Os
WRKY67 in defence against X. oryzae pv. Oryzae
was established using overexpression study (Hwang
et al. 2016; Liu et al. 2018). By performing temporal
transcript profiling, Nemchinov et al. (2017) selected
and inoculated bacterial stem blight-resistant and
susceptible alfalfa (Medicago sativa L.) plants. Their
analysis revealed that there were plenty of
differentially expressed genes (DEGs) in two
contrasting genotypes at the molecular level. The
reason for resistance appeared to be mediated
primarily by 20 WRKY family transcription factors
and other function-related genes (Nemchinov et al.
2017).

Recently, the constitutive overexpression of wild
grapevine VdWRKY53 in Arabidopsis resulted in
multi-fold enhancement in resistance to multiple
pathogens including P. syringae pv. tomato (DC3000)
(Zhang et al. 2019). Gao et al. (2020), characterized
the role of SlWRKY8 in the resistance to P.
syringae pv. tomato DC3000 (Pst DC3000) along
with other abiotic stresses. The constitutive over
expression in the tomato plants (Cv. Ailsa Craig)
resulted in increased resistance to Pst DC3000 by
enhancing expression levels of PR genes namely
SlPR1a as well as SlPR7. Overall, their report
suggested the role of SlWRKY8 in plant immunity
against bacterial pathogen and other prominent abiotic
stresses (Gao et al. 2020).Thus, from the above
reports by various authors clearly indicates the role
of WRKY transcription factor superfamily against
bacterial diseases in plants. Though enough evidence
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is available about the role of WRKY defense against
bacterial diseases in plants, but the exact mechanism
of signal transduction is not yet clear.
6. Role of host plant WRKY against fungal
diseases

Another major challenge to plant immunity apart
from bacteria and viruses is the fungal diseases (APS
2020). There are many reports on the role of WRKY
against fungal diseases in plants, out of which, the
first preliminary report by Rushton et al. (1996) needs
a special mention, as they used both gain and loss of
function experiments in parsley (Petroselinum
crispum) and identified the presence of WRKY1,
WRKY2 and WRKY3 TFs binding W-box in the
promoters of PR1-1 and PR1-2 genes (Rushton et al.
1996). Furthermore, they confirmed the Pep25 elicitor
treatment in parsley cells induced a rapid increase in
the mRNA levels of only WRKY1 and WRKY3.
Their work suggested that WRKY TFs might play a
role in the signal transduction pathway (Rushton et
al. 1996).

Using suppression subtractive hybridization
(SSH), a putative StWRKY1 protein-encoding gene
was identified in potato after inoculation of P.
infestans as well as E. carotovora subsp.
atroseptica filtrate (Dellagi et al. 2000). Ryu et al.
(2006) confirmed the changes in the expression level
of a total of 15 host WRKY genes upon inoculation
of M. grisea (Philippines isolate PO6-6). Their
extensive profiling analysis work revealed that the
transcript levels of Os WRKY7, Os WRKY10, Os
WRKY11, Os WRKY30, OsWRKY45, Os
WRKY62, Os WRKY76, Os WRKY82, and Os
WRKY85 were significantly increased by 6-48 hours.

The role of the so-called SA activator namely

benzothiadiazole is well depicted in the literature.
Using the group of techniques like microarray
screening, RNAi and transient over-expression
system, the role of BTH-inducible WRKY45 was
identified in providing resistance against rice blast
disease (Shimono et al. 2007). The constitutive
overexpression of rice blast-induced OsWRKY31 in
Japanese rice cultivar namely Zhonghua 17 leads to
enhanced shoot length, root length and resistance
against two blast fungus strain P131 and MS220
of M. oryzae (Zhang et al. 2008). Yang et al. (2009)
studied the expression of a total of 46 WRKY TFs
encoding genes in the canola infected with two
devastating fungal pathogens namely Sclerotinia
sclerotiorum and Alternaria brassicae using
quantitative real time-PCR (qRT-PCR). Their study
revealed that about 13 BnWRKYs transcript
abundance changed significantly following the fungal
challenge (Yang et al. 2009). Overexpression of
nuclear-localized OsWRKY30 gene in rice plants
depicted the enhanced Rhizoctonia solani and M.
grisea resistance. This occurred due to the activated
expression of JA- and PR- synthesis-related genes
(Peng et al. 2012). The similar role
of OsWRKY76 (Yokotani et al. 2013), BoWRKY6
(Jiang et al. 2016), TaWRKY49 (Wang et al. 2017),
VlWRKY48 (Zhao et al. 2018),GmWRKY31 (Xiong
et al. 2019) and TaWRKY142 (Kuki et al. 2020)
using gain-of-function and loss-of-function studies
were identified. From the above survey of literature
we can gain an idea about the identification of various
genes associated with WRKY mediated  defence in
plants against fungal growth and the flowchart is
depicted in the Figure 2.

Figure 2.A generalized model depicting the role of WRKYgenes in cellular
defense signalling against fungal pathogens.
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Table 1. Case studies showing use of transgenic approach (over-expression or downregulation) to
modify or manipulate the expression of WRKY TFs for plant defense against microbial diseases.

Under fungal stress, WRKY TFs are regulated
by various upstream receptors (RLKs, G-protein) and
regulators and impart resistance by controlling
expression of defence-related genes as well as PR
proteins.
7. Conclusion

Under natural conditions, the plant faces multiple
biological and non-biological stresses which creates
a complex agronomical environment and corroborates
the plant’s ability to develop, grow, and reproduce.
Within this, biotic stresses are considered as the
foremost limiter. The most important aspect is that

the major effect is reflected on agriculturally
important crop plants i.e. the major pillar of food
security. As per the data, a 16% share of total yield
loss is caused by the microbes annually. Within this,
a hefty loss of more than 70% arises due to
unavoidable fungal infections. The establishment of
proper loss assessment as well as research in this
field is important for the process of crop improvement.
In this regard, many researchers through their efforts
have identified key genes, factors, small RNAs, and
epigenetic modifications that control the resistance
mechanism. One such key regulator is a superfamily
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of WRKY transcription factors that have been reported to control key processes in plants including resistance
to biotic stresses (Figure 1, 2). Due to the dedicated scientific research more than two decades, the connection
of WRKY TFs with plant defense and immunity has been established. Interestingly, it has already been
highlighted that WRKY TFs are responsive in many stresses and their modification or manipulation increased
the plant tolerance towards specific stresses.

The data in the table also highlights the importance of characterization of the gene in one crop (source)
as the same gene can be expressed in acceptor crop for enhancing resistance. For more details, the readers
are encouraged to go through the references.
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Furthermore, multiple transcriptome studies of treated or challenged samples have provided a list of
putative candidate genes in many crop species that will be considered for ensuring food security.

Table 2. Descriptive case studies showing importance of the member of WRKY TF family
in plant defense against microbial diseases.
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The members of the WRKY TF family
expressed under specific stress condition are putative
candidates that can be tested for gaining resistance
against plant microbial pathogens

In this regard, the science of molecular breeding
has the potential to accelerate process of resistant

line development for sustainable agricultural practices.
To accelerate the research and to screen the putative
candidates, CRISPR genome editing can be put to
use, as there are many negative regulators of the
WRKY family that can be downregulated for
achieving resistance in the plant.
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