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WRKY55 transcription factor positively regulates leaf senescence
and the defense response by modulating the transcription of
genes implicated in the biosynthesis of reactive oxygen species
and salicylic acid in Arabidopsis
Yiqiao Wang*, Xing Cui*, Bo Yang*, Shutao Xu, Xiangyan Wei, Peiyu Zhao, Fangfang Niu, Mengting Sun,
Chen Wang, Hao Cheng and Yuan-Qing Jiang‡

ABSTRACT
Reactive oxygen species (ROS) and salicylic acid (SA) are two
factors regulating leaf senescence and defense against pathogens.
However, how a single gene integrates both ROS and SA pathways
remains poorly understood. Here, we show that ArabidopsisWRKY55
transcription factor positively regulates ROSandSAaccumulation, and
thus leaf senescence and resistance against the bacterial pathogen
Pseudomonas syringae. WRKY55 is predominantly expressed in
senescent leaves and encodes a transcriptional activator localized
to nuclei. Both inducible and constitutive overexpression of
WRKY55 accelerates leaf senescence, whereas mutants delay it.
Transcriptomic sequencing identified 1448 differentially expressed
genes, of which 1157 genes are upregulated by WRKY55
expression. Accordingly, the ROS and SA contents in WRKY55-
overexpressing plants are higher than those in control plants,
whereas the opposite occurs in mutants. Moreover, WRKY55
positively regulates defense against P. syringae. Finally, we show
that WRKY55 activates the expression of RbohD, ICS1, PBS3 and
SAG13 by binding directly to the W-box-containing fragments. Taken
together, our work has identified a newWRKY transcription factor that
integrates both ROS and SA pathways to regulate leaf senescence
and pathogen resistance.
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INTRODUCTION
Leaf senescence occurs at the final stage of leaf development and
precedes cell death, and it occurs not only with aging, but also in
stressed or detached leaves (Woo et al., 2019). Past studies have
demonstrated that leaf senescence is a highly coordinated process
that mediates metabolite redistribution and reproductive maturation,
eventually leading to cellular and organismal disintegration (Lim

et al., 2007). Environmental stresses, such as salinity and drought,
also induce premature leaf senescence by changing gene expression
and physiological activities (Zhang and Zhou, 2013). Besides, some
specific phytohormones, such as abscisic acid, ethylene (ET),
jasmonic acid (JA) and salicylic acid (SA), have been shown to
promote leaf senescence, whereas cytokinins and auxin can delay
leaf senescence (Guo and Gan, 2005; Lim et al., 2007; Woo et al.,
2019). Leaf senescence is regulated by transcriptional
reprogramming of a large number of senescence-associated genes
(SAGs), which are upregulated during senescence in Arabidopsis
(Arabidopsis thaliana) (Breeze et al., 2011; Gepstein et al., 2003).
SAG-encoded proteins play roles in macromolecule degradation,
nutrient recycling and transport, detoxification of oxidative
metabolites, induction of defense and establishment of stress
tolerance (Gepstein et al., 2003). In senescent leaves of Arabidopsis,
>100 transcription factor (TF) genes from various families,
including NAC and WRKY, are upregulated (Balazadeh et al.,
2008; Breeze et al., 2011; Guo et al., 2004), suggesting that
transcriptional regulation is an essential step in this process.

The WRKY TF family comprises 72 members in Arabidopsis
(Rushton et al., 2010). WRKY TFs could act as either
transcriptional activators or repressors and regulate target gene
expression through binding to the conserved W-box element
(T)TGACC/T in the promoter regions (Ülker and Somssich,
2004). WRKY genes are the second largest group of TF genes in
the Arabidopsis senescence transcriptome (Breeze et al., 2011; Guo
et al., 2004), and a previous northern blotting analysis also revealed
that 49 of the 72 AtWRKY genes were differentially expressed when
infected by an avirulent strain of the bacterial pathogen
Pseudomonas syringae pv. tomato with the avrRpt2 gene or
treated with a high concentration (2 mM) of SA (Dong et al., 2003).
So far, functional analyses have shown that a few WRKY TFs from
Arabidopsis positively or negatively regulate leaf senescence
(Besseau et al., 2012; Guo et al., 2017; Jiang et al., 2014; Li
et al., 2012;Miao et al., 2004; Robatzek and Somssich, 2001; Zhang
et al., 2017) and provide defense against P. syringae (Kim et al.,
2006; Sarris et al., 2015; Xu et al., 2006). For instance, AtWRKY57
functions as a node of convergence for JA- and auxin-mediated
signaling in JA-induced leaf senescence (Jiang et al., 2014).
WRKY45 acts through a gibberellin (GA)-mediated signaling
pathway as a positive regulator of age-triggered leaf senescence
(Chen et al., 2017). WRKY25 acts as a positive regulator of
WRKY53 expression, and WRKY25 itself negatively regulates leaf
senescence (Doll et al., 2020). However, whether and how a single
WRKY TF regulates both leaf senescence and defense response
remain largely elusive.
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Reactive oxygen species (ROS) have multifaceted functions in
growth, development, abiotic stress responses and immune response
(Baxter et al., 2014; Suzuki et al., 2012). Homologs of mammalian
NADPH oxidases, namely respiratory burst oxidase homologs
(Rbohs), localized at the plasma membrane, play a crucial role in
apoplastic ROS production (Torres and Dangl, 2005). The
Arabidopsis genome contains 10 Rboh genes, namely AtRbohA-
AtRbohJ (Torres and Dangl, 2005). Specifically, AtRbohD is the
major constitutively active form, whereas expression of AtRbohF is
induced by biotic stresses (Torres et al., 2002). Both AtRbohD and
AtRbohF function in ROS-dependent abscisic acid signaling and
stomatal closure (Kwak et al., 2003). More recently, AtRbohF was
found to interact with Calmodulin 4 (CaM4) and is responsible for
Receptor Protein Kinase 1 (RPK1)-triggered superoxide production
and age-dependent cell death (Koo et al., 2017). A few group I
WRKY TFs in tobacco were identified to be able to recognize and
bind to the W-box cis-element in the promoter of RbohB and induce
its expression in the immune response (Adachi et al., 2015).
However, whether there is any non-group I AtWRKY modulating
transcription of Rboh genes is largely unknown.
SA is a phytohormone originally proved to regulate innate

immunity in plants (Dempsey et al., 2011). An early study showed
that Isochorismate Synthase 1 (ICS1; also termed SA Induction-
Deficient 2, SID2) is a crucial enzyme in the biosynthesis of SA
(Wildermuth et al., 2001). More recently, two independent groups
elucidated the last two steps in the isochorismate-derived SA
biosynthetic pathway, in which the role of the cytosolic enzyme
avrPphB susceptible 3 (PBS3) has been clarified (Rekhter et al.,
2019; Torrens-Spence et al., 2019). SA has also been demonstrated
in several studies to promote leaf senescence. First, SA content
increases in an age-dependent manner during leaf development,
causing the induction of some SAGs (Breeze et al., 2011; Morris
et al., 2000; van der Graaff et al., 2006). Second, transgenic
Arabidopsis overexpressing the SA-degrading salicylate
hydroxylase gene NahG exhibits delayed leaf senescence (Lim
et al., 2007; Morris et al., 2000). It has been documented that there
exists crosstalk between ROS and SA in that hydrogen peroxide
(H2O2) stimulates SA synthesis in tobacco and SA influences H2O2

production and H2O2-metabolizing enzymes (Leon et al., 1995; Rao
et al., 1997). However, a more recent research indicates that SA
accumulation is independent of H2O2, at least in Arabidopsis (Hieno
et al., 2019). However, whether SA and H2O2 production is
controlled by a single TF remains poorly understood.
Pseudomonas syringae is a bacterial pathogen infecting many

plants, including Arabidopsis (Katagiri et al., 2002). A well-known
phenomenon associated with pathogen challenge is the
hypersensitive response (HR), which is often accompanied by
accumulation of SA and by activated defense responses in the
surrounding or even distal parts of the infected plants, leading to the
development of systemic acquired resistance (Vlot et al., 2009). In
Arabidopsis, some mutants with enhanced susceptibility to
P. syringae have been isolated, among which a few were
identified to be defective in SA biosynthesis, such as eds1 (Aarts
et al., 1998), pad4 (Zhou et al., 1998), sid2 (Wildermuth et al.,
2001) and eds5 (Nawrath et al., 2002). Thus, SA-mediated defense
plays a vital role in limiting P. syringae growth.
We previously identified that multiple W-box elements were

present in the promoter regions of RbohD and ICS1 in Arabidopsis,
suggesting that these two genes might be under the control of
common or separate sets of WRKY TFs. A screening of the
AtWRKY family through dual luciferase (LUC) reporter assay
identified WRKY55 as a candidate. Moreover,WRKY55 is induced

by Pst DC3000 and SA treatments (Dong et al., 2003), suggesting a
potential role of WRKY55 in several different processes. However,
the role of WRKY55 in senescence and defense against pathogens
and the underling mechanisms are not clear. We thus hypothesized
that WRKY55 modulates ROS and SA levels and controls the
relevant processes. Therefore, characterization of the WRKY55
subnetwork will be beneficial to our understanding of the complex
crosstalk between senescence and defense against pathogens. In the
present study, we report the identification of AtWRKY55 through a
reverse genetic approach as a new factor that positively regulates
leaf senescence and defense against P. syringae.

RESULTS
WRKY55 is predominantly expressed in senescing leaves
Among the 72 WRKY TF genes in Arabidopsis, the function of
WRKY55 has not yet been reported. WRKY55 contains 292 amino
acids, with a single WRKY domain in the middle (Fig. 1A). A
quantitative real-time PCR (qRT-PCR) profiling found that WRKY55
was induced at an early stage of leaf senescence (ES), and its
expression was further induced at a late stage of leaf senescence (LS)
(Fig. 1B). An examination of a developmental map of WRKY55
expression in different tissues or organs at the eFP browser website
(Winter et al., 2007), based on the ATH1 microarray data of early
years, also indicated that WRKY55 is preferentially expressed in
senescing leaves compared with young andmature leaves (Fig. S1). To
examine the evolutionary relationships of WRKY55 in the WRKY
family in Arabidopsis, we constructed a phylogenetic tree using a
maximum parsimony algorithm after performing an alignment of
amino acid sequences ofWRKYdomains of the 72WRKYproteins. It
can be seen that WRKY55 is clustered with WRKY46 and belongs to
group III, which contains a total of 13 members (Fig. S2).

WRKY55 is a transcriptional activator and targeted to nuclei
To characterize the function of a WRKY TF, it is a prerequisite to
know its ability to activate or repress transcription. To this end, we
analyzed the ability of WRKY55 TF to activate reporter genes in
budding yeast (Saccharomyces cerevisiae). Initially, the coding
region of WRKY55 was fused to the GAL4 DNA-binding domain
(BD) to examine its ability to activate transcription from the GAL4
upstream activation sequence and thereby promote yeast growth. The
yeast cells transformed with the pGBKT7-WRKY55 plasmid or
control pGBKT7 plasmid grew well on SD-WL (synthetic dropout
medium without tryptophan and leucine) control medium, whereas
on the selective SD-WLH (synthetic dropout medium without
tryptophan, leucine and histidine) medium supplemented with 5 mM
3-AT (3-amino-1,2,4-triazole) or on SD-LWHA (synthetic dropout
medium without tryptophan, leucine and adenine hemisulfate)
medium, only yeast containing pGBKT7-WRKY55 plasmid could
grow (Fig. 1C). X-Gal staining assay of β-galactosidase activity also
indicated strong staining. Therefore, WRKY55 protein has
transcriptional activation activity, whereas the empty vector (EV)
showed no transcriptional activation activity, as expected.

The cis-elements for many WRKY proteins have been identified,
and it has been shown thatW-box (TTGACC/T) is the consensus motif
bound by WRKYs of many different groups (Ciolkowski et al., 2008).
We therefore investigated whether WRKY55 binds to this cis-element
through a dual LUC assay system. Quintuple tandem repeats of W-box
sequences were inserted, together with the CaMV35S minimal
promoter, upstream of firefly luciferase (fLUC) gene (Fig. 1D). The
effector plasmid was pYJHA-AtWRKY55, with the control being
pYJHA-GFP. The results showed that WRKY55 showed significant
transactivation activity at the two time points examined (Fig. 1E).
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To determine the subcellular localization of WRKY55, a chimeric
gene expression cassette containing a WRKY55-GFP fusion gene
under the control of 35S promoter was expressed in leaves of
Nicotiana benthamiana (Fig. 1F). We found that WRKY55-GFP
signals were present in the nucleus only (Fig. 1G), which is in
agreement with its role as a TF. As a control, we also examined the
subcellular localization of the GFP protein in leaf cells, and green
signals were present in both the cytosol and nuclei (Fig. 1G).

Overexpression of WRKY55 induces ROS accumulation and
precocious leaf senescence
In the aforementioned GFP subcellular assay in N. benthamiana, we
also observed that expression of WRKY55-GFP in leaves led to
hypersensitive response-like cell death within 2 days post-infiltration
(dpi). To examine this, we performed 3,3′-diaminobenzidine (DAB)
staining, showing production of ROS at the sites of infiltration
(Fig. S3A). Further quantification of electrolyte leakage and H2O2

demonstrated a significant increase in ion leakage and H2O2

accumulation in leaf tissue expressing WRKY55, compared with
the GFP control (Fig. S3B,C). Given that leaf senescence is a
developmentally programmed cell death process and that
overproduction of ROS could accelerate leaf senescence, we wanted
to know whether overexpression of WRKY55 in Arabidopsis could
also lead to precocious leaf senescence. To this end, we generated an
inducible overexpression (IOE) construct of WRKY55, based on an
estradiol system (Zuo et al., 2000) and transformed it into wild-type
(WT) Arabidopsis. In parallel, the GUS gene was also inducibly
expressed inWT plants and used as the control. Through qRT-PCR, a
few independent T3 transgenic lines showing high expression of
WRKY55 were obtained (Fig. S4A). At the seedling stage, the
yellowing phenotype was very evident in four independent inducible
lines of WRKY55 (Fig. S5A). Similar to plants grown in soil mix in
normal growth conditions, after treatment with β-estradiol (BE) an
obvious yellowing of leaves was also observed on WRKY55-IOE

Fig. 1. Expression pattern, transactivational activity and subcellular localization of WRKY55. (A) Schematic representation of WRKY55 protein. A highly
conserved WRKY domain responsible for DNA-binding (BD) ability is located in the middle. (B) qRT-PCR analysis of AtWRKY55 expression during leaf
senescence. ES, early senescent leaves at 35 dps; LS, late senescent leaves at 42 dps; ML, mature leaves at 28 dps; T, M and B indicate tip, middle and
base of LS leaves; YL, young leaves at 21 dps. The transcript level of WRKY55 in YL was set arbitrarily to be one. Data are the mean±s.e.m. of three biological
replicates. (C) Transactivational activity assay in yeast. The yeast cells of strain AH109 harboring the indicated plasmids were grown on either the nonselective
(SD-WL) or selective (SD-WLH+5 mM 3-AT and SD-LWHA) medium, followed by β-galactosidase assay (X-Gal staining). Decreasing cell densities in the dilution
series are illustrated by narrowing triangles. BD represents empty pGBKT7 vector. (D) Schematic diagrams of effector and reporter constructs used in
the dual luciferase assays. CaMV 35S promoter driving AtWRKY55 was used as the effector, and the GFP expression vector was used as a control. The dual
luciferase reporter construct consists of 35S driving theRenilla luciferase (rLUC) reporter gene for internal normalization, and quintuple tandemW-box sequence
driving the firefly luciferase (fLUC) reporter gene. Ter, terminatior sequence; TL, translational leader sequence. (E) AtWRKY55 showed transactivation activity in
dual LUC assay. Data are the mean±s.e.m. of three biological replicates. Asterisks denote significant differences by Student’s t-test (two-tailed, **P≤0.01).
(F) Schematic diagrams of T-DNA regions of constructs used in subcellular localization assay. HPTII, hygromycin resistance gene. (G) Subcellular localization
of AtWRKY55 protein in Nicotiana benthamiana cells. The upper and lower panels represent WRKY55 and GFP alone, respectively. In each panel, the extreme
left is GFP fluorescence, the middle bright field and the right an overlay of the two images as indicated on the top of the picture. Scale bars: 50 μm.
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plants from 6 weeks post-stratification (wps), but not on the control
(Fig. 2A). H2O2 is the most stable form of ROS, facilitating detection
and quantification. Consequently, we performed DAB staining of the
transgenic seedlings and identified obvious staining on the inducible
overexpression lines, indicative of ROS accumulation (Fig. 3B). As
the integrity of the plasma membrane of cells in tissues undergoing

stresses or senescence is influenced, there is ion leakage, especially
efflux of K+ and other anions, which causes an increase in
conductivity (Demidchik et al., 2014). We therefore quantified the
physiological indicators and observed a significant decrease in
chlorophyll and increase in H2O2 content and ion leakage with
WRKY55-IOE plants compared with the control, especially at 7 wps
(Fig. 2C-E). It was also noted that the difference was significant
between the controlGUS-IOE line andWRKY55-IOE lines for relative
conductivity at 5 wps, which might be because the change in relative
conductivity occurred earlier than that of chlorophyll and H2O2

contents.

Transfer DNA insertion mutants of WRKY55 show delayed
leaf senescence
To gain a better understanding of the role of WRKY55 in leaf
senescence, we obtained two transfer DNA (T-DNA) insertion
mutants and identified homozygous lines through PCR. Sequencing
of the flanking sequences showed that SALK_119078 (wrky55-1)
and GABI_171G05 (wrky55-2) lines have the T-DNA inserted in
the first intron (Fig. 3A). Specifically, wrky55-1 harbors a T-DNA
insertion between the first and second nucleotide of the first intron,
which is expected to interfere with the splicing of this intron,
whereas T-DNA was inserted near the 3′ end of the first intron in
wrky55-2. RT-PCR analysis using primers targeted to the third exon
showed that WRKY55 transcripts were not detectable in wrky55-1,
whereas a significant decrease was observed in thewrky55-2mutant
(Fig. 3B), suggesting that wrky55-1 is a loss-of-function mutant,
whereas wrky55-2 might be a knockdown mutant.

In normal conditions and at the seedling stage, the two mutants did
not show much difference from the WT on half-strength Murashige
and Skoog (MS) medium (Fig. S5B). When grown in soil mix, the
two wrky55mutants showed delayed leaf senescence compared with
the WT plants from 7 wps (Fig. 3C). We examined and compared a
few physiological indicators between mutants and WT control. The
contents of chlorophyll in rosette leaves of the two mutants did not
show any significant difference from that of the WT at 4 wps. At
7 wps, chlorophyll concentrations in rosette leaves ofwrky55mutants
were significantly higher than that in the age-matched WT plants
(Fig. 3D), which is consistent with a delayed leaf-yellowing
phenotype in the two mutants. The two wrky55 mutants had a
lower level of H2O2 than that in WT at 7 wps, although in plants of
4 wps, no significant difference was observed (Fig. 3E). With respect
to ion leakage, there was no significant difference between mutants
and WT at 4 wps, but electrolyte leakage in wrky55mutants was less
than that in WT at 7 wps (Fig. 3F). These data support that mutation
of WRKY55 delays leaf senescence.

Constitutive overexpression of WRKY55 induces premature
leaf senescence
To confirm the potential involvement of WRKY55 in the positive
regulation of leaf senescence, we also constitutively overexpressed
(COE) it using the cauliflower mosaic virus (CaMV) 35S promoter.
As a control, theGFP genewas also expressed on the background of
WT Col-0 ecotype under the same promoter. A qRT-PCR assay of
multiple lines transformed with 35S:WRKY55 showed elevated
WRKY55 transcript levels in a few independent transformants
(Fig. S4B). A phenotypic comparison of the different genotypes
demonstrated that twoWRKY55-COE lines also showed accelerated
leaf senescence, compared with the GFP-expressing control
(Fig. 4A). We also monitored the contents of chlorophyll and
H2O2 and found that the chlorophyll content was significantly lower
in the twoWRKY55-COE lines than in the control at 7 wps, although

Fig. 2. Inducible overexpression of WRKY55 promoted leaf senescence.
(A) Comparison of leaf senescence phenotype of transgenic lines expressing
GUS or AtWRKY55 at 6 wps. Rosette leaves were excised from age-matched
plants and arranged from the oldest to the youngest. The picture was taken
1 week after spraying with 5 μM BE. (B) DAB staining of the eighth rosette
leaves of transgenic plants at 6 wps. (C-E) Quantification of chlorophyll (C) and
hydrogen peroxide (D) contents and ion leakage (E) in the fifth to eighth rosette
leaves of different genotypes. Values represent the mean±s.e.m. of three
independent assays for each time point. Different letters indicate significant
differences by one-way ANOVA (P<0.05).
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no significant difference was observed at 4 wps (Fig. 4B). By
contrast, the H2O2 content in the two WRKY55-COE lines was a
little higher than the control at 4 wps, and the content of H2O2 was
significantly higher in the twoWRKY55-COE lines than in the GFP
control at 7 wps (Fig. 4C). Collectively, these data reveal a role of
WRKY55 in the control of developmental leaf senescence.

Transcriptome profiling identifies differentially expressed
genes regulated by WRKY55
Next, to identify the target genes of WRKY55, we conducted RNA-
sequencing (RNA-seq) analysis of WRKY55-IOE#13 compared
with transgenic GUS-IOE plants after induction by BE for 2 days.
A total of 1448 differentially expressed genes (DEGs) between
WRKY55-IOE#13 and GUS-IOE plants were identified using a cut-
off of 2-fold (|log2 fold change|≥1 and P-value <0.05). Among the
DEGs, 1157 genes were upregulated, whereas 291 genes were
downregulated in the WRKY55-IOE#13 compared with GUS-IOE
(Fig. 5A). Given that our results indicated that WRKY55 is a
transcriptional activator, we were more interested in the upregulated
genes. Gene ontology (GO) enrichment analysis revealed that three

Fig. 4. Constitutive overexpression of WRKY55 causes precocious
senescence. (A) Comparison of leaf senescence phenotypes between
GFP-expressing and two WRKY55-overexpressing lines at 7 wps. Right
panels show rosette leaves excised from age-matched plants and arranged
from the oldest to the youngest. (B,C) Quantification of chlorophyll (B) and
H2O2 (C) contents in the fifth to eighth rosette leaves of different genotypes.
Values represent the mean±s.e.m. of three independent assays for each time
point. Different letters indicate significant differences by one-way ANOVA
(P<0.05).

Fig. 3. Phenotypic assay ofmutant lines andmeasurement of physiological
indexes. (A) Gene structure of AtWRKY55 and locations of T-DNA inserts.
Rectangles represent exons and lines denote introns. (B) RT-PCR analysis of
AtWRKY55 expression in seedlings of WT and two mutants. UBQ10 was
amplified as the endogenous control. (C) Comparison of leaf senescence
phenotypes between WT and mutants at 7 wps. Rosette leaves were excised
from age-matched plants and arranged from the oldest to the youngest.
(D-F)Quantification of chlorophyll (D) and hydrogen peroxide (E) contents and ion
leakage (F) in the fifth to eighth rosette leaves of different genotypes. Values
represent the mean±s.e.m. of three independent assays for each time point.
Different letters indicate significant differences by one-way ANOVA (P<0.05).
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groups of genes are prominent among the upregulated DEGs. The
first group of genes is implicated in ROS biosyntheses, including
RbohA, RbohD and RbohI (Torres and Dangl, 2005). The second
group is composed of genes responsible for SA biosynthesis and
signaling, i.e. ICS1, PBS3, NPR2, Pathogenesis-Related 1 (PR1),
PR5 and SARD1 (Zhang and Li, 2019). The third group comprises
well-known positive regulators or marker genes of leaf senescence,
which include SAG13, SAG29 (SWEET15), WRKY75 and MYB2
(Woo et al., 2019) (Fig. 5B). We did not identify any genes
encoding proteins implicated in chlorophyll catabolism or
degradation (Ren et al., 2007) among the upregulated genes.

WRKY55 transactivates the expression of a few functional
genes
Considering that WRKY55 is a transcriptional activator, we next
sought to establish the connection between WRKY55 and putative

target genes. In particular, we investigated whether WRKY55
transcriptionally activates any of the upregulated functional genes.
Therefore, we performed a dual LUC-based transactivation assay.
Promoters were individually fused with the fLUC reporter gene and
served as reporter constructs. Each reporter construct contains a
separate expression cassette, in which rLUC is driven by CaMV 35S
promoter and functions as an internal control (Fig. 6A). A construct
harboring 35S:WRKY55was used as the effector, and 35S:GFPwas
included as a control. To monitor the transcriptional regulation,
samples at two time points (2 and 3 days) were assayed. The results
demonstrated that expression of WRKY55 significantly
transactivated the expression of fLUC driven by RbohD, ICS1,
PBS3 and SAG13 promoters, compared with the GFP control
(Fig. 6B). In addition, activities of RbohA and SAG29 promoters
were also significantly increased by WRKY55, with a relatively
higher fLUC:rLUC ratio compared with that of the GFP control

Fig. 5. Heat map illustration of representative
differentially expressed genes between inducible
WRKY55 line and GUS control line by RNA
sequencing. (A) Counting of DEGs from RNA-seq
analysis between WRKY55-IOE and GUS-IOE control.
(B) Cluster heat map analysis of representative DEGs
between WRKY55-IOE and GUS-IOE control. The
expressions of DEGs are hierarchically clustered on
the y-axis, and six samples (three biological replicates)
are hierarchically clustered on the x-axis. The values of
DEGs in the six samples are normalized by a scale
function. The up- and downregulated genes are presented
in red and green, respectively.
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(Fig. S6). However, expression of WRKY55 significantly repressed
or did not change the fLUC expression under the control of RbohB,
RbohI, ICS2, EDS5, SAG12 and PR1 promoters (Fig. S6B).
Furthermore, to test whether the expression levels of the genes of

interest were decreased in wrky55 mutants compared with WT, we
used qRT-PCR. The results showed that ICS1, PBS3, RbohD and
SAG13 were significantly downregulated in the knockout wrky55-1
mutant compared with WT (Fig. 7A). However, the expression of

RbohA and SAG29 did not show evident decrease or even increased
slightly, suggesting that these two genes are indirect targets of
WRKY55 or are also regulated by other unknown TFs.

WRKY55 positively regulates the accumulation of SA and the
defense response
Considering the fact that RNA-seq analysis identified several genes
for rate-limiting steps of SA biosynthesis, we measured the contents

Fig. 6. Assay of transcriptional
regulation of WRKY55 through dual
LUC reporter assay. (A) Schemes of the
plasmids used. The reporter plasmid
contains the respective promoter regions
fused to fLUC and the Renilla luciferase
(rLUC) gene driven by CaMV35S. The
effector plasmid contains the WRKY55
driven by the CaMV 35S. The GFP-
expressing plasmid was used as a
negative effector control.
(B-E) Transactivation assay of different
promoters by WRKY55. Relative LUC
activity was represented by the ratio of
fLUC to rLUC. Error bars indicate the
s.e.m. of three biological replicates.
Asterisks denote significant differences by
Student’s t-test (two-tailed, **P≤0.01).

Fig. 7. qRT-PCR, SA quantification and
bacterial pathogen assays. (A) qRT-PCR
analysis of expression levels of putative
target genes in wrky55-1 mutant compared
with WT. Each value represents the
mean±s.e.m. of three biological replicates.
The UBQ10 and UBC21mRNA levels were
used as the endogenous control. Asterisks
denote significant differences (compared
with one) by Student’s t-test (two-tailed,
*P≤0.05, **P≤0.01). (B) Measurements of
free SA in WRKY55-related materials with
individual controls. Values aremean±s.e.m.
of four biological replicates. (C) Inducible
overepxression of WRKY55 caused
decreased susceptibility to Pst DC3000.
(D) Mutations of WRKY55 caused
susceptibility to Pst DC3000. In both C and
D, bacterial growth was analyzed at 0 and
3 dpi. The bars represent mean±s.e.m.
of three biological replicates. Different
letters indicate significant differences by
one-way ANOVA (P<0.05).
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of SA in WRKY55-IOE and mutant lines and in the corresponding
control lines. The results showed that the free SA contents in the two
wrky55 mutants were significantly lower than those of WT control
(Fig. 7B). By contrast, the free SA contents in the leaves of
WRKY55-IOE#13 andWRKY55-IOE#35 lines were 7- and 2.8-fold
higher than that of the GUS-IOE line, respectively (Fig. 7B). These
data suggest that, besides inducing ROS accumulation, WRKY55
positively regulates SA accumulation.
Considering that ROS and SA contents are stimulated upon

infection by many pathogens and that reduced ROS and SA levels
increase susceptibility to bacterial pathogens (O’Brien et al., 2012;
Zhang and Li, 2019), we performed a bacterial growth assay against
pathogenic bacteria P. syringae pv. tomato DC3000 (Pst DC3000).
Upon inoculation with Pst DC3000 for 3 days, in the infiltrated
rosette leaves of mature plants, less bacterial growth was observed in
WRKY55-IOE plants compared with the transgenic GUS control,

after induction by BE, whereas no significant difference was
observed among the three lines at 0 dpi (Fig. 7C). By contrast, more
bacterial growth was observed in wrky55-1 and wrky55-2 mutants
compared with the WT control at 3 dpi, and no difference was
observed at 0 dpi (Fig. 7D). Collectively, these data indicate that
WRKY55 positively regulates resistance to Pst DC3000.

WRKY55 binds directly to the promoters of target genes
via W-box
We also surveyed the promoters of RbohD, ICS1, PBS3 and SAG13
and identified the presence of five, four, five and one W-box
[TTGAC(C/T)], respectively (Fig. 8; Fig. S7). To determine the
binding, we purified WRKY55 protein fused to the glutathione
S-transferase (GST) tag from Escherichia coli and used a biotin
labeling method to label the probes, which were used for
electrophoretic mobility shift assay (EMSA). First, we tested the

Fig. 8. Electrophoretic mobility shift assay ofWRKY55 binding to different fragments of target genes. Binding of GST-WRKY55 to different fragments with
or without the W-box element in promoters (including the 5′ UTR) RbohD (A), ICS1 (B), PBS3 (C) and SAG13 (D) was tested. In the upper part of each panel is a
schematic diagram of the promoter and W-box elements (shown by vertical lines). Arrows denote the transcription start site (TSS). ATG is the translational
initiation codon. Gray rectangles indicate the 5′ UTR. P1 to P4 or P5 represent the fragments labeled with biotin and used as probes. GST protein was used as a
negative control. A few fragments that harbor only W-box-like elements were also tested in parallel. Black triangles indicate increasing amounts of competitive
probes. −, absence; +, presence. The arrows at the upper and lower parts of the membrane show DNA-protein complexes (shift) and free probes, respectively.
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binding of WRKY55 to quadruple tandem repeats of W-box and
mutated sequences, in which a single mutation was made. The
results confirmed that the GST-WRKY55 fusion protein bound to
theWTW-box probe and caused a clear shift, but not to the mutated
W-box (mW-box) probe, in which TTGAC(C/T) was mutated to
TTGAA(C/T) (Fig. S8). By contrast, GST alone failed to bind to
eitherWTor mutatedW-box element (Fig. S8). Second, the binding
of GST-WRKY55 toW-box-containing fragments in the individual
promoters was tested. The results showed that WRKY55 bound
obviously to the P2, P3 and P5 probes (Fig. 8A), but no significant
binding to P1 or P4 fragments was detected (Fig. S9). As expected,
the GST protein was not able to bind to any of the five fragments
(Fig. S9). A competitive binding assay with excessive cold probes
indicated that binding of WRKY55 to the labeled P2, P3 and P5
fragments was inhibited by an excess of unlabeled probes (Fig. 8A).
With respect to ICS1 promoter, an initial screening of binding
showed that WRKY55 bound to P3 probe among the four probes
examined (Fig. S10), and this binding could be competed with by
excessive cold probes (Fig. 8B). For PBS3 promoter, an initial
screening of binding showed that WRKY55 bound to P1, P2 and P4
probes, but not to the P3 probe (Fig. S11), and the binding was
successfully competed for by excessive cold probes (Fig. 8C;
Fig. S12). Finally, WRKY55 bound to the W-box-containing P4
segment of the SAG13 promoter, but not to P1-P3 segments, which

contain only W-box-like elements (Fig. 8D). Moreover, an
excessive amount of unlabeled competitive probes of P4
effectively competed with the binding (Fig. 8D).

We next used chromatin immunoprecipitation (ChIP) to test the
binding of WRKY55 to its target gene promoters in vivo. For this
assay, inducible WRKY55-HA seedlings were used, with the
inducible GUS-HA line as the control. Chromatins were pulled
down through an anti-HA antibody, with abundance compared
between these two different transgenic lines. Primers for each of the
putative binding sites were designed to flank promoter regions that
contain W-box elements (Fig. 9A). The results revealed that
WRKY55 significantly enriched the fragments containing F1 and
F2 ofProRbohD (Fig. 9B), F2 and F3 ofProICS1 (Fig. 9C), F1-F3 of
ProPBS3 (Fig. 9D) and F1 of ProSAG13 (Fig. 9E), whereas
WRKY55 did not show any enrichment of individual controls of
these genes. Theminor difference between in vitroEMSA and in vivo
ChIP-qPCR might be caused by the two experimental systems.
Overall, these assays indicated that WRKY55 can bind directly to the
promoters ofRbohD, ICS1,PBS3 and SAG13 via theW-box element.

Mutation of ICS1 partly suppresses the early leaf
senescence phenotype of WRKY55-overexpressing plants
Given that the above data indicate that two key genes implicated in
SA synthesis are targets of WRKY55, we decided to examine the

Fig. 9. ChIP-qPCR assay to confirm the
binding of WRKY55 to its target gene
promoters. (A) Schematic diagrams of
W-box elements and primer location in
promoter regions of RbohD, ICS1, PBS3
and SAG13 genes, with control primers
indicated by Ctrl. TSS, transcription start
site. ATG represents the translational
initiation codon. Gray andwhite rectangles
represent the 5′ UTR and coding regions,
respectively. The lines below W-boxes
(indicated with vertical lines) and Ctrl
indicate the sequences detected in
ChIP-qPCR assay. (B-E) Association of
WRKY55 with its targets by ChIP-qPCR
assay. Chromatin was prepared from
14-day-old WRKY55-IOE or GUS-IOE
(control) plants, using anti-HA antibody,
followed by detection by qPCR.
Enrichment of specific fragments is
expressed as a percentage of input.
Data are mean±s.e.m. of three biological
replicates. Statistical analysis was
performed with Student’s t-test (two-
tailed, *P<0.05, **P<0.01).
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genetic relationship. As a crucial enzyme involved in SA synthesis
(Wildermuth et al., 2001), ICS1 (also called SID2) was selected,
because it has been used as the background for genetic analyses in
previous studies (Chen et al., 2009; Guo et al., 2017). We therefore
crossedWRKY55-IOE#13with the sid2-2mutant to generateWRKY55-
IOE#13/sid2-2 plants. In normal long-day growth conditions,
WRKY55-IOE#13/sid2-2 plants showed a delayed senescence
phenotype compared with WRKY55-IOE#13 plants after induction by
BE (Fig. 10A).Accordingly, a higher content of chlorophyll and lower
relative conductivity also indicated the delayed senescence phenotype
in WRKY55-IOE#13/sid2-2 plants (Fig. 10B,C). Collectively, these
data suggest that ICS1 is epistatic to WRKY55.

DISCUSSION
Leaf senescence is the last stage of leaf development and is
characterized by loss of chlorophylls and massive programmed cell
death (Woo et al., 2019). Leaf senescence is important for fitness in
adverse conditions, because it enables relocation of essential
nutrients from aging leaves to developing tissues and sink (Woo
et al., 2013). Leaf senescence is also a type of developmentally
programmed cell death, which is, to some extent, similar to
hypersensitive response-like cell death in the defense response
(Daneva et al., 2016). Previous research has demonstrated that leaf
senescence is regulated not only by endogenous signals, such as age
and hormones, but also by many environmental stressors (Lim et al.,
2007; Woo et al., 2019). Some SAGs that are upregulated during
senescence have been identified, and the encoded proteins are
diverse (Gan and Amasino, 1997; Guo et al., 2004). For instance,
AtSAG12 encodes a cysteine protease involved in nitrogen
mobilization during senescence (James et al., 2018); AtSAG13
encodes a short-chain alcohol dehydrogenase (Weaver et al., 1998);
AtSAG29 encodes a sugar transporter belonging to the SWEET
family (Seo et al., 2011); and AtSAG113 encodes a protein
phosphatase type 2C family member specifically suppressing
stomatal closure (Zhang et al., 2012). Besides, many upstream
regulators regulating diverse SAGs and/or other functional genes
have also been identified through loss-of-function and/or gain-of-
function studies in model plants, such as Arabidopsis and rice (Lim
et al., 2007; Woo et al., 2013, 2019). Among these upstream
regulators, TFs are interesting candidates because they could affect
the expression of an array of genes, including SAGs, and thus act as
inducers or brakes of the senescing transcriptome. It should be noted
that leaf senescence at the late stage of development is irreversible,
which means that a regulator can accelerate or delay the progression
of leaf senescence but ultimately cannot prevent it from happening.
Members of theWRKYand NAC families are prominent among the
reported transcriptional regulators of leaf senescence, which include
both positive and negative regulators. For example, WRKY6 and
WRKY53 regulate leaf senescence positively through different sets
of targets (Miao et al., 2004; Robatzek and Somssich, 2001).
WRKY45 directly binds the promoters of several SAGs, such as
SAG12, SAG13, SAG113 and SEN4, to regulate age-triggered leaf
senescence positively (Chen et al., 2017). WRKY57 directly
represses the expression of SEN4 and SAG12 in JA-induced leaf
senescence (Jiang et al., 2014). WRKY75 positively regulates leaf
senescence by enhancing SA synthesis and repressing ROS
degradation (Guo et al., 2017). By contrast, WRKY54 and
WRKY70 cooperate as negative regulators during leaf senescence
(Besseau et al., 2012). However, the exact target genes of some of
these WRKY TFs are not yet clear. Besides, this evidence indicates
thatWRKYTFs could act to shorten or extend the lifespan of plants,
depending on their target genes. Moreover, although genes of the

WRKY family constitute the second largest group among all TF
families in previous senescence transcriptome investigations (Guo
et al., 2004; Woo et al., 2016), the functions and mechanisms of the
majority of WRKY family members induced during the progress of
leaf senescence remain elusive.

Fig. 10. Knockout mutation of SID2 partly suppresses the early
senescence phenotype of WRKY55-overexpressing plants. (A) Leaf
senescence phenotype of 42-day-oldGUS-IOE,WRKY55-IOE#13,WRKY55-
IOE#13/sid2-2 and sid2-2 plants. (B,C) Measurements of chlorophyll contents
(B) and relative conductivity (C) in the fifth to eighth rosette leaves. Data are
mean±s.e.m. of three to four independent biological replicates. Identical and
different letters represent nonsignificant and significant differences (P<0.05,
one-way ANOVA).
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In the present study, we showed that WRKY55 positively
regulates age-dependent leaf senescence and bacterial pathogen
resistance through both ROS and SA pathways. Our research
showed that WRKY55 expression is highly induced in senescent
leaves compared with young and mature leaves (Fig. 1), suggesting
that WRKY55 acts as an SAG. To examine the function of
WRKY55, phenotypes of relevant transgenic lines were investigated.
Loss-of-function wrky55 mutants show delayed leaf senescence,
whereas both constitutive and inducible WRKY55-overexpressing
plants accelerated leaf senescence compared with respective control
plants (Figs 2-4). These data support that WRKY55 plays a central
role in controlling leaf senescence. By using a transgenic line in
which WRKY55 expression is induced with BE, we revealed many
different genes that are upregulated by WRKY55 via an RNA-seq
analysis (Fig. 5). Notably, a portion of the upregulated genes were
previously identified to be induced during leaf senescence (Breeze
et al., 2011; Buchanan-Wollaston et al., 2005; Guo et al., 2004;Woo
et al., 2016). A transcriptional activation assay indicates that
WRKY55 can regulate the expression of RbohD, ICS1, PBS3 and
SAG13 (Fig. 6), and these four genes also exhibit opposite
expression patterns in wrky55 mutant plants (Fig. 7A). A few
other interesting genes were excluded from further analysis because
they failed to show opposite expression profiles, suggesting that
other WRKY TFs (e.g. the close paralog, WRKY46; Fig. S1) might
also regulate these genes and that they (WRKY55 and WRKY46)
might be functionally redundant. Consistent with the changes in
expression of several Rboh genes and ICS1 and PBS3, the levels of
H2O2 and free SA are decreased in mutants of wrky55 and increased
in WRKY55-overexpressing plants (Figs 2D, 3E, 4C and 7B).
It is well known that ROS (especially H2O2) and SA are signaling

molecules that play important roles in many processes, such as stress
responses and senescence (Baxter et al., 2014; Rivas-San Vicente
and Plasencia, 2011). The extracellular ROS generated by plasma
membrane-localized Rbohs can act as antimicrobials, cross-linkers
of the cell wall to block pathogen invasion, or local and systemic
secondary messengers to trigger relevant immune responses
(Suzuki et al., 2011). In Arabidopsis, it is reported that the
NADPH oxidase responsible for the pathogen-associated molecular
patterns (PAMP)-induced ROS burst is RbohD (Nühse et al., 2007).
SA, as a phytohormone, plays a crucial role in resistance against
biotrophic pathogens (Vlot et al., 2009). An early study showed that
SA levels increase ∼4-fold at the mid-senescent stage in
Arabidopsis, and expression of several SAGs, such as SAG12, are
considerably reduced in SA-deficient NahG transgenic Arabidopsis
plants (Morris et al., 2000). Moreover, another gene expression
analysis in Arabidopsis senescent leaves indicated that ∼20% of the
upregulated genes during senescence show ≥2-fold reduced
expression in SA-deficient NahG transgenic plants (Buchanan-
Wollaston et al., 2005). However, how ROS and SA signals are
integrated to determine the onset and progression of senescence and
defense activation remains to be unraveled. More recently,
ANAC017, ANAC082 and ANAC090 were reported to constitute
a troika that negatively regulates leaf senescence at presenescent
stages by inhibiting ROS and SA pathways (Kim et al., 2018).
Nevertheless, these three NAC TFs were identified to regulate the
expression of mostly signaling genes and other TF genes involved in
ROS and SA responses (Kim et al., 2018), suggesting the existence
of other TFs positively modulating the levels of ROS and SA.
In this study, we identified that WRKY55 can positively regulate

the transcription of genes responsible for the biosynthesis of both
ROS and SA, which positively control the progression of leaf
senescence and defense against a bacterial pathogen. In this

meaning, two different processes are under the control of ROS
and SA at the same time, in which WRKY55 acts as a master
regulator. Accordingly, wrky55 plants show enhanced
susceptibility, whereas WRKY55-overexpressing plants exhibit
increased resistance to a virulent strain of the bacterial pathogen
PstDC3000 as measured in bacterial growth compared with control
plants (Fig. 7C,D). Furthermore, through in vitro EMSA and in vivo
ChIP-qPCR assays, we identified that it is theW-box elements in the
promoters of RbohD, ICS1, PBS3 and SAG13 that mediate their
induction by WRKY55 (Figs 8 and 9). A genetic analysis also
demonstrated that mutation in ICS1 can partly rescue the early
senescence phenotype ofWRKY55-overexpressing plants (Fig. 10).
Compared with WRKY53, which is a well-characterized regulator
of senescence in Arabidopsis and a convergence node of the SA and
JA signaling pathways (Miao et al., 2004; Miao and Zentgraf,
2007), WRKY55 seems different in that it also regulates ROS
biogenesis. Concerning the regulatory mechanism, WRKY55 is
also different from other reported positive regulators of leaf
senescence, including WRKY6, WRKY45, WRKY75 (Chen
et al., 2017; Guo et al., 2017; Robatzek and Somssich, 2001,
2002; Zhang et al., 2017) and several members of the NAC family
(Kim et al., 2016). Therefore, we conclude that WRKY55 offers a
good candidate for us to investigate the underlying mechanisms
implicated in leaf senescence and pathogen resistance. This
knowledge will be instrumental for us to design a better strategy
of breeding crops with an optimal growth rate and effective
immunity against pathogens.

In summary, this study shows that Arabidopsis WRKY55 acts a
transcriptional activator and positively regulates leaf senescence and
resistance against a bacterial pathogen, Pst DC3000. We propose a
working model to explain the role of WRKY55 in age-triggered leaf
senescence and the defense response (Fig. 11). Taken together, our
work has clearly identified WRKY55 as a new WRKY TF for a
complex regulatory network functioning in both leaf senescence
and the defense response. In the future, it will be interesting to
identify the upstream signaling pathways that control the expression
and/or the activity of WRKY55 in addition to the interconnectivity
of the downstream regulatory network.

Fig. 11. Aworkingmodel ofWRKY55 in regulation of leaf senescence and
pathogen resistance. Endogenous and exogenous signals can induce the
expression of WRKY55. WRKY55 binds directly to the promoters of SAG13,
RbohD, ICS1 and PBS3 genes via W-box elements and induces their
transcription. As a result, ROS and SA accumulate, which triggers leaf
senescence and resistance to the bacterial pathogen Pst DC3000. Arrows
indicate positive regulations.
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MATERIALS AND METHODS
Plant materials and growth conditions
Arabidopsis thaliana (ecotype Col-0) and N. benthamiana seeds were used
in this study. Mutants seeds were obtained from NASC (Nottingham, UK).
The sid2-2 mutant was described previously (Dewdney et al., 2000). Seeds
were surface sterilized and sown on half-strengthMSmedium supplemented
with 0.8% Phytoblend (Caisson Labs). After being stratified at 4°C for
2 days, seed plates were placed in a growth chamber for germination. Seven-
day-old seedlings were transferred into soil mix. The growth conditions
were 22°C, with a photoperiod of 14 h light/10 h dark, a light intensity of
∼120 μE m−2 s−1 and a relative humidity of 60-70%. The T-DNA insertion
mutants were screened and confirmed through PCR and RT-PCR. Flanking
sequences of T-DNA mutants generated by LBb1.3 and RP primers were
cloned into pJET1.2 vector (Fermentas, USA) and sequenced.

RT-PCR and qRT-PCR
Fourteen-day-old Arabidopsis seedlings were used for total RNA extraction
using a Plant RNA kit (Omega Bio-tek, USA). The RNA was treated with
DNaseI included in the DNA-free kit (Fermentas) before being used in RT.
First-strand complementary DNA synthesis and high-fidelity PCR
amplification using PrimeSTAR HS DNA polymerase (TaKaRa, Japan)
were performed as previously described (Liang et al., 2013). The primers
used are listed in Table S1. The PCR products were purified and cloned into
destination vectors before being sequenced.

For expression analysis during leaf development, rosette leaves of soil-
grown WT plants were harvested on different days post-stratification,
namely 21 (young leaves), 28 (mature leaves), 35 (early senescent leaves)
and 42 dps (late senescent leaves), for a total of three biological replicates.
The tip, middle and base sections of 42-day-old rosette leaves were also
separated and stored at−80°C before use. For qRT-PCR analysis, total RNA
was extracted as described previously. Total RNA (2.5-5 μg) was reverse
transcribed in a 20 μl reaction mixture using oligo(dT)18 and RNase H−

MMLV (TaKaRa). The resultant complementary DNA was diluted and
subjected to relative quantitative PCR using the SYBR Green I premix
(CWbio) on a CFX96 thermocycler (Bio-Rad). As internal controls, the
UBQ10 and UBC21 transcripts were used to normalize expression levels of
target genes in each sample (Jiang and Deyholos, 2009). Three biological
replicates were conducted. The primers used are listed in Table S1.

Transcriptional activity assay in yeasts
The coding region of WRKY55 was cloned into the pGBKT7 (BD) vector
(Clontech Laboratories), using the primers listed in Table S1. The assay in
yeast was performed as described previously (Wang et al., 2015).

Dual luciferase reporter assay
The coding region of WRKY55 was subcloned into the pYJHA plasmid,
which was modified from pCsGFPBT. Reporter plasmid 5xW-box::LUC
contains tandem repeats of the W-box element and the minimal TATA
region of the 35S promoter of CaMV, which are located upstream of the
fLUC gene in the pGreenII0800-LUC vector (Hellens et al., 2005).
Individual promoters [including the 5′ untranslated region (UTR)] of genes
of interest were cloned by PCR using PrimeSTARHSDNA polymerase and
genomic DNA of Col-0 as the template. After restriction, promoters were
cloned to pGreenII0800-LUC before being confirmed by sequencing. The
internal control was Renilla luciferase (rLUC) driven by the 35S promoter.
The control plasmid was a binary vector pYJHA-GFP, in which expression
of the GFP gene was controlled by the CaMV35S promoter. All plasmids
were introduced into Agrobacterium tumefaciens strain GV3101 (pSoup)
individually through a freeze-thaw method, and agrobacterial cultures
transformed with the effector and reporter plasmid (9:1, v/v) were co-
infiltrated into the lower epidermal side of 30-day-old N. benthamiana
leaves. At 2 and 3 dpi, leaf disks with a diameter of 1 cm were harvested,
ground in liquid nitrogen and extracted in 300 μl of lysis buffer, with the
supernatant being used to assay LUC and REN activity with the dual
luciferase assay kit according to the manufacturer’s instructions (Promega)
on a GloMax 20-20 luminometer (Promega). The ratio of fLUC to rLUC
was calculated, and three biological replicates were assayed.

Subcellular localization
To examine the localization of WRKY55 in planta, the coding region was
fused upstream of GFP in the pYJGFP vector. Transformed Agrobacterium
tumefaciens GV3101 (pMP90) culture was resuspended in infiltration
medium before infiltration into 30-day-old leaves of N. benthamiana (Liang
et al., 2013). Two days later, leaf disks were observed for GFP signals under
a confocal microscope (FV1000MPE; Olympus).

Constitutive and inducible overexpression
For the construction of plants with estradiol-responsive transgene
expression (XVE), the open reading frames of WRKY55 and GUS were
subcloned into the binary vector pER8-3xHA, modified from pER8 (Zuo
et al., 2000). For constitutive overexpression, the coding region ofWRKY55
and GFP was subcloned into the pYJHA vector. After verification by
sequencing, the constructs were transformed into Agrobacterium
tumefaciens strain GV3101 (pMP90), which was then used for the
transformation of WT Col-0 plants by the floral dip method (Clough and
Bent, 1998). Transgenic plants were selected with the use of 25 mg l−1

hygromycin B (Roche). Expression levels of genes were analyzed through
qRT-PCR. Seeds of homozygous T3 generation plus control genotypes
grown at the same time in identical conditions were used for phenotypic
assay. The expression ofWRKY55 andGUSwas induced using 5-10 μMBE
(Sigma) for a designated duration.

Leaf senescence assays
For any phenotypic assay, seeds were harvested from plants of different
genotypes (including WT and other controls) that were grown at the same
time in long-day growth conditions. Leaves of plants with different
genotypes grown in soil mix in the same conditions at the same time were
used for the leaf senescence assay or sampled for physiological
measurements. Electrolyte leakage was measured according to Sun et al.
(2014). The distribution of H2O2 was detected by DAB staining according
to the previously described protocol (Sun et al., 2014). Total chlorophyll
was extracted in absolute ethanol in the dark at 4°C. Relative chlorophyll
levels were determined by fluorescence using a spectrometer (Thermo
Scientific). H2O2 was quantified as described previously (Rehmani et al.,
2019).

RNA-seq analysis
Plants ofWRKY55-IOE#13 andGUS-IOE were grown in normal conditions at
22°C for 14 days. After induction with BE (10 μM) for 2 days, samples were
harvested, flash frozen in liquid nitrogen and stored at−80°C. Samples of three
biological replicates were prepared. RNA-seqwas performed byCapitalBio. In
brief, RNA was extracted using a plant RNA kit (Tiangen) and, after
purification, sequencing libraries were constructed usingNEBNextUltra RNA
Library Prep Kit for Illumina (#E7530L; NEB) following the manufacturer’s
manual. After cluster generation, the libraries were sequenced on an Illumina
HiSeq 2000 platform. Raw data were processed with Perl scripts to ensure the
quality for follow-up analyses. A filtering criterion was applied to remove
adapter-polluted reads, reads containing more than five adapter-polluted bases
and low-quality reads. The clean data obtained were subjected to statistical
analyses. The high-quality readswere thenmapped to theArabidopsis thaliana
reference genome sequence (TAIR10) with the program TopHat (v.2.0.12).
DESeq (v.1.16) was used to identify the DEGs via a model based on the
negative binomial distribution. A P-value was assigned to each gene and
adjusted to control the false-discovery rate. The GO (http://geneontology.org/)
enrichment analysis of DEGs was performed by the hypergeometric test, in
which the P-value is calculated and adjusted to a q-value. GO terms with
q<0.05were considered to be significantly enriched. The IntegrativeGenomics
Viewer (http://software.broadinstitute.org/software/igv) was used to visualize
the reads for selected genes.

Electrophoretic mobility shift assay
For expression inE. coli, the coding sequence ofWRKY55was subcloned into
the pGEX 4T-1 vector and transferred into the E. coli strain Rosetta (DE3)
(Novagen). The expression of GST-WRKY55 or GST (from the empty
vector) was induced by 0.1 mM isopropyl-β-D-1-thiogalactopyranoside
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(IPTG) at 20°C for 12 h. The recombinant proteins were purified with GST-
bind resin (Novagen) according to the manufacturer’s instructions. Probes
were generated by high-fidelity Pfu DNA polymerase (Bioer)-mediated PCR
or annealing of short oligos, which were labeled with biotin at the 3′ end using
the Biotin 3′End DNA Labeling Kit (Pierce). EMSAwas performed with the
Light Shift Chemiluminescent EMSA Kit (Pierce). Relevant primers are
listed in Table S1. Unlabeled competitors were added in 5- to 200-fold molar
excess. Images were captured on a ChemDoc system (Bio-Rad).

ChIP-qPCR
ChIP was performed as described previously (Saleh et al., 2008). Briefly,
pER8HA-GUS and pER8HA-WRKY55 transgenic seeds were sterilized and
grown on solid half-strength MS medium for 10 days before being treated
with 10 μM BE for 2 days. Harvested seedlings (3-4 g) were fixed in 1%
formaldehyde for 15 min and neutralized with 0.125 M glycine for an
additional 5 min. After washing twice with sterilized water, tissues were
ground in liquid nitrogen. Chromatin DNAwas then isolated and sonicated.
Sonicated chromatin supernatant was diluted, and 20 μl of protein A-agarose
bead (Upstate) was added for preclearing at 4°C for 1 h. Twenty microliters
of anti-HA antibody (Cat# H6908, Lot# 077M4854V; Sigma) was added
before incubation at 4°C for 14-16 h. The salmon sperm DNA/
protein A-agarose beads were added and gently rotated at 4°C for 4 h.
After washing with low-salt and high-salt wash buffers and Tris-EDTA
buffer, the DNA was eluted and subjected to reverse cross-linking. Eluates
were treated with proteinase K (Sigma) for 3 h at 37°C to remove proteins,
with DNA being extracted by a phenol/chloroform approach and
precipitated with the aid of glycogen (Fermentas). The purified DNA was
resuspended in sterile water. The enrichment of DNA fragments was
determined by qPCR using primers listed in Table S1. Gene-specific
primers annealing to regions located ≥1 kb downstream of the translational
start sitewere used as controls. The final results are presented as a percentage
of the input DNA. A total of four biological replicates were prepared and
analyzed.

SA measurement
The rosette leaves (∼150 mg) of mutants and WT were harvested from 30-
day-old soil-grown plants. For inducible overexpression lines, plants were
sprayed with 10 μM BE for 5 days before being sampled. Three or four
biological replicates were prepared for each genotype. Samples were flash-
frozen in liquid nitrogen, with SA contents being quantified as described
previously (Wu et al., 2007). In brief, 1 ml ethyl acetate containing 200 ng
2H4-SA (used as an internal standard for SA) was added to each sample.
Samples were then homogenized using a homogenizer. Next, the
homogenized samples were centrifuged at 16,100 g for 10 min at 4°C and
the supernatants transferred to 2 ml tubes. The precipitate was extracted with
0.5 ml ethyl acetate again, and the supernatants were combined and
evaporated to dryness using a vacuum concentrator. The residue of each
sample was resuspended in 0.5 ml of 70% methanol (v/v), centrifuged at
16,100 g for 15 min, and the supernatants were transferred into glass vials and
used for detection on an ultra-performance liquid chromatography system
with a Shim-pack XR-ODS (2.0 mm inner diameter ×75 mm long, 1.6 μm
particle diameter) column coupled to a triple quadrupole mass spectrometer
(LC-MS8040; Shimadzu, Japan) with an electrospray source (ESI).

Bacterial pathogen inoculation assay
Mature rosette leaves of 1-month-old plants of different genotypes were
used for Pst DC3000 strain inoculations using a 1 ml needleless syringe as
described by Katagiri et al. (2002). Infiltrated leaves were harvested at 0
(immediately after infiltration) and 3 dpi and homogenized in 10 mM
MgCl2. Tenfold serial dilutions of leaf extracts were performed, dropped on
King’s B medium supplemented with 25 mg/l rifampicin and incubated at
28°C for 2 days before the colony forming units (cfu) per square centimeter
were determined. Three biological replicates were prepared.

Statistical analysis
All experiments were repeated at least three times (three biological replicates).
All data were analyzed statistically using Excel 2003 or SPSS v.16.0.
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