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Camalexin is a major phytoalexin that plays a crucial role in disease resistance in Arabidopsis (Arabidopsis thaliana). We
previously characterized the regulation of camalexin biosynthesis by the mitogen-activated protein kinases MPK3 and MPK6
and their downstream transcription factor WRKY33. Here, we report that the pathogen-responsive CALCIUM-DEPENDENT
PROTEIN KINASES (CPK5) and CPK®6 also regulate camalexin biosynthesis in Arabidopsis. Chemically induced expression of
constitutively active CPK5 or CPKG6 variants was sufficient to induce camalexin biosynthesis in transgenic Arabidopsis plants.
Consistently, the simultaneous mutation of CPK5 and CPK6 compromised camalexin production in Arabidopsis induced by
the fungal pathogen Botrytis cinerea. Moreover, we identified that WRKY33 functions downstream of CPK5/CPK®6 to activate
camalexin biosynthetic genes, thereby inducing camalexin biosynthesis. CPK5 and CPK6 interact with WRKY33 and
phosphorylate its Thr-229 residue, leading to an increase in the DNA binding ability of WRKY33. By contrast, the MPK3/MPK6-
mediated phosphorylation of WRKY33 on its N-terminal Ser residues enhances the transactivation activity of WRKY33.
Furthermore, both gain- and loss-of-function genetic analyses demonstrated the cooperative regulation of camalexin
biosynthesis by CPK5/CPK6 and MPK3/MPK6. Taken together, these findings indicate that WRKY33 functions as
a convergent substrate of CPK5/CPK6 and MPK3/MPK6, which cooperatively regulate camalexin biosynthesis via the
differential phospho-regulation of WRKY33 activity.

INTRODUCTION (Meng and Zhang, 2013; Seybold et al., 2014; Cui et al., 2015; Qi
et al., 2017).

Calcium-dependent protein kinases (CDPKs) perceive the rapid
Ca?* influx triggered after pathogen perception. CDPKs, together
with MAPKSs, play pivotal roles in regulating plant defense re-
sponses through the phosphorylation of downstream substrate
proteins (Boudsocq and Sheen, 2013; Meng and Zhang, 2013;
Romeis and Herde, 2014; Seybold et al., 2014; Bigeard et al.,
2015). Much progress has been made in understanding how
MAPK signaling functions in plant immune responses, whereas
the roles of CDPKs in plant immunity are less well characterized.
Arabidopsis (Arabidopsis thaliana) contains 34 putative genes
encoding CDPKs, several of which were shown to be activated
upon plant perception of PAMPs or pathogen effectors (Boudsocq
etal., 2010; Boudsocq and Sheen, 2013; Dubiella et al., 2013; Gao
et al., 2013). Independent studies have demonstrated that CPK5

Plants have developed a multilayer surveillance system to rec-
ognize invading pathogens. Plant perception of pathogen-
associated molecular patterns (PAMPs) and pathogen-derived
effectors triggers several early signaling events, including the
influx of calcium ions (Ca2*), activation of mitogen-activated
protein kinases (MAPKSs), and induction of reactive oxygen spe-
cies (ROS) and ethylene production (Jones and Dangl, 2006;
Bigeard et al., 2015; Cui et al., 2015; Couto and Zipfel, 2016; Tang
et al., 2017; Peng et al., 2018). These early events are involved in
signaling the late-stage defense responses, including defense
gene activation, phytoalexin production, cell wall strengthening,
and the hypersensitive response, to confer disease resistance
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and CPK1/CPK2/CPK4/CPK11 are all involved in phosphorylat-
ing the respiratory burst oxidase homolog D (RBOHD) to promote
ROS production (Boudsocq et al., 2010; Dubiella et al., 2013;
Gao et al., 2013). Functional genomics analysis has identified
CPK4, CPK5, CPK6, and CPK11 as overlapping regulators of


https://orcid.org/0000-0001-9723-7984
https://orcid.org/0000-0002-3846-0075
https://orcid.org/0000-0002-3128-2341
https://orcid.org/0000-0002-4694-3819
https://orcid.org/0000-0001-6043-4132
https://orcid.org/0000-0001-8063-6946
https://orcid.org/0000-0003-2959-6461
https://orcid.org/0000-0002-1564-6934
http://orcid.org/0000-0001-9723-7984
http://orcid.org/0000-0002-3846-0075
http://orcid.org/0000-0002-3128-2341
http://orcid.org/0000-0002-4694-3819
http://orcid.org/0000-0001-6043-4132
http://orcid.org/0000-0001-8063-6946
http://orcid.org/0000-0003-2959-6461
http://orcid.org/0000-0002-1564-6934
http://crossmark.crossref.org/dialog/?doi=10.1105/tpc.19.00971&domain=pdf&date_stamp=2020-07-24
mailto:xzmeng@shnu.edu.cn
http://www.plantcell.org
mailto:xzmeng@shnu.edu.cn
http://www.plantcell.org/cgi/doi/10.1105/tpc.19.00971
http://www.plantcell.org

2622 The Plant Cell

transcriptional reprogramming triggered by bacterial PAMPs or
effectors (Boudsocq et al., 2010; Gao et al., 2013). In addition,
CPKS5 and CPK® are also involved in pathogen-induced ethylene
production and hypersensitive cell death (Dubiella et al., 2013;
Gravino et al., 2015; Liu et al., 2017). However, how these
pathogen-responsive CDPKs regulate downstream defense re-
sponses remains largely unclear. In addition, the crosstalk be-
tween CDPKs and MAPKSs has been implicated in plant immune
responses (Ludwig et al., 2005; Boudsocq et al., 2010), but the
underlying mechanisms are currently unknown.

Phytoalexins are low-molecular-weight antimicrobial com-
pounds produced by plants after exposure to pathogens, which
play crucial rolesin plant disease resistance (Piaseckaet al., 2015).
Camalexin (3-thiazol-2'-yl-indole), a major phytoalexin in Arabi-
dopsis, accumulates to high levels in response to a variety of
pathogens (Tsujietal., 1992; Thommaet al., 1999; Bednarek et al.,
2009; Schlaeppi et al., 2010; Stotz etal., 2011; Hirumaet al., 2013)
and is then exported to the extracellular space by the transporters
PLEIOTROPIC DRUG RESISTANCE12 (PDR12) and PENETRA-
TION3 (PEN3)/PDR8 to defend against pathogens (He et al., 2019).
Arabidopsis mutants defective in camalexin biosynthesis exhibit
enhanced susceptibility to a number of fungal and oomycetic
pathogens, highlighting the importance of camalexin in plant
resistance to these pathogens (Glazebrook and Ausubel, 1994;
Thommaetal., 1999; Bednarek et al., 2009; Schlaeppi et al., 2010;
Stotz et al., 2011; Hiruma et al., 2013).

Camalexin is an indolic compound derived from Trp metabo-
lism. The first step in camalexin biosynthesis in Arabidopsis is
catalyzed by two homologous cytochrome P450 enzymes,
CYP79B2 and CYP79B3, which convert Trp into indole-3-ace-
taldoxime (IAOx; Zhao et al., 2002). From IAOX, several branches
of indolic metabolism diverge, leading to the formation of ca-
malexin, indole glucosinolates, auxin (indole-3-acetic acid), and
several other indolics (Zhao et al., 2002; Nafisi et al., 2007;
Senderby et al., 2010). In the camalexin biosynthetic pathway,
IAOx is later converted to indole-3-acetonitrile (IAN) by the P450
enzyme CYP71A13 (Nafisi et al., 2007). Thereafter, IAN is con-
jugated with glutathione by glutathione S-transferases to form
GSH(IAN) (Su et al., 2011), which is further processed by
v-glutamyl peptidases to generate Cys(IAN) (Geu-Flores et al.,
2011). Finally, camalexin is synthesized from Cys(IAN) via a two-
step reaction catalyzed by the P450 enzyme CYP71B15/PAD3
(Zhou et al., 1999; Schuhegger et al., 2006; Béttcher et al., 2009).

In Arabidopsis, camalexin biosynthetic genes, including CYP79B2,
CYP71A13, and PADS3, are expressed at very low levels in the
absence of environmental stress and are highly induced by
pathogen infection to activate camalexin biosynthesis (Schuhegger
et al., 2006; Nafisi et al., 2007). The involvement of the transcription
factor WRKY33 in regulating camalexin biosynthesis has been
well characterized (Qiu et al., 2008; Mao et al., 2011). The in-
duction of camalexin biosynthesis is largely blocked in wrky33
mutants after infection by the fungal pathogen Botrytis cinerea or
the bacterial pathogen Pseudomonas syringae (Qiu et al., 2008;
Mao et al., 2011). WRKY33 binds to the promoters of CYP71A13
and PADS in vivo, suggesting that WRKY33 directly activates
these camalexin biosynthetic genes (Qiu et al., 2008; Mao et al.,
2011; Birkenbihl et al., 2017). We previously showed that the
pathogen-responsive MAPKs MPK3 and MPKG6 positively

regulate camalexin biosynthesis by phosphorylating WRKY33
(Ren et al., 2008; Mao et al., 2011). However, how MPK3/MPK6-
mediated phosphorylation regulates WRKY33 activity remains
unknown. WRKY33 also regulates camalexin biosynthesis by
interacting with another immune-related MAPK, MPK4 (Qiu et al.,
2008). WRKY33 forms a nuclear complex with MPK4 and its
substrate MKS1. Itis thought that the phosphorylation of MKS1 by
active MPK4 results in the release of WRKY33 from the complex to
activate camalexin biosynthesis (Qiu et al., 2008).

In this study, we report that the Arabidopsis CDPKs CPK5 and
CPKa® positively regulate camalexin biosynthesis in response to B.
cinerea infection. In the absence of pathogen attack, conditional
expression of a constitutively active CPK5 or CPK6 variant in
transgenic Arabidopsis plants is sufficient to trigger the activation
of camalexin biosynthetic genes and therefore the production of
camalexin. Consistently, the induction of camalexin biosynthesis
by B. cinerea is compromised in the cpk5 cpk6 double mutant due
to decreased induction of camalexin biosynthetic genes. More-
over, we demonstrate that WRKY33 functions downstream of
CPK5/CPK® to activate camalexin synthetic genes and therefore
induce camalexin biosynthesis. WRKY33 is further identified as
a substrate of CPK5/CPK6, which phosphorylate the Thr-229
residue of WRKY33 and thus enhance its DNA binding ability.
By contrast, phosphorylation of WRKY33 by MPK3/MPK6 on the
N-terminal Ser residues of WRKY33 increases its transactivation
activity. These results, together with further gain- and loss-of-
function genetic analyses, indicate that the differential phos-
phorylation of WRKY33 by CPK5/CPK6 and MPK3/MPK6 co-
operatively upregulates camalexin biosynthesis in Arabidopsis
upon pathogen infection.

RESULTS

Conditional Expression of a Constitutively Active CPK5
Variant Induces Camalexin Biosynthesis in the Absence of
Pathogen Attack

In plants, host responses to an attempted pathogen infection
include the activation of secondary metabolic reprogramming
(Piasecka et al., 2015). To investigate whether pathogen-
responsive CDPKs regulate the biosynthesis of antimicrobial
metabolites in Arabidopsis, we generated a conditional gain-of-
function transgenic plant (named Est:CPK5CA-HA), in which
a hemagglutinin (HA)-tagged constitutively active CPK5 variant
(CPK5CA) that lacks the C-terminal autoinhibitory and Ca2*
binding domains of CPK5 was expressed under the control of an
estradiol (Est)-inducible promoter (Supplemental Figure 1B). We
then profiled the metabolites secreted into the liquid culture
medium by the Est:CPK5CA-HA transgenic seedlings after
treatment with Est. HPLC analysis with fluorescence detection
revealed an induced metabolite in the seedling culture after Est
treatment (Figures 1A and 1B). This Est-induced metabolite had
the same retention time as the synthetic camalexin standard
(Figures 1B and 1C), suggesting that CPK5CA expression induces
camalexin biosynthesis. Mutation of the camalexin biosynthetic
gene PAD3 in the Est:CPK5CA-HA plant by genetic crossing
blocked the production of the Est-induced metabolite (Figures 1D
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Figure 1. Conditional Activation of CPK5 Induces Camalexin Biosynthesis in Arabidopsis.

(A) to (C) Est-induced expression of CPK5CAin Est:CPK5CA-HA transgenic plants induces camalexin production. Two-week-old Est:CPK5CA-HA seedlings
were treated with 10 M Est (B) or the solvent control (ethanol [Ctrl]; [A]) for 24 hin liquid medium. The metabolites in the medium were analyzed by HPLC with
fluorescence detection. Pure camalexin was used as the reference standard (C). Arrows indicate the peak of camalexin.

(D) and (E) CPK5CA-induced camalexin production is abolished in the pad3-7 mutant background. Two-week-old Est:CPK5CA-HA and Est:CPK5CA-HA/
pad3-1 seedlings were treated with 10 .M Est or solvent control for 24 h, and camalexin production was quantified (D). The expression levels of CPK5CA-HA
were analyzed by immunoblotting (IB) with anti-HA antibody, and total protein loading was assessed by Ponceau S staining (PS; [E]). FW, fresh weight.
(F) to (H) Est-induced CPK5CA expression in Est:CPK5CA-HA seedlings leads to the activation of camalexin biosynthetic genes. Two-week-old Est:CPK5¢A
-HA seedlings were treated with 10 wM Est. Transcript levels of camalexin biosynthetic genes CYP79B2 (F), CYP71A13 (G), and PAD3 (H) at the indicated
time points were analyzed by RT-gPCR.

In (D), (F), (G), and (H), error bars indicate sb (n = 3 biological repeats), small circles represent individual data points, and different letters above the columns

indicate significant differences (P < 0.05), as determined by one-way ANOVA.

and 1E), confirming that the metabolite induced by CPK5C4 in our
HPLC analysis is camalexin. The Est-induced protein levels of
CPK5CA in different transgenic lines were closely correlated with
the levels of camalexin production (Supplemental Figure 1), further
confirming that conditional expression of CPK5%A induces ca-
malexin biosynthesis.

The induction of camalexin biosynthesis in Est:CPK5%A-HA
plants after Est treatment was associated with the activation of
camalexin biosynthetic genes. As shown in Figures 1F to 1H,
the P450 genes involved in pathogen-induced camalexin bio-
synthesis, including CYP79B2, CYP71A13, and PAD3, were
highly activated by the Est-induced expression of CPK5CA, A
luciferase (LUC) reporter-aided analysis of the promoter activities
of CYP79B2, CYP71A13, and PAD3 in Arabidopsis protoplasts
alsorevealed the activation of these camalexin biosynthetic genes
upon coexpression of CPK5¢A (Supplemental Figures 2A to 2C).
Additionally, a previous transcriptional profiling analysis also
showed the CPK5CA-mediated activation of CYP79B2 and
CYP71A13 in Arabidopsis protoplasts (Boudsocq et al., 2010).
Therefore, these results indicate that CPK5CA expression
(i.e., CPK5 activation) induces camalexin biosynthesis through the
transcriptional activation of camalexin biosynthetic genes.

CPK5 and CPK6 Function Redundantly in Regulating B.
cinerea-Induced Camalexin Biosynthesis

To investigate the role of CPK5 in pathogen-induced camalexin
biosynthesis, we examined the induction of camalexin bio-
synthesis in the cpk5-1 knockout mutant after infection by B.
cinerea. We did not observe reduced camalexin production in
cpk5-1 compared with the Arabidopsis wild-type Columbia (Col-
0; Figure 2A). CPK4, CPK5, CPK6, and CPK11 play overlapping
roles in Arabidopsis immunity (Boudsocq et al., 2010; Gao et al.,
2013). To reveal the potential functional redundancy of these
CPKs in regulating camalexin biosynthesis, we isolated the
cpk4-1, cpk6-3, and cpk11-2 knockout mutants and generated
different cpk double, triple, and quadruple mutants. As shown in
Figure 2A, like cpk5-1, the cpk4-1, cpk6-3, and cpk11-2 single
mutants also exhibited normal induction of camalexin bio-
synthesis after B. cinerea infection. Notably, compromised in-
duction of camalexin biosynthesis was observed in the cpk5-1
cpk6-3 but not the cpk4-1 cpk5-1, cpk5-1 cpk11-2, or cpk4-1
cpk11-2 double mutants, indicating that CPK5 and CPK®6, but
not CPK4 or CPK11, function redundantly to positively regulate
B. cinerea-induced camalexin biosynthesis, which is consistent
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Figure 2. CPK5 and CPK6 Redundantly Regulate Camalexin Biosynthesis.

(A) CPK5 and CPK6 play redundant roles in B. cinerea-induced camalexin biosynthesis. Camalexin produced from 2-week-old Col-0 and cpk mutant
seedlings was measured at 24 h postinoculation with B. cinerea spores. Error bars indicate sp (n = 3 biological repeats), small circles representindividual data
points, and different letters above the columns indicate significant differences (P < 0.05), as determined by one-way ANOVA. FW, fresh weight.

(B) Requirement of CPK5 and CPKE6 in B. cinerea-induced expression of camalexin biosynthetic genes. Two-week-old Col-0 and cpk5-1 cpk6-3 seedlings
were inoculated with B. cinerea spores. Transcript levels of CYP71A13 and PADS at the indicated time points were analyzed by RT-gPCR. Asterisks above
the columns indicate significant differences (P < 0.05) compared with Col-0 at specific time points, as determined by Student’s t test. Error bars indicate sp
(n = 3 biological repeats).

(C) to (E) Est-induced expression of CPK6CA in Est: CPK6CA-HA transgenic plants induces camalexin production and activates camalexin biosynthetic gene
expression. Two-week-old Est:CPK6¢A-HA transgenic seedlings were treated with 10 wM Est or the solvent control (Ctrl) for 48 h. The expression of CPK6CA
-HA was analyzed by immunoblotting (IB) with anti-HA antibody, and total protein loading was assessed by Ponceau S staining (PS; [C]). Meanwhile,
camalexin production was quantified (D), and the transcript levels of CYP79B2, CYP71A13, and PAD3 in one Est:CPK6SA-HA line were analyzed by RT-
gPCR (E). Asterisks above the columns indicate significant differences (P < 0.05) compared with the Est-treated Col-0 (D) or the Est: CPK6A-HA transgenic

line without Est treatment (E), as determined by Student’s t test. Error bars indicate sp (n = 3 biological repeats).

with the close phylogenetic relationship of CPK5 to CPK6
(Boudsocq and Sheen, 2013). Moreover, as observed in the cpk
triple and quadruple mutants, mutation of CPK4 and/or CPK11in
the cpkb5-1 cpk6-3 double mutant background also did not
affect the induction of camalexin production in cpk5-1 cpk6-3
(Figure 2A), further indicating that CPK4 and CPK11 are not
required for B. cinerea-induced camalexin biosynthesis. The
compromised camalexin production in cpk5-1 cpk6-3 after B.
cinereainfectionis associated with the greatly reduced induction
of camalexin biosynthetic genes, including CYP71A13 and
PADS3 (Figure 2B), which is consistent with the involvement of the
activation of these genes in CPK5%A-induced camalexin bio-
synthesis. Together, these results indicate that CPK5 and CPK6
play a redundant and positive role in regulating B. cinerea-
induced camalexin biosynthesis through the activation of
camalexin biosynthetic genes. Additionally, CPK5 and CPK6
expression was also induced by B. cinerea infection, with similar
induction patterns (Supplemental Figure 3), further supporting

the positive and redundant role of CPK5 and CPK®6 in inducing
camalexin biosynthesis.

To provide gain-of-function evidence supporting the role
of CPK®6 in regulating camalexin biosynthesis, we generated
Est:CPK6CA-HA transgenic Arabidopsis plants expressing an HA-
tagged constitutively active CPK6 variant (CPK6CA) under the
control of an Est-inducible promoter (Figure 2C). As shown in
Figure 2D, induction of camalexin production was observed in
Est:CPK6CA-HA plants after Est treatment, which was also
associated with the activation of camalexin synthetic genes
(Figure 2E). A LUC reporter assay in Arabidopsis protoplasts
also showed the activation of the CYP79B2, CYP71A13, and
PAD3 promoters in response to the coexpression of CPK6CA
(Supplemental Figures 2A, 2D, and 2E). Theseresults indicate that,
similar to CPKS5, conditional activation of CPK6 also can induce
camalexin biosynthesis via the transcriptional activation of ca-
malexin synthetic genes, further confirming the positive role of
CPKa® in regulating camalexin biosynthesis.
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WRKY33 Acts Downstream of CPK5/CPK6 in Regulating
Camalexin Biosynthesis

In search for the transcription factor(s) that regulate camalexin
biosynthesis downstream of CPK5/CPK®6, we found that the in-
duction of CPK5CA expression in Est:CPK5¢A-HA plants was
sufficient to highly activate the expression of WRKY33 (Figure 3A),
which encodes a transcription factor essential for pathogen-
induced camalexin biosynthetic gene activation and camalexin
production (Qiu et al., 2008; Mao et al., 2011). To determine
whether WRKY33 functions downstream of CPK5/CPKB6 in reg-
ulating camalexin biosynthesis, we transformed the Est:CPK5¢A
-HA construct into the wrky33-2 mutant background. As shown in
Figures 3B and 3C, CPK5CA-induced camalexin production was
blocked in Est:CPK5CA-HA/wrky33-2 plants, in which the Est-
induced CPK5CA expression levels were comparable to that in
Est:CPK5C4-HA plants. The blockage of camalexin biosynthesis
in Est:CPK5CA-HA/wrky33-2 after Est treatment was associated
with the loss of activation of the camalexin biosynthetic genes
CYP79B2,CYP71A13,and PAD3 (Figure 3D). Consistently, a LUC
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reporter assay in Arabidopsis protoplasts showed that the acti-
vation of the CYP71A13 and PAD3 promoters by CPK5CA is also
dependent on WRKY33 (Supplemental Figure 4), which directly
regulates CYP71A13 and PAD3 expression (Qiu et al., 2008; Mao
et al., 2011; Birkenbihl et al., 2017). These results indicate
that WRKY33 functions downstream of CPK5/CPK®6 to acti-
vate camalexin biosynthetic genes, thus inducing camalexin
biosynthesis.

Phosphorylation of WRKY33 by CPK5/CPK®6 in Vitro and
in Vivo

We previously demonstrated that WRKY33 binds to its own
promoter, suggesting the self-activation of WRKY33 expression
(Mao et al., 2011). Thus, we speculated that the positive regulation
of WRKY33 expression by CPK5/CPK6 might result from CPK5/
CPK6-mediated phosphorylation and activation of WRKY33,
which in turn activates the expression of its own and camalexin
biosynthetic genes. To test this hypothesis, we examined whether
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Figure 3. WRKY33 Is Essential for CPK5-Mediated Induction of Camalexin Biosynthesis.

(A) Est-induced CPK5CA-HA expression in Est:CPK5CA-HA plants leads to the transcriptional activation of WRKY33. Two-week-old Est:CPK5%A-HA
seedlings were treated with 10 WM Est. WRKY33 transcript levels at the indicated time points were analyzed by RT-qPCR.

(B) to (D) WRKY33 is required for CPK5%A-induced production of camalexin and the activation of camalexin biosynthetic genes. Two-week-old Est:CPK5¢A
-HA and Est:CPK5CA-HA/wrky33-2 seedlings were treated with 10 uM Est. Camalexin production was quantified at 24 h posttreatment (B). The expression
of CPK5CA-HA was analyzed by immunoblotting (IB) with anti-HA antibody, and total protein loading was assessed by Ponceau S staining (PS; [C]). The
transcript levels of CYP79B2, CYP71A13, and PAD3 at the indicated time points were analyzed by RT-qPCR (D). FW, fresh weight.

Different letters above the columns in (A) and (B) indicate significant differences (P < 0.05), as determined by one-way ANOVA. Significant differences at
specific time points in (D) are indicated by asterisks (*, P < 0.05), as determined by Student’s t test. Error bars in (A), (B), and (D) indicate sp (n = 3 biological

repeats), and small circles represent individual data points.
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CPKS5 interacts with WRKY33. As shown in an in vitro pull-down detect the CPK5-mediated phosphorylation of WRKY33. There-
assay, the hexa-histidine (6xHis)-tagged WRKY33 was pulled fore, we used this antibody to test whether CPK5 could
down by glutathione S-transferase (GST)-tagged CPKS5 but not by phosphorylate WRKY33 in Arabidopsis protoplasts, in which
GST itself (Figure 4A). Consistently, a coimmunoprecipitation (co- HA-tagged CPK5CA was coexpressed with GFP-tagged WRKY33.
IP) assay using coexpressed FLAG-tagged CPK5 and HA-tagged As shown in Figure 4E, WRKY33-GFP was phosphorylated by the
WRKY33 in Arabidopsis protoplasts showed that CPK5 coim- coexpressed CPK5CA-HA in Arabidopsis protoplasts. Together,
munoprecipitated with WRKY33 (Figure 4B). These results in- these results demonstrate that CPK5 phosphorylates WRKY33

dicate that CPKS5 interacts with WRKY33 in vitro and in vivo. in vitro and in vivo. In addition to CPK5, CPK6 also interacts with
To further explore whether CPK5 phosphorylates WRKY33, we and phosphorylates WRKY33 based on co-IP, pull-down, and
performed in vitro phosphorylation assays using an anti-phospho- phosphorylation assays (Supplemental Figure 6), which is con-

threonine (anti-pThr) or anti-phospho-serine (anti-pSer) antibody. sistent with the redundant role of CPK5 and CPK® in regulating
As shown in Figure 4C, in the presence of Ca2", GST-CPK5 camalexin biosynthesis.

strongly phosphorylated 6xHis-WRKY33-HA, which was de- CDPKs are known as Ser/Thr protein kinases. There are several
tected by anti-pThr antibody but not by anti-pSer antibody Ser and Thr residues in WRKY33 protein. To map the WRKY33
(Supplemental Figure 5). The phosphorylation of 6XHis- residue(s) phosphorylated by CPK5/CPK6, we split WRKY33
WRKY33-HA by GST-CPKS5 was blocked in the presence of EGTA protein into five fragments, designated WRKY33,, (amino acids 1
(a Ca?* chelator; Figure 4C), highlighting the specificity of CPK5- to 177), WRKY33, (@amino acids 178 to 242), WRKY33; (amino
mediated phosphorylation. Another phosphorylation assay using acids 243 to 355), WRKY33, (amino acids 356 to 421), and
v-32P-labeled ATP confirmed the in vitro phosphorylation of WRKY33g, (@amino acids 422 to 519; Figure 5A). The two WRKY
6XHis-WRKY33-HA by GST-CPK5 (Figure 4D), which also in- domains of WRKY33 are located in the WRKY33, and WRKY33,
dicates that the anti-pThr antibody can be successfully used to fragments, respectively. Aninvitro phosphorylation assay showed
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Figure 4. CPKS5 Interacts with and Phosphorylates WRKY33 in Vitro and in Vivo.

(A) CPKS5 interacts with WRKY33 in an in vitro pull-down assay. GST- or GST-CPK5-bound glutathione beads were incubated with 6 xHis-WRKY33-HA
proteins, and the pulled-down (PD) proteins were analyzed by immunoblotting with anti-HA antibody (IB: anti-HA; top panel). The protein inputs were
assessed by immunoblotting (middle panel) and Coomassie Brilliant Blue (CBB) staining (bottom panel).

(B) CPK5 associates with WRKY33 in Arabidopsis protoplasts. CPK5-FLAG and WRKY33-HA proteins were coexpressed in protoplasts. The proteins
immunoprecipitated from protoplast extracts using anti-FLAG agarose beads (IP: anti-FLAG) were analyzed by immunoblotting with anti-HA antibody (IB:
anti-HA; top panel). The protein inputs were assessed by immunoblotting (bottom two panels). Ctrl, vector control.

(C) and (D) CPKS5 phosphorylates WRKY33 in vitro. The phosphorylation reactions without (C) or with (D) the addition of [y-32P]JATP were performed using
GST-CPKS5 as the kinase and 6 X His-WRKY33-HA as the substrate. A negative control reaction with the addition of 5 mM EGTA was included in (C). After
separation by SDS-PAGE, the phosphorylated proteins were detected by immunoblotting with anti-pThr antibody (C) or by autoradiography (Autorad. [D];
top panels). The protein inputs were assessed by Coomassie Brilliant Blue staining (bottom panels), and the target protein bands are marked by asterisks.
(E) CPKS5 phosphorylates WRKY33 in Arabidopsis protoplasts. CPK5%A-HA and WRKY33-GFP proteins were coexpressed in protoplasts. The WRKY33-
GFP proteins immunoprecipitated from protoplast extracts using anti-GFP agarose beads (IP: anti-GFP) were analyzed by immunoblotting with anti-pThr
(IB: anti-pThr) or anti-GFP (IB: anti-GFP; top two panels) antibody. The protein inputs were assessed by immunoblotting (bottom two panels).
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Figure 5. CPK5 Phosphorylates the Thr-229 Residue of WRKY33.

(A) Schematic diagram showing the domain structure of WRKY33 protein. WRKY33 contains two WRKY domains (W) and three other regions of unknown
function. The amino acid positions are labeled on the top. The fragments of WRKY33 used for the following experiments are indicated at the bottom.
(B) The N-terminal WRKY domain of WRKY33 is phosphorylated by CPK5. Phosphorylation of the MBP/HA-tagged WRKY33 fragments by GST-CPK5 inthe
presence of [y-32P]ATP was detected by autoradiography (Autorad.; top panel). The protein inputs were assessed by immunoblotting (IB; bottom panel).
(C) The Thr-229 residue of WRKY33 is phosphorylated by CPK5. An LC-MS/MS analysis of the phosphorylation reaction containing GST-CPK5 and MBP-
WRKY33¢,-HA proteins revealed the phosphorylation of Thr-229 in WRKY33, by CPKS5.

(D) and (E) The Thr-229 residue is the major CPK5 phosphorylation site in WRKY33 in vitro. Phosphorylation of the wild-type and T229A mutant forms of
6XxHis-WRKY33-HA proteins by GST-CPKS5 in the presence (D) or absence (E) of [y-32P]ATP was detected by autoradiography (D) orimmunoblotting (E),
respectively (top panels). The protein inputs were assessed by immunoblotting (bottom panels).

(F) Mutation of Thr-229 in WRKY33 blocked its phosphorylation by CPK5%Ain Arabidopsis protoplasts. The wild-type and T229A mutant forms of WRKY33-
FLAG proteins were coexpressed with CPK5CA-HA in protoplasts. The WRKY33-FLAG proteins immunoprecipitated from protoplast extracts using anti-
FLAG agarose beads (IP: anti-FLAG) were analyzed by immunoblotting using anti-pThr (IB: anti-pThr) or anti-FLAG (IB: anti-FLAG) antibody (top two panels).
The protein inputs were assessed by immunoblotting (bottom two panels).

that GST-CPK5 strongly phosphorylated the maltose binding 229 was mutated to Alain WRRY33 (Figure 5F), while the interaction
protein (MBP)/HA double-tagged WRKY33,,, while the recombi- between WRKY33 and CPKS5 in protoplasts was also not affected
nant WRKY33, but not the three other WRKY33 fragments was by the T229A mutation in WRKY33, as indicated by a co-IP assay
phosphorylated very weakly by GST-CPKS5 (Figure 5B), suggesting (Supplemental Figure 7B). Taken together, these data indicate that
that the major WRKY33 residue(s) phosphorylated by CPKS5 is the Thr-229 residue in WRKY33 is the major CPK5 phosphorylation
located in WRKY33g,. Liquid chromatography-tandem mass site in vitro and in vivo. Additionally, the very weak phosphorylation
spectrometry (LC-MS/MS) analysis of a phosphorylation reaction of WRKY33T2294 and WRKY33, by CPK5 observed in the in vitro
containing GST-CPK5 and MBP-WRKY33,-HA proteins revealed phosphorylation assays (Figures 5B, 5D, and 5E) suggests that
the phosphorylation of Thr-229 in WRKY33., by CPK5 (Figure 5C). there may be other minor CPK5 phosphorylation site(s) located in
Mutating Thr-229 to Ala (T229A) in the full-length WRKY33 largely WRKY33,.

blocked its phosphorylation by CPK5 in the in vitro phosphorylation
assays using either y-32P-labeled ATP or anti-pThr antibodies
(Figures 5D and 5E), whereas the T229A mutation in WRKY33 did
not affect its interaction with CPK5 in the in vitro pull-down
assay (Supplemental Figure 7A). Consistently, phosphorylation of To determine the importance of WRKY33 phosphorylation by
WRKY33 by CPK5%Ain Arabidopsis protoplasts was lost when Thr- CPK5/CPKB6 in vivo, we investigated the transcriptional activity of

The CPK5 Phosphorylation Site in WRKY33 Is Essential for
Its Full Activity in Vivo
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WRKY33T2294 ysing a reporter construct containing the LUC gene
driven by the promoter of CYP71A13 or PAD3, both of which are
direct targets of WRKY33 (Qiu et al., 2008; Mao et al., 2011;
Birkenbihl et al., 2017). We performed transactivation assays in
Arabidopsis protoplasts by coexpressing the CYP71A13,,,.LUC
or PADS,,:.LUC reporter with the wild-type or T229A mutant
version of WRKY33 driven by the 35S promoter (Figure 6A). As
shown in Figures 6B and 6C, the protein expression levels of
WRKY33 and WRKY33722%A were comparable in protoplasts,
whereas the abilities of WRKY337229A to transactivate the CY-
P71A13,,,:LUC and PAD3,,:.LUC reporters were significantly
reduced compared with that of WRKY33. These results suggest
that the Thr-229 residue is essential for the full activity of WRKY33
in transcriptionally activating the expression of camalexin
biosynthetic genes.

mutant after infection by B. cinerea. To do this, we transformed
the wrky33-2 mutant with 4myc-tagged WRKY33 or WRKY33-
T229A driven by the 35S promoter. More than 10 independent lines
of each construct were analyzed to determine the level of ca-
malexin production after B. cinerea inoculation. As shown in
Figures 6D and 6E, among the transgenic lines with similar levels of
WRKY33 protein, the 35S:4myc-WRKY3372294/wrky33-2 lines
produced much lower levels of camalexin than the 35S:4myc-
WRKY33/wrky33-2 lines after B. cinerea infection. Notably, B.
cinerea-induced camalexin levels in the 35S:4myc-WRKY33/
wrky33-2 lines were much higher than those in Col-0 plants,
whereas none of the 35S:4myc-WRKY3372294/wrky33-2 lines
showed full rescue of the camalexin production defect in wrky33-
2. The 35S:4myc-WRKY33/wrky33-2 lines also exhibited much
stronger B. cinerea resistance than the 35S:4myc-WRKY3372294

/wrky33-2 lines (Supplemental Figure 8). These results reveal that
WRKY33T229A js much less efficient in complementing the wrky33

Furthermore, we investigated the ability of WRKY3372294 to
complement the camalexin induction defect of the wrky33-2
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Figure 6. The Thr-229 Residue of WRKY33 Is Essential for Its Full Transcriptional Activity in Vivo.

(A) Schematic diagrams of the effector, reporter, and reference constructs used in the LUC reporter-aided analysis of WRKY33 activities.

(B) and (C) The WRKY 3372294 mutant shows significantly reduced transcriptional activity compared with WRKY33 in Arabidopsis protoplasts. The reporter
construct CYP71A13,,,:.LUC (B) or PAD3,,,:LUC (C) was cotransfected with the effector construct 358:WRKY33-HA or 355:WRKY337229-HA or the vector
control (Ctrl) into protoplasts. The reference construct UBQ10,,,:GUS was included in all transfections and served as an internal transfection control. The
LUC activities were normalized to GUS activities, and the data are shown as relative fold increases over the vector control. Protein levels of WRKY33-HA and
WRKY33T229-HA were assessed by immunoblotting (IB), and total protein loading was assessed by Ponceau S staining (PS).

(D) to (F) The WRKY33T229A mutant only partially complemented the defects of wrky33-2 mutant in the B. cinerea-induced production of camalexin and the
activation of camalexin biosynthetic genes. Two-week-old Col-0, wrky33-2, 35S:4myc-WRKY33/wrky33-2, and 35S:4myc-WRKY3372294/wrky33-2
seedlings were inoculated with B. cinerea spores. Camalexin production was measured at 24 h postinoculation (D). Protein levels of 4myc-WRKY33
and 4myc-WRKY337229 in transgenic lines were assessed by immunoblotting, and total protein loading was assessed by Ponceau S staining (E). The
transcript levels of CYP71A13 and PADS3 at the indicated time points postinoculation were analyzed by RT-qPCR (F). FW, fresh weight.

In (B), (C), (D), and (F), error bars indicate sb (n = 3 biological repeats), small circles represent individual data points, and different letters above the columns
indicate significant differences (P < 0.05) among the data from a single treatment ([B] to[D]) or a single time point (F), as determined by one-way ANOVA.
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mutant phenotype than wild-type WRKY33. Consistently, the
induction of CYP71A13 and PAD3 expression after B. cinerea
inoculation was much lower in 35S:4myc-WRKY337229A /wrky33-
2 lines compared with 35S:4myc-WRKY33/wrky33-2 lines
(Figure 6F). Taken together, these data indicate that WRKY33T229A,
aloss-of-phosphorylation mutant, lacks the full activity of WRKY33
in activating the expression of camalexin biosynthetic genes,
highlighting the importance of WRKY33 phosphorylation by CPK5/
CPK®6 in pathogen-induced camalexin biosynthesis.

The CPK5-Mediated Phosphorylation of WRKY33 Increases
Its DNA Binding Ability

WRKY33 is a type | WRKY transcription factor containing two
WRKY domains (Eulgem et al., 2000). The WRKY domain is known
as a DNA binding domain, which recognizes the TTGAC(C/T) cis-
element, also known as the W-box element, in its target genes
(Eulgem et al., 2000). Early studies on type | WRKYs including
sweet potato ([pomoea batatas) SPF1, parsley (Petroselinum
crispum) WRKY1, and Arabidopsis WRKY1 suggested that the
DNA binding activity of these three type | WRKYs is primarily
mediated by their C-terminal WRKY domains, while their
N-terminal WRKY domains contribute little to DNA binding
(Ishiguro and Nakamura, 1994; de Pater et al., 1996; Eulgem et al.,
1999). However, recent structural studies showed that both the C-
and N-terminal WRKY domains of Arabidopsis WRKY33 are ca-
pable of binding to the W-box element (Brand et al., 2013; Xu et al.,
2020). We therefore tested the DNA binding ability of the two
WRKY domains of WRKY33 by performing an electrophoresis
mobility shift assay (EMSA). As shown in Supplemental Figure 9,
consistent with the results of structural studies (Brand et al., 2013;
Xu et al., 2020), both the C- and N-terminal WRKY domains
of WRKY33 showed W-box binding activity. Notably, the
WRKY33 N-terminal WRKY domain displayed even higher DNA
binding affinity than its C-terminal WRKY domain (Supplemental
Figure 9).

The CPK5 phosphorylation site (Thr-229) is located in the
N-terminal WRKY domain of WRKY33 (Supplemental Figure 10).
Therefore, we speculated that the phosphorylation of WRKY33 on
Thr-229 by CPKS5 regulates the DNA binding activity of WRKY33.
We therefore performed an EMSA to test this hypothesis. To
determine whether CPK5-mediated phosphorylation of WRKY33
alters its DNA binding activity in the EMSA, we phosphorylated
WRKY33 using Ca?*-activated CPK5, and a control reaction
without the addition of CPK5 was used as unphosphorylated
WRKY33. As shown in Figure 7B, the EMSA revealed that the
W-box binding activity of the phosphorylated WRKY33 is much
higher than that of the unphosphorylated WRKY33, indicating that
the CPK5-mediated phosphorylation of WRKY33 increases its
DNA binding ability. Consistently, the T229A mutation blocked the
enhancement of the W-box binding activity of WRKY33 by CPK5-
mediated phosphorylation in the EMSA (Figure 7B).

Furthermore, we transformed 4myc-tagged WRKY33 or
WRKY337229A driven by the 35S promoter into Est:CPK5CA-HA
plants and subjected these transgenic plants to chromatin im-
munoprecipitation (ChIP)-gPCR analysis. As shown in Figure 7C,
Est-induced expression of CPK5CA enhanced the ability of
WRKY33 to bind to the PAD3 promoter in 35S:4myc-WRKY33/
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Est:CPK5CA-HA plants, whereas the WRKY33T229A mutant was
compromised not only in the basal PAD3 promoter binding activity
but also in the CPK5%A-enhanced PAD3 promoter binding ability
in 35S:4myc-WRKY3372294/Est:CPK5CA-HA plants. Therefore,
bothinvitro EMSA and in vivo ChIP-gPCR analyses demonstrated
that phosphorylation of WRKY33 by CPK5 enhances the
DNA binding activity of WRKY33. Additionally, Est-induced ex-
pression of CPK5CA did not alter the WRKY33 protein levels
in either 35S:4myc-WRKY33/Est:CPK5CA-HA or 35S:4myc-
WRKY3372294/Est:CPK5%A-HA plants (Figure 7D), suggesting
that the CPK5-mediated phosphorylation does not regulate the
WRKY33 protein stability.

The MPK3/MPK6-Mediated Phosphorylation of WRKY33
Enhances Its Transactivation Activity

We previously reported that WRKY33is also phosphorylated by
the MAPKs MPK3 and MPK®6, which also play an essential role
in pathogen-induced camalexin production (Ren et al., 2008;
Mao et al., 2011). Unlike CPK5/CPK6, MPK3/MPK6 phos-
phorylate WRKY33 on its N-terminal Ser residues followed by
Pro (Supplemental Figure 10; Mao et al., 2011). We demon-
strated that the phosphorylation of WRKY33 by MPK3/MPK6
does not alter the DNA binding activity of WRKY33 (Mao et al.,
2011), buthow MPK3/MPK6 regulate WRKY33 activity remains
unknown. To investigate whether MPK3/MPK6-mediated
phosphorylation regulates the protein stability of WRKY33, we
transformed 4myc-tagged WRKY33 under the control of the
35S promoter into the conditional gain-of-function Est:
MKK5PP-HA transgenic Arabidopsis plants that were gener-
ated previously (He et al., 2019). As shown in Supplemental
Figure 11, after treatment with Est, expression of the consti-
tutively active MKK5PP activated the downstream MPK3 and
MPK® in the 355:4myc-WRKY33/Est:MKK5PP-HA transgenic
lines, but the 4myc-WRKY33 protein levels were not altered
after MPK3/MPK6 activation in these lines, indicating that
MPK3/MPK6-mediated phosphorylation does not affect WRKY33
protein stability in vivo.

To explore whether the phosphorylation of WRKY33 by MPK3/
MPK6 regulates the transactivation activity of WRKY33, we
generated a 35S promoter-driven effector construct expressing
WRKY33 fused with the DNA binding domain of the yeast tran-
scription factor GAL4 (GAL4DB-WRKY33-HA) and a reporter
construct containing the LUC gene driven by the GAL4-specific
upstream activation sequence (GAL4UAS) and the 35S minimal
promoter (Figure 7E). We performed transactivation assays by
cotransforming the effector and reporter constructs with or
without the 35S:MKK5PP-FLAG construct into Arabidopsis pro-
toplasts. As shown in Figures 7F and 7G, the expression of
GAL4DB-WRKY33-HA in protoplasts resulted in a significant
increase in LUC activity from the reporter construct, confirming
that WRKY33 functions as a transcriptional activator. In response
to MPK3/MPKB activation by MKK5PP-FLAG, the transactivation
activity of GAL4DB-WRKY33-HA, as indicated by LUC activity,
was dramatically enhanced in protoplasts, whereas GAL4DB-
WRKY33-HA protein levels were unchanged (Figures 7F and 7G).
These results indicate that MPK3/MPK6-mediated phosphory-
lation enhances the transactivation activity of WRKY33 but does
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not affect its protein stability. We also performed transactivation coexpression of CPK5CA-FLAG, the transactivation activity of
assays in Arabidopsis protoplasts to test whether the CPK5- GAL4DB-WRKY33-HA was not altered in protoplasts, indicating
mediated phosphorylation of WRKY33 affects its trans- that the CPK5-mediated phosphorylation of WRKY33 does not
activation activity. As shown in Supplemental Figure 12, upon regulate its transactivation activity.
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Figure 7. Differential Regulation of WRKY33 Activity by CPK5 and MPK3/MPK6-Mediated Phosphorylation.

(A) Oligonucleotide sequences of the W-box probe and its mutated form (mW-box). The mutated nucleotides in the mW-box probe are highlighted in
boldface.

(B) Phosphorylation of WRKY33 by CPK5 enhances the W-box binding activity of WRKY33 in vitro. Freshly prepared 6 xHis-WRKY33-HA and 6XxHis-
WRKY33T229A-HA proteins were subjected to phosphorylation by GST-CPKS5, and control reactions without GST-CPK5 were processed side-by-side. The
DNA binding activities of recombinant WRKY33 and WRKY33T2294 proteins in the above reactions were determined by EMSA using the biotin-labeled
W-box probes (top panel). The truncated 6 X His-WRKY33,-HA protein was used inthe EMSA as a negative control. The specificity of W-box binding activity
was demonstrated by the competition assays using a 50-fold excess of unlabeled W-box or mW-box probes. The protein inputs were assessed by
immunoblotting (IB; bottom panel).

(C) and (D) CPK5-mediated phosphorylation of WRKY33 enhances its DNA binding ability in vivo. ChIP-gPCR analysis was performed using 35S:4myc-
WRKY33/Est:CPK5¢A-HA and 35S:4myc-WRKY3372294/Est:CPK5CA-HA transgenic plants. Input chromatin was isolated from 2-week-old seedlings
treated with 10 uM Est or the solvent control for 24 h. The WRKY33-chromatin complex was immunoprecipitated using anti-myc antibody and protein
G-agarose. A control reaction was processed side-by-side using mouse IgG. ChIP- and input-DNA samples were quantified by gPCR using primers specific
to the W-box-containing region in the PAD3 promoter. The ChlP results are presented as percentage of input DNA (C). The input and immunoprecipitated
proteins in the ChIP assay were assessed by immunoblotting, and total protein loading was assessed by Ponceau S staining (PS [D]).

(E) Schematic diagrams of the effector, reporter, and reference constructs used in the transactivation assay. The reporter construct contains the LUC
reporter gene driven by five repeats of GAL4UAS and the 35S minimal promoter (35S,,). In the effector constructs, GAL4DB-HA alone or fused with
WRKY33 was expressed under the control of the 35S promoter.

(F) and (G) MPK3/MPK6-mediated phosphorylation of WRKY33 enhances its transactivation activity. Arabidopsis protoplasts were cotransfected with the
reporter construct and one of the effector constructs as well as the 35S:MKK5PP-FLAG construct or vector control. The reference construct UBQ10,,,,:GUS
was included in all transfections and served as an internal transfection control. The LUC activities were normalized to the GUS activities, and the data are
shown as relative fold increases over the background from the transfection with the 35S:GAL4DB-HA construct (F). The expression of GAL4ADB-WRKY33-
HA and MKK5PP-FLAG and the activation of MPK3/MPK6 by MKK5PP were analyzed by immunoblotting using anti-HA, anti-FLAG, and anti-phospho-
ERK1/2 (anti-pERK) antibodies, respectively, and total protein loading was assessed by Ponceau S staining (G).

In (C) and (F), error bars indicate sb (n = 3 biological repeats), small circles represent individual data points, and different letters above the columns indicate
significant differences (P < 0.05), as determined by one-way ANOVA.
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Taken together, these results suggest that WRKY33 functions
as a convergent substrate of CPK5/CPK6 and MPK3/MPKG®,
which cooperatively regulate WRKY33 activity through differential
phosphorylation. Specifically, phosphorylation of WRKY33 on the
Thr-229 residue by CPKS5 increases the DNA binding ability of
WRKY33, while the MPK3/MPK6-mediated phosphorylation of
WRKY33 on its N-terminal Ser residues enhances the trans-
activation activity of WRKY33.

CPK5/CPK6 and MPK3/MPK6 Cooperatively Regulate
Camalexin Biosynthesis and B. cinerea Resistance

The finding that CPK5/CPK6 and MPK3/MPK6 differentially
phospho-regulate WRKY33 activity prompted us to investigate
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whether these two types of kinases function cooperatively to
regulate camalexin biosynthesis and disease resistance. First, we
generated the Dex:FLAG-MKK5PP transgenic Arabidopsis plants
expressing FLAG-tagged constitutively active MKK5PP under the
control of a dexamethasone (Dex)-inducible promoter. We then
crossed Est:CPK5CA-HA, Dex:FLAG-MKK5PP, and Col-0 plants
with each other to generate the F1 seeds of Est:CPK5CA-HA*/~,
Dex:FLAG-MKK5PP+/= " and Est:CPK5¢A-HA*/~/Dex:FLAG-
MKK5PP+/~_ Following treatment with Est and Dex to induce the
expression of CPK5CA and/or MKK5PP, we compared the levels of
camalexin production in these F1 plants. As shown in Figures 8A
and 8D, similar to CPK5CA-induced camalexin biosynthesis in
Est:CPK5CA-HA/~ plants, MPK3/MPK® activation by MKK5PP in
Dex:FLAG-MKK5PP*/= plants after Dex treatment also highly
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Figure 8. Cooperative Regulation of Camalexin Biosynthesis by CPK5/CPK6 and MPK3/MPKB6.

(A) to (D) Coexpression of CPK5%4 and MKK5PP has additive effects on the induction of camalexin biosynthesis and the activation of camalexin biosynthetic
genes. Col-0 and homozygous lines of Est:CPK5¢A-HA and Dex:FLAG-MKK5PP were pairwise crossed to generate Est:CPK5%A-HA+/~, Dex:FLAG-
MKK5PP+/~ and Est:CPK5A-HA/~/Dex:FLAG-MKK5PP*/~ F1 plants. Camalexin produced from 2-week-old seedlings was measured after treatment
with 10 wM Est for 24 h and 5 uM Dex for 16 h (A). The transcript levels of CYP71A13 (B) and PAD3 (C) after treatment with Est and Dex were analyzed by RT-
gPCR. The expression of CPK5%A-HA and FLAG-MKK5PP and the activation of MPK3/MPK6 by FLAG-MKK5PP were analyzed by immunoblotting (IB), and
total protein loading was assessed by Ponceau S staining (PS [D]). FW, fresh weight.

(E) CPK5/CPK6 and MPK3 contribute additively to B. cinerea-induced camalexin production. Camalexin produced from 2-week-old Col-0 and mutant
seedlings indicated was measured at 24 h postinoculation with B. cinerea spores.

In (A), (B), (C), and (E), error bars indicate sb (n = 3 biological repeats), small circles represent individual data points, and different letters above the columns
indicate significant differences (P < 0.05), as determined by one-way ANOVA.
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induced camalexin production, which is consistent with previous
reports (Ren et al., 2008; Mao et al., 2011). Notably, coexpression
of CPK5C¢A and MKK5PP in Est:CPK5CA-HAY/~/Dex:FLAG-
MKK5PP+/~ plants had an additive effect on the induction of
camalexin biosynthesis (Figures 8A and 8D), which was associ-
ated with the higher induction of CYP71A13 and PAD3 expression
in this plant compared with Est:CPK5¢A-HA*/~ and Dex:FLAG-
MKK5PP+/~ plants (Figures 8B and 8C). These results indicate that
the cooperative action of CPK5 and MPK3/MPK6 positively
regulates camalexin biosynthetic gene expression and camalexin
biosynthesis.

Furthermore, to provide loss-of-function evidence supporting
the cooperative regulation of camalexin biosynthesis by CPK5/
CPK6 and MPK3/MPK86, we generated the cpk5 cpk6 mpk3 and
cpk5 cpk6 mpk6 triple mutants and compared the camalexin
production levels in these triple mutants with those in the parental
single and double mutants following B. cinerea inoculation
(Figure 8E). Again, compromised camalexin production was ob-
served in cpk5 cpk6 (Figure 8E). The B. cinerea-induced camalexin
production was also compromised in mpk3, but not in mpk6, and
was further reduced in cpk5 cpk6 mpk3, but not in cpk5 cpk6
mpk6, compared with cpk5 cpk6 (Figure 8E). These results in-
dicate that CPK5/CPK6 function cooperatively with MPK3 to
positively regulate pathogen-induced camalexin biosynthesis.
Based on our previous report (Ren et al., 2008), the absence of
a defect in the induction of camalexin biosynthesis when MPK6
was mutated in different backgrounds is likely due to the re-
dundancy of MPK3/MPK®6 and the relatively minor contribution of
MPKE® in regulating camalexin biosynthesis.

Consistent with the finding that CPK5/CPK6 and MPK3 co-
operatively regulate camalexin biosynthesis, we also observed an
additive contribution of these kinase genes to B. cinerea resistance
in Arabidopsis. As shown in Figures 9A and 9B, compared with Col-
0 plants, the cpk5 cpk6 and mpk3 mutants displayed increased
susceptibility to B. cinerea, while the cpk5 cpk6 mpk3 triple mutant
showed even stronger susceptibility. The increased B. cinerea
susceptibility in these mutants was closely correlated with their
reduced camalexin production, highlighting the importance of
camalexin production for Arabidopsis resistance to B. cinerea.
Therefore, both gain- and loss-function evidence indicates that
CPK5/CPKB6 function cooperatively with MPK3/MPKB6 to positively
regulate camalexin biosynthesis and B. cinerea resistance, which is
consistent with the observation that these two types of kinases
cooperatively regulate WRKY33 activity via the differential phos-
phorylation of this transcription factor.

DISCUSSION

Pathogen-triggered phytoalexin production is an integral part of
plant defense responses that plays a critical role in disease re-
sistance (Piasecka et al., 2015). The biosynthetic pathways of
several phytoalexins have been elucidated (Senderby et al., 2010;
Geu-Flores et al., 2011; Piasecka et al., 2015), but the signaling
pathways regulating their biosynthesis are mostly unknown. We
previously characterized the regulation of camalexin synthesis by
MPK3/MPK6 and their downstream transcription factor WRKY33
(Ren et al., 2008; Mao et al., 2011). In this study, we demonstrated
that CPK5/CPK6 function cooperatively with MPK3/MPK6 to

regulate camalexin biosynthesis based on both gain- and loss-of-
function genetic analyses (Figures 1, 2, and 8). We also identified
that WRKY33 acts downstream of CPK5/CPK®6 to activate ca-
malexin synthetic genes, thereby inducing camalexin bio-
synthesis (Figure 3; Supplemental Figure 4). In vitro and in vivo
phosphorylation assays demonstrated that WRKY33 is a sub-
strate of CPK5/CPK®6 (Figure 4; Supplemental Figure 6), which
phosphorylate the Thr-229 residue of WRKY33 and thus increase
its DNA binding ability (Figures 5 and 7A to 7D). By contrast, the
MPK3/MPK6-mediated phosphorylation of WRKY33 on its
N-terminal Ser residues enhances the transactivation activity of
WRKY33 (Figures 7E to 7G). Taken together, we conclude that
WRKY33 functions as a convergent substrate of CPK5/CPK6 and
MPK3/MPK6, which cooperatively regulate camalexin bio-
synthesis through the differential phospho-regulation of WRKY33
activity (Figure 9C).

Dual-Level Regulation of WRKY33 by CPK5/CPK6

In addition to the phospho-regulation of WRKY33 protein by
CPK5/CPK®, the activation of CPK5 in Est:CPK5CA-HA plants
after Est treatment also highly induced the transcription of
WRKY33 (Figure 3A), suggesting a dual-level regulation of
WRKY33 by CPK5/CPKB6. Our previous ChIP-gPCR assay re-
vealed the direct binding of WRKY33 to the W-boxes in its own
promoter (Mao et al., 2011), indicating that WRKY33 can au-
toactivate its own expression. In this study, we demonstrated that
WRKY33 acts as a substrate of CPK5/CPK6 (Figure 4;
Supplemental Figure 6), which phosphorylate WRKY33 to en-
hance its W-box binding activity (Figures 5 and 7A to 7D).
Therefore, in Est:CPK5CA-HA plants after Est treatment, the
CPK5CA-mediated phosphorylation of the basal-level WRKY33
protein is likely involved in turning on WRKY33 expression, fol-
lowed by the amplification of WRKY33 expression via a positive
feedback regulation loop mediated by CPK5 and WRKY33, ulti-
mately leading to high-level WRKY33 induction (Figure 9C).

WRKY33 Is a Key Regulator of Arabidopsis Immunity

WRKY transcription factors are involved in regulating plant
responses to pathogen infection (Pandey and Somssich, 2009).
Accumulating evidence indicates that WRKY33 is a key regulator
of Arabidopsis immunity. This study, together with our previous
work (Mao et al., 2011), demonstrates that WRKY33 plays an
essential role in pathogen-induced camalexin production via the
direct activation of camalexin biosynthetic genes. WRKY33 also
positively regulates PAMP/pathogen-triggered ROS production
and ethylene biosynthesis through transcriptionally activating the
expression of RBOHD and the 1-aminocyclopropane-1-carbox-
ylic acid synthase genes ACS2 and ACS6, respectively (Li et al.,
2012; Zhao et al., 2020). Moreover, ChIP sequencing analysis
indicated that WRKY33 directly upregulates the transcription of
PROPEP2 and PROPEP3, encoding plant elicitor peptides,
thereby amplifying immune responses (Birkenbihl et al., 2017).
WRKY33 is also involved in the establishment of systemic ac-
quired resistance via the direct transcriptional activation of AGD2-
LIKE DEFENSE RESPONSE PROTEIN1 (ALDT1) to induce the
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Figure 9. CPK5/CPK6 and MPK3/MPK6 Cooperatively Regulate Arabidopsis Resistance to B. cinerea.

(A) and (B) Additive contribution of CPK5/CPK6 and MPK3/MPKE6 to B. cinerea resistance. Fully developed leaves of 4-week-old Col-0 and mutant plants
indicated were inoculated with droplets of B. cinerea spore suspension. Leaf images were taken at 48 h postinoculation (A). Meanwhile, lesion size was
quantified (B). Error bars indicate sp (n = 20 leaves from different plants of each genotype), and different letters above the columns in (B) indicate significant
differences (P < 0.05), as determined by one-way ANOVA. The experiments were independently repeated three times with similar results.

(C) Amodel depicting the cooperative regulation of camalexin biosynthesis and B. cinerea resistance by CPK5/CPK6 and MPK3/MPK®. B. cinerea infection
triggers the activation of CPK5/CPK6 and MPK3/MPK®6, which in turn phosphorylate their convergent substrate WRKY33. CPK5/CPK6- and MPK3/MPKG6-
mediated phosphorylation of WRKY33 enhances its DNA binding and transactivation activities, respectively. WRKY33 autoactivates its own transcription to
amplify theimmune signal. The activated WRKY33 further upregulates the expression of camalexin biosynthetic genes including CYP79B2, CYP71A13, and
PAD3 to drive the synthesis of camalexin, which is then exported to the extracellular space by PEN3 and PDR12 transporters to defend against B. cinerea.

production of pipecolic acid, a mobile metabolite that induces
systemic acquired resistance (Wang et al., 2018). Therefore, within
the large WRKY transcription factor family in Arabidopsis (Eulgem
et al., 2000), WRKY33 is likely a master regulator of immune re-
sponses, whose homologs in crop plants could be promising
candidates for engineering disease resistance.

Multitasking of CPK5/CPK®6 in Arabidopsis Immunity

The perception of pathogens triggers an influx of Ca?* that ac-
tivates CDPKs to transduce and propagate immune signals for the

establishment of disease resistance (Boudsocq and Sheen, 2013;
Romeis and Herde, 2014; Seybold et al., 2014). In this study, we
found that the pathogen-responsive CPK5 and CPK6 phos-
phorylate WRKY33 and thus enhance its DNA binding ability to
induce camalexin biosynthesis. CPK5/CPK®, together with CPK4
and CPK11, also phosphorylate another subgroup of WRKY
transcription factors, including WRKY8, WRKY28, and WRKY48,
to regulate nucleotide binding domain Leucine-rich repeat
protein-mediated transcriptional reprogramming (Gao et al,,
2013). CPK5/CPK6 also positively regulate pathogen-induced
ethylene production (Gravino et al., 2015). Since WRKY33
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directly activates ACS2/ACS6 expression to induce ethylene
biosynthesis (Li et al., 2012), it is tempting to speculate that CPK5/
CPK6 regulate ethylene induction via the phosphorylation of
WRKY33. In addition to WRKYs, CPK5 also phosphorylates
RBOHD to increase its enzymatic activity for ROS production
(Dubiella et al., 2013). CPK5/CPK®6 have also been implicated in
regulating hypersensitive cell death and PAMP-triggered tran-
scriptional reprogramming (Boudsocq et al., 2010; Dubiella et al.,
2013; Liu et al., 2017). Further identification of the related sub-
strates of CPK5/CPK6 will reveal the molecular mechanisms
underlying the CPK5/CPK6-mediated regulation of these defense
responses.

Diverse Roles of MPK3/MPK®6 in Arabidopsis Immunity

Similar to CPK5/CPK6, MPK3/MPK®6 are also involved in regu-
lating a range of immune responses. The multifunctionality of
MPK3/MPK6 can be largely attributed to their ability to phos-
phorylate distinct substrates. In this study and our previous work
(Mao et al., 2011), we revealed that MPK3/MPK6 phosphorylate
WRKY33 to enhance its transactivation activity and furtherinduce
camalexin biosynthesis. The MPK3/MPK6-mediated phosphor-
ylation of WRKY33 is also involved in upregulating the expression
of ACS2/ACS6 and ALD1 to induce the production of ethylene and
pipecolic acid, respectively (Li et al., 2012; Wang et al., 2018).
MPK3/MPKG® also directly phosphorylate ACS2/ACS6 to stabilize
these ACS proteins and induce ethylene production (Liu and
Zhang, 2004; Han et al., 2010). Besides WRKY33, several other
pathogen-responsive WRKYs have also been identified as po-
tential MPK3/MPK® substrates in protein microarray- and in vitro
phosphorylation-based screenings (Popescu et al., 2009; Sheikh
et al., 2016). In addition to WRKYs, MPK3/MPK6 also phos-
phorylate the transcription factors ERF6 and ERF104, leading to
the stabilization of ERF6 and the release of ERF104, respectively,
to activate defensin gene expression (Bethke et al., 2009; Meng
et al., 2013). High-throughput genomic and phosphoproteomic
approaches have enabled the proteome-wide identification of
potential MPK3/MPK6 substrates, especially WRKYs (Popescu
et al., 2009; Hoehenwarter et al., 2013; Sheikh et al., 2016;
Rayapuram et al., 2018). Further plant-based analyses will reveal
details of their involvement in immune signaling in Arabidopsis.

Crosstalk between CPK5/CPK6 and MPK3/MPKG6 in
Arabidopsis Immunity

Transcriptome profiling analysis revealed that CPK5/CPK6 and
MPK3/MPK6 synergistically regulate a subset of defense re-
sponse genes (Boudsocq et al., 2010), implying coregulation of
common downstream factors by these two types of kinases. In this
study, we demonstrated that CPK5/CPK6 and MPK3/MPK6
differentially phosphorylate and thus cooperatively activate their
common substrate WRKY33 to induce camalexin production,
uncovering a molecular mechanism of crosstalk between CPK5/
CPK6 and MPK3/MPK®6 in regulating Arabidopsis immunity.
Therefore, we further propose that CPK5/CPK6 and MPK3/MPK6
likely also cooperatively regulate other WRKY33-associated de-
fense responses, including the pathogen-induced expression of

PROPEPs and the production of ethylene, ROS, and pipecolic acid
(Lietal.,2012; Birkenbihl etal.,2017; Wang et al.,2018; Zhao et al.,
2020), viacophosphorylation of WRKY33. In addition, the WRKYS,
WRKY28, and WRKY48 transcription factors, which have been
identified as the substrates of CPK5/CPK6 (Gao et al., 2013), are
also phosphorylated by MPK3/MPK®6, as revealed by protein
microarray and/or in vitro phosphorylation assays (Popescu et al.,
2009; Sheikh et al., 2016). Further study is needed to identify
whether these WRKYs serve as the convergent substrates to
mediate the cooperative regulation of pathogen/PAMP-induced
transcriptional reprogramming by CPK5/CPK6 and MPK3/MPK®6.

METHODS

Plant Materials, Growth Conditions, and Treatments

Arabidopsis (Arabidopsis thaliana) Col-0 was used as the wild-type control.
All mutants and transgenic plants used in this study are in the Col-0 back-
ground. The knockout mutants cpk4-1 (SALK_081860; Zhu et al., 2007),
cpk5-1 (SAIL_657C06; Boudsocq et al., 2010), cpk6-3 (SALK_025460;
Boudsocq et al., 2010), cpk171-2 (SALK_054495; Zhu et al., 2007; Boudsocq
et al., 2010), mpk3-1 (SALK_151594; Ren et al., 2008), mpk6-3
(SALK_127507; Liu and Zhang, 2004), pad3-1 (Glazebrook and Ausubel,
1994), and wrky33-2 (GABI_324B11; Mao et al., 2011) were described
previously. The double, triple, and quadruple mutants were generated by
genetic crossing, and homozygous lines were used for the experiments.

Arabidopsis seedlings were grown on half-strength Murashige and
Skoog plates for 7 d at 22°C in a growth chamber with a 12-h-fluorescent
light (60 wEm~—2s~1)/12-h-dark cycle, thentransferred to 6 mL of liquid half-
strength Murashige and Skoog medium in 20-mL gas chromatography
vials (10 seedlings per vial), and cultured for another 7 d under continuous
fluorescent light (60 w.E m~2s~")to avoid the effect of the light/dark cycle on
metabolite biosynthesis and gene expression. Thereafter, the seedlings in
gas chromatography vials were inoculated with Botrytis cinerea (strain T4)
spores (8 X 10* spores/mL) or treated with 10 uM Est, 5 uM Dex, or the
solvent control, and samples of liquid medium and seedlings were col-
lected at the indicated time points after treatment to analyze metabolite
production and gene expression.

Plasmid Construction and Generation of Transgenic Plants

The protein-coding regions of CPK5, CPK6, MKK5, and WRKY33 and the
CPK5CA, CPK6CA, and WRKY33,,-WRKY33,; gene fragments were PCR
amplified from Arabidopsis Col-0 cDNA and cloned into plant expression
vectors, protoplast transfection vectors, or Escherichia coli expression
vectors to generate the recombinant constructs used in this study
(Supplemental Table 1). The T229A and T215D/S221D (DD) mutations were
introduced into WRKY33 and MKK5, respectively, by site-directed mu-
tagenesis. The effector, reporter, and reference vectors used for the LUC
reporter-aided analysis of promoter activity or transactivation activity in
Arabidopsis protoplasts were described previously (Li et al., 2015). For the
promoter activity assay, the promoters of CYP79B2, CYP71A13,and PAD3
were PCR amplified from Col-0 genomic DNA and used to substitute the
35S promoter in the pHBT-LUC vector (Gao et al., 2013) to generate the
CYP79B2,,,;LUC, CYP71A13,,,:LUC, and PAD3,:LUC reporter con-
structs (Supplemental Table 1). For the transactivation assay, WRKY33
was subcloned into the effector vector and fused to GAL4DB
(Supplemental Table 1). The primers used to generate the constructs are
listed in Supplemental Table 2.

Transgenic Arabidopsis plants were generated by Agrobacterium
tumefaciens-mediated transformation using the floral dip method (Clough
and Bent, 1998). For all transgenic plants, 30 to 50 T1 plants per construct
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were screened for transgene expression using immunoblotting, and T3
homozygous lines with a single transgene insertion were used for phe-
notypic characterization or genetic crossing. The transgenic Arabidopsis
plants used in this study are listed in Supplemental Tables 3 and 4.

Metabolic Analysis

Samples of liquid medium were collected at the indicated time points after
different treatments for metabolic analyses. The liquid medium samples
were diluted with methanol and subjected to HPLC analyses on an LC-6AD
system with an RF-10AXL fluorescence detector (Shimadzu). Samples
were analyzed using an Inertsil ODS-SP column (250 X 4.6 mm, 5 um, GL
Sciences) with 5% (v/v) methanol as solvent A and 100% methanol as
solvent B at a flow rate of 0.7 mL/min (gradient of solvent B: 60% for 2 min,
followed by a 14-min linear gradient to 100%, then ended after 4 min at
100%). The camalexin peak was identified by referring to the standard
(Sigma-Aldrich). The camalexin concentrations were calculated based on
the comparison of peak areas (excitation at 310 nm and emission at 390 nm)
in samples with those of known amounts of the standard.

Gene Expression Analysis

Total RNA was extracted from seedling samples using TRIzol reagent (Invi-
trogen). After DNase treatment, 1 g of total RNA was used for RT. Expression
of CYP79B2, CYP71A13, PAD3, and WRKY33 at different time points after
inoculation with B. cinerea or treatment with Est or Dex was quantified by gPCR
using a real-time gPCR machine (CFX Connect, Bio-Rad) as previously de-
scribed (He et al., 2019). The transcript of elongation factor 1« (EF 1) was used
as a reference. The levels of CYP79B2, CYP71A13, PAD3, and WRKY33
expression were calculated as fold induction relative to the basal levels before
treatment. The primer pairs used for gPCR are listed in Supplemental Table 2.

B. cinerea Resistance Assay

Arabidopsis seeds were sown in soil and grown under a 12-h-light/12-h-
dark cycle in a growth chamber at 22°C and 65% humidity for 4 weeks. To
quantify disease resistance, mature rosette leaves were detached and
inoculated with 10-pL drops of B. cinerea spore suspension (2 X 10°
spores/mL). The inoculated leaves were kept in Petri dishes on wet filter
paper. The lesion size was measured 48 h after inoculation with B. cinerea.

Immunoprecipitation and co-IP Assays

Arabidopsis protoplasts were transfected with the indicated constructs and
cultured for 12 h. Total proteins were isolated with 0.5 mL of extraction buffer
(10 MM HEPES, pH 7.5,100 mM NaCl, 1 mM EDTA, 10% [v/v] glycerol, 0.5%
[v/v] Triton X-100, and 1X protease inhibitor cocktail from Roche). After
vortexing vigorously for 30 s, the samples were centrifuged at 16,0009 for
10 min at 4°C, and the supernatant was incubated with anti-FLAG (Sigma-
Aldrich, catalog no. A2220) or anti-GFP (ChromoTek, catalog no. gta-20)
agarose beads for 2 h at 4°C with gentle shaking. The beads were collected
and washed three times with washing buffer (10 MM HEPES, pH 7.5, 100 mM
NaCl, 1 mM EDTA, 10% [v/v] glycerol, and 0.1% [v/v] Triton X-100) and once
more with 50 mM Tris-HCI, pH 7.5. The immunoprecipitated proteins were
released from the beads by boiling in SDS-PAGE sample loading buffer and
analyzed by immunoblotting with anti-HA (Roche, catalog no. 12013819001)
or anti-pThr (Cell Signaling Technology, catalog no. 9381) antibody.

In Vitro Pull-Down and Phosphorylation Assays

The 6XHis-, GST-, and MBP-fused recombinant proteins were expressed
in E. coli strain BL21(DE3) and purified using Ni-NTA agarose (Qiagen),
Pierce glutathione agarose (Thermo Fisher Scientific), and amylose resin
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(New England Biolabs), respectively, according to each manufacturer’s
instructions. Approximately 10 g of GST or GST-fused proteins was
incubated with 5 pL of prewashed glutathione agarose beads in 1 mL of
pull-down buffer (20 mM Tris-HCI, pH 7.5, 1 mM B-mercaptoethanol, 3mM
EDTA, 150 mM NaCl, and 1% [v/v] Nonidet P-40) for 30 min at 4°C with
gentle shaking. The beads were harvested by centrifugation at 1000g for
1 min and inoculated with 10 pg of 6 XHis-fused proteins in 1 mL of pull-
down buffer for 1 h at 4°C with gentle shaking. Finally, the beads were
harvested and washed three times with 1 mL of pull-down buffer and once
more with 1 mL of 50 mM Tris-HCI, pH 7.5. The pulled-down proteins were
released from beads by boiling in SDS-PAGE sample loading buffer and
analyzed by immunoblotting with anti-HA antibody (Roche, catalog no.
12013819001).

The in vitro phosphorylation reactions were performed at 25°C for 2 hin
30 L of kinase buffer (25 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 0.1 mM
CaCl,, and 1 mM DTT) containing 10 ng of substrate proteins, 1 pg of
kinases, and 0.1 mM ATP with or without 5 wCi of [y-32P]ATP. Negative
control reactions with the addition of 5 mM EGTA were included to confirm
the specificity of CPK5/CPK6-mediated phosphorylation. The reactions
were stopped by adding 4 X SDS loading buffer, and the phosphorylation of
recombinant proteins was analyzed by autoradiography or by immuno-
blotting with anti-pThr (Cell Signaling Technology, catalog no. 9381) or
anti-pSer (Santa Cruz Biotechnology, catalog no. sc-81514) antibody after
protein separation by SDS-PAGE.

LC-MS/MS Analysis

The LC-MS/MS analysis was performed as reported previously (Li et al.,
2014). Briefly, the phosphorylation reaction using GST-CPK5 as the kinase
and MBP-WRKY33,-HA as the substrate was performed at 25°C for 2 h.
The proteins in the reaction were then digested using trypsin (1:50 trypsin-
to-protein ratio, w/w) at 37°C overnight. Phosphopeptides were enriched
for LC-MS/MS analysis with an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific). The MS/MS spectra were analyzed with Thermo
Proteome Discoverer (Thermo Fisher Scientific, version 2.2), and the
identified phosphorylated peptides were manually inspected to ensure
confidence in the assignment of phosphorylation sites.

EMSA

The DNA oligonucleotide probe (5'-CGTTGACCGTTGACCGAGTTGA
CTTTTTA-3") with three W-boxes (underlined) was synthesized and labeled
with biotin at the 5’ end (Sangon). The gel mobility shift assays were
performed using a LightShift Chemiluminescent EMSA Kit (Thermo Sci-
entific) according to the manufacturer’s instructions. Briefly, freshly pre-
pared recombinant WRKY33, WRKY33T2294, WRKY33,,, or WRKY33,
protein (1 ng) was incubated with biotin-labeled DNA probes (10 pmol) for
30 min at 25°C in the presence or absence of unlabeled competitor DNA.
The resulting protein-DNA complexes were separated on a 6% (w/v) native
polyacrylamide gel and transferred to a nylon membrane. After cross-
linking to the membrane by UV light radiation, the biotin-labeled DNA
probes were detected using a streptavidin-conjugated horseradish per-
oxidase. To test the effect of CPK5-mediated phosphorylation on the DNA
binding activity of WRKY33, recombinant WRKY33 and WRKY337229
proteins were incubated with GST-CPKS5 in kinase reaction buffer con-
taining 0.1 mM ATP for 1 h at 25°C before performing the EMSA.

ChIP-qPCR Analysis

Two-week-old  35S:4myc-WRKY33/Est.CPK5%4-HA and 35S:4myc-
WRKY3372294/Est:CPK5CA-HA transgenic seedlings treated with 10 uM
Est for 24 h were processed as described previously (Yamaguchi et al.,
2014). Chromatin was isolated from 0.3 g of frozen tissues and sonicated
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with a Covaris M220 sonicator (peak incident power of 75 W, duty factor of
10%) for 5 min. Immunoprecipitation was performed by incubating the
sheared chromatin samples with 4 ng of anti-myc antibody (Millipore,
catalog no. 05-724) or mouse IgG (negative control) for 1 h at 4°C. The
protein-chromatin immunocomplexes were captured using herring sperm
DNA- and BSA-blocked protein G-agarose (Invitrogen). The im-
munoprecipitated DNA was purified using a ChIP DNA Clean and Con-
centrator kit (Zymo Research). The immunoprecipitated and input DNA
samples were analyzed by gPCR using primers specific for the W-box-
containing regions of PAD3. The ChlP-gPCR results are presented as
percentages of the input DNA.

Analysis of Promoter Activity and Transactivation Activity

Arabidopsis protoplasts were cotransfected with the indicated reporter
and effector constructs. The reference construct UBQ10,,,:GUS was in-
cluded in all transfections and served as an internal transfection control.
After culturing for 8 h, the transfected protoplasts were collected and
resuspended in cell lysis buffer (25 mM Tris-phosphate, pH 7.8,2 mM 1,2-
diaminocyclohexane-N,N,N’,N'-tetraacetic acid, 10% [v/v] glycerol, 1%
[v/v] Triton X-100, and 2 mM DTT). The LUC activities in the protoplast
lysates were analyzed using a LUC assay kit (GoldBio) and a multimode
plate reader (SpectraMax iD5) according to each manufacturer’s in-
structions. For the GUS activity assay, aliquots of protoplast lysate were
reacted with a fourfold volume of GUS assay solution (10 mM Tris-HCI, pH
8.0, 2 mM MgCl,, and 1 mM methylumbelliferyl-B-p-glucuronide) at 37°C
for 1 h, and the fluorescent signals were measured using a SpectraMax iD5
reader. The promoter and transactivation activities were calculated as the
ratio of LUC activity to GUS activity, and the data are shown as relative fold
increases over the control.

Statistical Analyses

At least three independent repetitions were performed for the experiments
in this study. Results from one of the independent repeats that gave similar
results are shown. Student’s t test was used to determine whether the
difference between the two groups of data is statistically significant
(Supplemental Data Set). Asterisks above the columns indicate differences
that are statistically significant (P < 0.05). When more than two groups of
data at a specific time point or from a specific treatment are compared, one-
way ANOVA with Tukey’s posthoc test was performed (P < 0.05;
Supplemental Data Set). Different letters above the data points are used to
indicate differences that are statistically significant.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: CPK4 (AT4G09570), CPK5 (AT4G35310), CPK6 (AT2G17290),
CPK11 (AT1G35670), MPK3 (AT3G45640), MPK6 (AT2G43790), MKK5
(AT3G21220), EF1a (AT5G60390), CYP79B2 (AT4G39950), CYP71A13
(AT2G30770), PAD3 (AT3G26830), and WRKY33 (AT2G38470).
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Supplemental Figure 1. Induction levels of camalexin production in
Est:CPK5CA-HA transgenic lines are correlated with Est-induced
protein levels of CPK5CA,

Supplemental Figure 2. Activation of CPK5 or CPK6 induces
the expression of camalexin biosynthetic genes in Arabidopsis
protoplasts.

Supplemental Figure 3. CPK5 and CPK6 expression in Arabidopsis is
induced by B. cinerea infection.

Supplemental Figure 4. WRKY33 is required for CPK5-mediated
activation of the promoters of camalexin biosynthetic genes in
Arabidopsis protoplasts.

Supplemental Figure 5. The phosphorylation of WRKY33 by CPK5 is
not detected by an anti-pSer antibody.

Supplemental Figure 6. CPK6 interacts with and phosphorylates
WRKY33.

Supplemental Figure 7. The T229A mutation in WRKY33 does not
affect its interaction with CPKS5.

Supplemental Figure 8. The Thr-229 residue of WRKY33 is required
for its function in Arabidopsis resistance to B. cinerea.

Supplemental Figure 9. Both the N- and C-terminal WRKY domains
of WRKY33 are capable of binding to the W-box element.

Supplemental Figure 10. The amino acid sequence of WRKY33
showing the CPK5/CPK6 and MPK3/MPK6 phosphorylation sites.

Supplemental Figure 11. MPK3/MPK6-mediated phosphorylation of
WRKY33 does not alter its protein stability.

Supplemental Figure 12. CPK5-mediated phosphorylation of
WRKY33 does not alter its transactivation activity.

Supplemental Table 1. Recombinant constructs generated in
this study.

Supplemental Table 2. Primers used in this study.
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genetic crossing in this study.

Supplemental Data Set. Results of ANOVAs and t tests for the data
presented in each figure.
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