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Abstract
Camalexin, an indolic antimicrobial metabolite, is the major phytoalexin in Arabidopsis thaliana, and plays a crucial role in
pathogen resistance. Our previous studies revealed that the Arabidopsis mitogen-activated protein kinases MPK3 and MPK6
positively regulate pathogen-induced camalexin biosynthesis via phosphoactivating the transcription factor WRKY33. Here, we
report that the ethylene and jasmonate (JA) pathways act synergistically with the MPK3/MPK6–WRKY33 module at multiple
levels to induce camalexin biosynthesis in Arabidopsis upon pathogen infection. The ETHYLENE RESPONSE FACTOR1 (ERF1)
transcription factor integrates the ethylene and JA pathways to induce camalexin biosynthesis via directly upregulating cama-
lexin biosynthetic genes. ERF1 also interacts with and depends on WRKY33 to upregulate camalexin biosynthetic genes, indi-
cating that ERF1 and WRKY33 form transcriptional complexes to cooperatively activate camalexin biosynthetic genes, thereby
mediating the synergy of ethylene/JA and MPK3/MPK6 signaling pathways to induce camalexin biosynthesis. Moreover, as an
integrator of the ethylene and JA pathways, ERF1 also acts as a substrate of MPK3/MPK6, which phosphorylate ERF1 to in-
crease its transactivation activity and therefore further cooperate with the ethylene/JA pathways to induce camalexin biosyn-
thesis. Taken together, our data reveal the multilayered synergistic regulation of camalexin biosynthesis by ethylene, JA, and
MPK3/MPK6 signaling pathways via ERF1 and WRKY33 transcription factors in Arabidopsis.

Introduction
Plants have developed a multilayered immune system to rec-
ognize invading pathogens and mount efficient defense
responses. Upon recognition of pathogen-associated molecu-
lar patterns (PAMPs) or pathogen-derived effectors, plants ini-
tiate early immune signaling events including the production
of reactive oxygen species, activation of mitogen-activated

protein kinases (MAPKs), and calcium-dependent protein kin-
ases (CDPKs), and induction of defense hormones ethylene,
jasmonic acid (JA), and salicylic acid (Jones and Dangl, 2006;
Bigeard et al., 2015; Cui et al., 2015; Burger and Chory, 2019;
Wang et al., 2020; Zhou and Zhang, 2020; DeFalco and Zipfel,
2021; Yuan et al., 2021). These early immune signals are then
transduced to induce late-stage defense responses such as
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defense gene activation, cell wall strengthening, and phyto-
alexin induction, to confer plant disease resistance (Meng and
Zhang, 2013; Seybold et al., 2014; Qi et al., 2017; Burger and
Chory, 2019).

Phytoalexins are low-molecular weight antimicrobial metab-
olites that are induced in plants upon pathogen infection
and play crucial roles in plant disease resistance (Piasecka
et al., 2015). In Arabidopsis thaliana, camalexin (3-thiazol-20-
yl-indole) is the most prominent phytoalexin, which accumu-
lates to high levels in response to a variety of pathogens and
is exported to the extracellular space by the PLEIOTROPIC
DRUG RESISTANCE12 (PDR12) and PENETRATION3 (PEN3)/
PDR8 transporters to defend against pathogens (Tsuji et al.,
1992; Thomma et al., 1999; Bednarek et al., 2009; Schlaeppi
et al., 2010; Stotz et al., 2011; Hiruma et al., 2013; He et al.,
2019). Arabidopsis mutants defective in camalexin biosynthe-
sis or transport exhibit enhanced susceptibility to a number
of fungal and oomycetic pathogens, highlighting the impor-
tance of camalexin in plant resistance to these pathogens
(Glazebrook and Ausubel, 1994; Thomma et al., 1999;
Bednarek et al., 2009; Schlaeppi et al., 2010; Stotz et al., 2011;
Hiruma et al., 2013; He et al., 2019).

Camalexin is an indolic metabolite derived from trypto-
phan (Trp) metabolism (Piasecka et al., 2015). In
Arabidopsis, the first step of camalexin biosynthesis is the
conversion of Trp to indole-3-acetaldoxime (IAOx) by two
homologous cytochrome P450 enzymes, CYP79B2 and
CYP79B3 (Zhao et al., 2002). From IAOx, several branches of
indolic metabolism diverge, leading to the formation of
camalexin, indole glucosinolates (IGs), auxin (indole-3-acetic
acid), and several other indolics (Zhao et al., 2002; Nafisi
et al., 2007; Sonderby et al., 2010). In the camalexin biosyn-
thetic pathway, IAOx is later converted to indole-3-
acetonitrile (IAN) by the P450 enzyme CYP71A13 (Nafisi
et al., 2007). Thereafter, IAN is conjugated with glutathione
by the glutathione S-transferase (GST) GSTF6 to form GS-
IAN (Su et al., 2011), which is further processed by c-glu-
tamyl peptidases GGP1 and GGP3 to generate Cys-IAN
(Geu-Flores et al., 2011). Finally, camalexin is synthesized
from Cys-IAN via a two-step reaction catalyzed by the mul-
tifunctional P450 enzyme CYP71B15/PHYTOALEXIN
DEFICIENT3 (PAD3; Zhou et al., 1999; Schuhegger et al.,
2006; Bottcher et al., 2009).

In Arabidopsis, camalexin biosynthetic genes, including
CYP71A13 and PAD3, 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 transcription
factor WRKY33 has been shown to act as a key positive reg-
ulator of pathogen-induced camalexin biosynthesis (Qiu
et al., 2008; Mao et al., 2011). Camalexin induction 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). In
vivo binding of WRKY33 to the promoters of CYP71A13 and
PAD3 indicates that WRKY33 directly activates these

camalexin biosynthetic genes (Qiu et al., 2008; Mao et al.,
2011; Birkenbihl et al., 2017).

The MAPKs, MPK3 and MPK6, positively regulate cama-
lexin biosynthesis through phosphorylating WRKY33 (Ren
et al., 2008; Mao et al., 2011). Recently, we found that the
CDPKs, CPK5 and CPK6, also act as positive regulators of
camalexin biosynthesis via phosphorylation of WRKY33
(Zhou et al., 2020). Interestingly, the MPK3/MPK6-mediated
phosphorylation of WRKY33 on its N-terminal Ser residues
enhances the transactivation activity of WRKY33, whereas
CPK5 and CPK6 phosphorylate the Thr-229 residue of
WRKY33 to increase its DNA binding ability (Zhou et al.,
2020). Therefore, MPK3/MPK6 and CPK5/CPK6 coopera-
tively regulate camalexin biosynthesis through differential
phospho-regulation of WRKY33 activity.

Besides pathogen-responsive protein kinases, defense hor-
mones induced by pathogen attack also play crucial roles in
plant immunity (Burger and Chory, 2019; Aerts et al., 2021).
In contrast to SA, which is involved in plant resistance to
biotrophic and semibiotrophic pathogens (Peng et al., 2021),
ethylene and JA act synergistically against necrotrophic
pathogen infection (Burger and Chory, 2019). Once pro-
duced, ethylene binds to and inactivates its receptors, which
consequently inhibits the protein kinase CTR1-mediated
phosphorylation of ETHYLENE INSENSITIVE2 (EIN2), the
central positive regulator of ethylene signaling (Ju and
Chang, 2015; Binder, 2020). The C-terminus of the nonphos-
phorylated EIN2 is then cleaved and enters the nuclei, where
it activates the transcription factors EIN3/EIN3-LIKE1 (EIL1)
to mediate ethylene-responsive gene expression and defense
responses (Ju and Chang, 2015; Binder, 2020).

In the JA signaling pathway, perception of JA by the F-box
protein CORONATINE INSENSITIVE1 (COI1) promotes
physical interaction between COI1 and JASMONATE-ZIM
DOMAIN (JAZ) repressor proteins, thus leading to the deg-
radation of JAZs and thereafter the derepression of JAZ-
interacting transcription factors, such as EIN3/EIL1, to induce
defense responses (Song et al., 2014; Zhang et al., 2017a;
Howe et al., 2018). Downstream of EIN3/EIL1, the
APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) fam-
ily transcription factors, such as ERF1, OCTADECANOID-
RESPONSIVE ARABIDOPSIS59 (ORA59) and ERF96, act di-
rectly to induce ethylene/JA-responsive genes, such as
PDF1.2 (Solano et al., 1998; Lorenzo et al., 2003; Pre et al.,
2008; Catinot et al., 2015; Huang et al., 2016). Therefore,
EIN3/EIL1 and ERF transcription factors function as integra-
tors to mediate the synergy of ethylene and JA pathways in
regulating defense gene expression (Lorenzo et al., 2003; Pre
et al., 2008; Zhu et al., 2011; Huang et al., 2016). Ethylene
and JA signaling pathways were also implicated in regulating
camalexin biosynthesis (Thomma et al., 1999; Zhou et al.,
1999; Zhang et al., 2017b), but the underlying mechanisms
remain elusive.

In this study, we found that ethylene and JA pathways act
through the ERF1 transcription factor to synergistically in-
duce pathogen-responsive camalexin biosynthesis in
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Arabidopsis. Moreover, MPK3/MPK6 was revealed to phos-
phoactivate ERF1 and therefore act synergistically with ethyl-
ene/JA pathways via ERF1 to induce camalexin biosynthesis.
Furthermore, we showed that ERF1 and WRKY33 form tran-
scriptional complexes to cooperatively activate camalexin
biosynthetic genes, thereby further mediating the synergy of
ethylene/JA and MPK3/MPK6 signaling pathways to induce
camalexin biosynthesis. Collectively, our findings in this
study reveal the multilayered synergistic regulation of cama-
lexin biosynthesis by ethylene, JA, and MPK3/MPK6 signaling
pathways via ERF1 and WRKY33 transcription factors in
Arabidopsis upon infection by pathogens.

Results

Synergistic activation of camalexin biosynthesis by
the ethylene and JA signaling pathways
Plant responses to pathogen attack include the activation of
secondary metabolic reprogramming (Piasecka et al., 2015).
To identify the potential antimicrobial metabolites induced
by ethylene and JA pathways, we profiled the metabolites
secreted into the liquid culture medium by Arabidopsis
wild-type (Columbia-0 [Col-0]) seedlings after treatment
with methyl jasmonate (MeJA) and/or the ethylene precur-
sor 1-aminoaminocyclopropane-1-carboxylic acid (ACC),
which can be rapidly converted to ethylene in plants.

High-performance liquid chromatography (HPLC) analyses
with fluorescence detection revealed that a metabolite in
the Col-0 seedling culture was induced by ACC/MeJA
cotreatment but not by treatment of either ACC or MeJA
(Supplemental Figure S1; Figure 1A), suggesting that this
metabolite was synergistically induced by ethylene/JA path-
ways. This metabolite had the same retention time as the
synthetic camalexin standard in HPLC analyses
(Supplemental Figure S1), indicating that it is camalexin.
The loss of this ACC/MeJA-induced metabolite in the cul-
ture medium of the camalexin-null mutant pad3-1 con-
firmed that ethylene and JA pathways synergistically induce
camalexin production in Arabidopsis (Figure 1B).

Consistent with the synergistic action of ACC and MeJA
in camalexin induction, as shown in Figure 1C, the expres-
sion of camalexin biosynthetic genes CYP71A13 and PAD3
were highly induced by ACC/MeJA cotreatment but only
mildly upregulated by either ACC or MeJA treatment, indi-
cating that the ethylene and JA pathways synergistically acti-
vate camalexin biosynthetic genes, thereby inducing
camalexin biosynthesis. Blocking either ethylene signaling in
the ein2-1 mutant or JA signaling in the coi1-1 mutant
completely abolished the ACC/MeJA-induced camalexin pro-
duction (Figure 1D), indicating the coaction and interde-
pendency of ethylene and JA signaling pathways in
activating camalexin biosynthesis.

To further investigate the role of ethylene and JA path-
ways in pathogen-induced camalexin biosynthesis, we exam-
ined the camalexin induction in ein2-1 and coi1-1 mutants
after infection by B. cinerea. As shown in Figure 1E, the B.
cinerea-induced levels of camalexin production in ein2-1 and

coi1-1 mutants were both reduced to �60% of that in wild-
type plants. Consistent with this, the induction of camalexin
biosynthetic genes CYP71A13 and PAD3 by B. cinerea infec-
tion was also significantly compromised in both ein2-1 and
coi1-1 mutants (Figure 1F).

To further reveal the relationship between ethylene and JA
pathways in regulating pathogen-induced camalexin biosyn-
thesis, we further generated the ein2-1 coi1-1 double mutant.
Figure 1E shows that the level of camalexin production in
ein2-1 coi1-1 induced by B. cinerea infection was comparable
with that in either parental single mutant, that is, �60% of
that in wild-type plants. Consistent with this, the inductions
of CYP71A13 and PAD3 expression in ein2-1 coi1-1 were not
further reduced compared with those in ein2-1 and/or coi1-1
(Figure 1F). Together, these data indicate that the ethylene
and JA pathways act interdependently and synergistically to
induce camalexin biosynthesis via activating camalexin bio-
synthetic genes in Arabidopsis upon B. cinerea infection.

The ERF1 transcription factor plays a crucial role in
activating camalexin biosynthesis upon B. cinerea
infection
Ethylene and JA signaling are often transduced and inte-
grated through the AP2/ERF family transcription factors
(Huang et al., 2016). Several ERFs, including ERF1, ORA59,
and ERF96, have been shown to act downstream of the eth-
ylene/JA pathways and integrate ethylene/JA signaling to di-
rectly regulate defense gene expression (Lorenzo et al., 2003;
Pre et al., 2008; Catinot et al., 2015). Therefore, in search for
the transcription factor(s) regulating camalexin biosynthesis
downstream of ethylene/JA, we tested the involvement of
ERF1, ORA59, and ERF96 in camalexin induction by B. cin-
erea infection. To this end, we generated two erf1 mutants
(erf1-c1 and erf1-c2) using the clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated pro-
tein 9 (Cas9) system (Supplemental Figure S2A), obtained
the ora59-1 T-DNA insertional mutant from the Arabidopsis
Biological Resource Center (ABRC), and further generated
the ora59-1 erf96-c1 double mutant via CRISPR/Cas9 system
(Supplemental Figure S2B). As shown in Figure 2A and
Supplemental Figure S3, camalexin production induced by B.
cinerea infection was significantly compromised in the erf1-
c1 and erf1-c2 mutants but not in the ora59-1 or ora59-1
erf96-c1 mutant, indicating that ERF1 but not ORA59 or
ERF96 positively regulates B. cinerea-induced camalexin bio-
synthesis. The compromised camalexin induction in erf1-c1
mutant was correlated with the significantly attenuated acti-
vation of camalexin biosynthetic genes CYP71A13 and PAD3
after B. cinerea infection (Figure 2B).

We then further tested the effect of ERF1 overexpression
driven by the 35S promoter on B. cinerea-responsive cama-
lexin biosynthesis. Figure 2, A, B, and D show that overex-
pression of ERF1 greatly potentiated the induction of
camalexin biosynthesis and the activation of camalexin bio-
synthetic genes CYP71A13 and PAD3 in response to B. cin-
erea infection. Therefore, these data indicate that ERF1 acts
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as a crucial positive regulator in B. cinerea-induced cama-
lexin biosynthetic gene activation and camalexin production.
Additionally, ERF1 overexpression led to Arabidopsis growth
inhibition (Figure 2C), probably due to ERF1-mediated con-
stitutive activation of defense genes such as PDF1.2 and PR1
(Supplemental Figure S4). In support of the importance of
ERF1-mediated camalexin induction and defense gene acti-
vation, the resistance to B. cinerea was significantly compro-
mised in erf1-c1 mutant but was greatly enhanced in
35S:4myc-ERF1 transgenic plants (Supplemental Figures S5
and S6).

Moreover, to test whether chemical induction of ERF1 ex-
pression is sufficient to activate camalexin biosynthesis in
the absence of pathogen infection, we generated transgenic
Arabidopsis plants (Est:4myc-ERF1) expressing 4myc-tagged
ERF1 under the control of an estradiol (Est)-inducible pro-
moter. As shown in Figure 2, E and F, Est-induced expression
of ERF1 was able to induce camalexin production in
Est:4myc-ERF1 plants without pathogen inoculation. The
camalexin induction in Est:4myc-ERF1 plants after Est treat-
ment was correlated with the activation of camalexin bio-
synthetic genes CYP71A13 and PAD3 (Figure 2G). In

Figure 1 Ethylene and JA pathways synergistically induce camalexin biosynthesis in Arabidopsis. A and B, Cotreatment of Arabidopsis seedlings
with ACC and MeJA synergistically induced camalexin biosynthesis. Two-week-old Col-0 (A and B) or pad3-1 (B) seedlings were treated with 20-
lM ACC and/or 50-lM MeJA, or the solvent control (Ctrl) for 24 h in liquid medium, and camalexin production in the medium was quantified.
The asterisk above the column indicates significant differences (P5 0.05) compared with the Col-0 control (B), as determined by Student’s t test.
C, Cotreatment with ACC and MeJA synergistically activated the expression of camalexin biosynthetic genes. Two-week-old Col-0 seedlings were
treated with ACC and/or MeJA as described in (A). The transcript levels of CYP71A13 and PAD3 at 24-h posttreatment were analyzed by RT-
qPCR. D, Both ethylene and JA signaling pathways are fully required for ACC/MeJA-induced camalexin biosynthesis. Two-week-old Col-0, ein2-1,
and coi1-1 seedlings were treated with ACC plus MeJA as described in (A), and camalexin production was quantified. E and F, Both ethylene and
JA signaling pathways are involved in the B. cinerea-induced camalexin production and camalexin biosynthetic gene activation. Two-week-old
Col-0, ein2-1, coi1-1, and ein2-1 coi1-1 seedlings were inoculated with B. cinerea spores in liquid medium. Camalexin production was measured at
24-h postinoculation (E), and the transcript levels of CYP71A13 and PAD3 at the indicated time points were analyzed by RT-qPCR (F). In (A)–(F),
error bars indicate standard deviation (SD, n = 3 biological repeats), black dots represent individual data points, and different letters above the col-
umns indicate significant differences (P5 0.05), as determined by one-way analysis of Variance (ANOVA).
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contrast, although the WRKY33 transcription factor is also
required for pathogen-induced camalexin biosynthetic gene
activation and camalexin production (Qiu et al., 2008; Mao
et al., 2011), dexamethasone (Dex)-induced expression of
WRKY33 was not capable of inducing camalexin biosynthe-
sis in the Dex:4myc-WRKY33 transgenic plants that express
4myc-tagged WRKY33 under the control of a Dex-inducible
promoter (Supplemental Figure S7). Therefore, these data
further suggest that ERF1 plays a crucial role in controlling

the activation of camalexin biosynthetic genes and the in-
duction of camalexin biosynthesis.

ERF1 integrates the ethylene and JA pathways to
directly activate camalexin biosynthetic genes and
thereby induce camalexin biosynthesis
We further investigated whether the ethylene and JA path-
ways synergistically regulate camalexin biosynthesis via ERF1.
In line with the function of ERF1 as a downstream

Figure 2 ERF1 is an essential positive regulator of camalexin biosynthesis in Arabidopsis. A and B, ERF1 positively regulates B. cinerea-induced
camalexin production and camalexin biosynthetic gene expression. Two-week-old seedlings of Col-0, erf1 mutants and 35S:4myc-ERF1 transgenic
lines were inoculated with B. cinerea spores. Camalexin production was measured at 24-h postinoculation (A), and the transcript levels of
CYP71A13 and PAD3 at the indicated time points were analyzed by RT-qPCR (B). C and D, Overexpression of ERF1 led to growth inhibition of
transgenic Arabidopsis plants. Growth phenotypes of 4-week-old Col-0, erf1 mutants and 35S:4myc-ERF1 transgenic lines grown in soil, scale
bar = 1 cm (C). The expression of 4myc-ERF1 was analyzed by IB with anti-myc antibody (D), and total protein loading was assessed by Ponceau S
staining (PS). E–G, Est-induced expression of ERF1 in Est:4myc-ERF1 transgenic plants induced camalexin production and activated camalexin bio-
synthetic gene expression. Two-week-old Est:4myc-ERF1 seedlings were treated with 10 lM Est or the solvent control (Ctrl) for 72 h. Camalexin
production was quantified (E). The expression of 4myc-ERF1 was analyzed by IB with anti-myc antibody (F), and the transcript levels of CYP71A13
and PAD3 were analyzed by RT-qPCR (G). In (A), (B), (E), and (G), error bars indicate SD (n = 3 biological repeats), black dots represent individual
data points, and different letters above the columns indicate significant differences (P5 0.05), as determined by one-way ANOVA.
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integrator of ethylene and JA signals (Lorenzo et al., 2003),
cotreatment of Arabidopsis seedlings with ACC and MeJA
synergistically upregulated ERF1 expression (Figure 3A), while
the induction of camalexin biosynthesis by ACC/MeJA
cotreatment was largely blocked in the erf1-c1 mutant
(Figure 3B). Consistent with this, the ACC/MeJA-induced ac-
tivation of camalexin biosynthetic genes CYP71A13 and
PAD3 were significantly attenuated in erf1-c1 (Figure 3C),
and the ACC/MeJA-induced resistance to B. cinerea was
largely abolished in erf1-c1 (Supplemental Figure S5).
Therefore, these results indicate that ERF1 is required for
the synergistic induction of camalexin biosynthesis and fun-
gal resistance by the ethylene and JA pathways.

Consistent with the important role of ERF1 in B. cinerea-
induced camalexin biosynthesis (Figure 2A), its expression
was highly induced by B. cinerea infection (Figure 3D). The B.
cinerea-induced expression of ERF1 was largely compromised
in both ein2-1 and coi1-1 mutants (Figure 3D), indicating the
synergistic induction of ERF1 expression by ethylene and JA
in response to B. cinerea infection. Notably, overexpression
of ERF1 driven by the 35S promoter in the ein2-1 coi1-1 mu-
tant could completely overcome the defect of ein2-1 coi1-1
in B. cinerea-induced camalexin biosynthesis (Figure 3, E and
F), indicating that ERF1 acts downstream of ethylene and JA
to induce camalexin biosynthesis upon B. cinerea infection.
Together, the above data demonstrate that ethylene and JA
pathways synergistically induce camalexin biosynthesis via
ERF1 in response to B. cinerea infection.

A luciferase (LUC) reporter-aided analysis of promoter ac-
tivity in Arabidopsis protoplasts revealed that ERF1 could
activate the promoters of camalexin biosynthetic genes
CYP71A13 and PAD3 (Figure 4, A and B). ERF1 binds the
GCC box element (AGCCGCC) to directly regulate defense
genes (Solano et al., 1998). A search for GCC boxes in the
promoters of CYP71A13 and PAD3 found the GCC box-like
elements AGCCGAC and AGCCGTC in the promoter
regions of CYP71A13 and PAD3, respectively (Figure 4, C and
D). Through electrophoresis mobility shift assays (EMSAs),
we showed that ERF1 could bind the GCC box-containing
regions of both CYP71A13 and PAD3 promoters in vitro
(Figure 4E). Inclusion of the GCC box-containing but not
the GCC box-mutated promoter fragments without biotin
labels in the binding reaction of EMSAs effectively competed
the binding of ERF1 to the biotin-labeled promoter frag-
ments of CYP71A13 and PAD3 (Figure 4E), confirming the
specificity of GCC-box binding activities of ERF1 protein.
Furthermore, we performed chromatin immunoprecipitation
(ChIP)-qPCR analyses using 35S:4myc-ERF1 transgenic plants
to test whether ERF1 directly target CYP71A13 and PAD3
in vivo. As shown in Figure 4F, compared with the immuno-
precipitation using the control IgG antibody, the immuno-
precipitation of 4myc-tagged ERF1 protein from 35S:4myc-
ERF1 plants using an anti-myc antibody greatly enriched the
GCC box-containing regions of both CYP71A13 and PAD3
promoters. Therefore, these data indicate that, as a down-
stream integrator of ethylene and JA pathways, ERF1 directly

binds the promoter of camalexin biosynthetic genes
CYP71A13 and PAD3 to activate their expression, thereby in-
ducing camalexin biosynthesis.

ERF1 and WRKY33 act interdependently and
cooperatively to induce camalexin biosynthesis
In addition to ERF1, the transcription factor WRKY33 also
directly activates the camalexin biosynthetic genes
CYP71A13 and PAD3 to induce camalexin biosynthesis in re-
sponse to B. cinerea infection (Qiu et al., 2008; Mao et al.,
2011; Birkenbihl et al., 2017). To explore the relationship be-
tween ERF1 and WRKY33 in regulating camalexin biosynthe-
sis, we transformed the 35S:4myc-ERF1 construct into the
wrky33-2 mutant background. As shown in Figure 5, B and
C, the potentiation of B. cinerea-induced camalexin produc-
tion by ERF1 overexpression was completely blocked in
35S:4myc-ERF1 wrky33-2 plants compared with that in
35S:4myc-ERF1 plants, although the transgenic ERF1 expres-
sion levels were comparable in these different transgenic
plants.

The blockage of ERF1-potentiated camalexin biosynthesis
in 35S:4myc-ERF1 wrky33-2 plants after B. cinerea infection
was associated with the dramatically attenuated activation
of camalexin biosynthetic genes CYP71A13 and PAD3
(Supplemental Figure S8). Consistent with the genetic
results, a LUC reporter assay in Arabidopsis protoplasts
showed that the activation of CYP71A13 and PAD3 pro-
moters by ERF1 was also largely dependent on WRKY33
(Supplemental Figure S9). These results indicate that
WRKY33 is required for ERF1-induced camalexin biosyn-
thetic gene activation and camalexin biosynthesis.

Additionally, the inhibition of transgenic plant growth
caused by ERF1 overexpression was also recovered in the
wrky33-2 mutant background (Figure 5, A and B), probably
because the ERF1-mediated activation of defense genes such
as PDF1.2 and PR1 were largely compromised in 35S:4myc-
ERF1 wrky33-2 plants (Supplemental Figure S4), indicating
that ERF1 also depends on WRKY33 to activate these de-
fense genes. Consistent with the requirement of WRKY33
for ERF1-induced camalexin biosynthesis and defense gene
activation, the enhanced resistance to B. cinerea observed in
35S:4myc-ERF1 plants was also abolished in 35S:4myc-ERF1
wrky33-2 plants (Supplemental Figure S6).

We further generated the erf1-c1 wrky33-2 and erf1-c2
wrky33-2 double mutants to evaluate the relationship be-
tween ERF1 and WRKY33 in regulating pathogen-induced
camalexin biosynthesis. As shown in Figure 5D and
Supplemental Figure S10, the defects of wrky33-2 in B. cin-
erea-induced camalexin biosynthetic gene activation and
camalexin production were more severe than those of erf1-
c1. However, the camalexin induction levels in erf1-c1
wrky33-2 and erf1-c2 wrky33-2 double mutants after B. cin-
erea infection were not further reduced in comparison with
that in wrky33-2 (Figure 5D). Similarly, the B. cinerea-in-
duced expression levels of CYP71A13 and PAD3 in erf1-c1
wrky33-2 were comparable with that in wrky33-2
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(Supplemental Figure S10). These results are consistent with
the requirement of WRKY33 for ERF1-induced camalexin
biosynthetic gene activation and camalexin biosynthesis.

Although the Dex-induced expression of WRKY33 in
Dex:4myc-WRKY33 plants was unable to induce camalexin
biosynthesis in the absence of pathogen infection
(Supplemental Figure S7), overexpression of WRKY33 in
35S:4myc-WRKY33 plants substantially enhanced B. cinerea-
responsive camalexin induction (Figure 5E). To investigate
whether ERF1 is required for the WRKY33-induced

camalexin production in response to B. cinerea infection,
we transformed the 35S:4myc-WRKY33 construct into the
erf1-c1 mutant. As shown in Figure 5, E and F, the enhance-
ment of B. cinerea-responsive camalexin induction by
WRKY33 overexpression was largely abolished in 35S:4myc-
WRKY33 erf1-c1 plants compared with that in 35S:4myc-
WRKY33 plants, although the transgenic WRKY33 expression
levels were comparable in these different transgenic plants,
indicating that ERF1 is also required for WRKY33-induced
camalexin biosynthesis in response to B. cinerea infection.

Figure 3 Ethylene and JA pathways act through ERF1 to synergistically induce camalexin biosynthesis. A, Cotreatment of Arabidopsis seedlings
with ACC and MeJA synergistically induced ERF1 expression. Two-week-old Col-0 seedlings were treated with 20-lM ACC and/or 50-lM MeJA, or
the solvent control (Ctrl) in liquid medium, and the ERF1 transcript levels at 24-h posttreatment were analyzed by RT-qPCR. B and C, ERF1 is re-
quired for ACC/MeJA-induced camalexin production and camalexin biosynthetic gene activation. Two-week-old Col-0 and erf1-c1 mutant seed-
lings were treated with ACC plus MeJA. Camalexin production was measured at 24-h posttreatment (B), and the transcript levels of CYP71A13
and PAD3 at 12-h posttreatment were analyzed by RT-qPCR (C). Asterisks above columns indicate significant differences (P5 0.05) compared
with the Col-0 controls (B, C), as determined by Student’s t test. D, Both ethylene and JA signaling pathways are required for B. cinerea-induced
expression of ERF1. Two-week-old Col-0, ein2-1 and coi1-1 seedlings were inoculated with B. cinerea spores. The ERF1 transcript levels at the indi-
cated time points were analyzed by RT-qPCR. E and F, Overexpression of ERF1 completely overcame the defect of ein2-1 coi1-1 in B. cinerea-in-
duced camalexin biosynthesis. Two-week-old seedlings of Col-0, ein2-1 coi1-1 mutant and 35S:4myc-ERF1 ein2-1 coi1-1 transgenic lines were
inoculated with B. cinerea spores. Camalexin production was measured at 24-h postinoculation (E). The expression of 4myc-ERF1 in 35S:4myc-
ERF1 ein2-1 coi1-1 lines was analyzed by IB with anti-myc antibody (F). In (A)–(E), error bars indicate SD (n = 3 biological repeats), black dots repre-
sent individual data points, and different letters above columns indicate significant differences (P5 0.05), as determined by one-way ANOVA.
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Furthermore, we transformed the Est:4myc-ERF1 construct
into the 35S:4myc-WRKY33 transgenic background to assess
the relationship between ERF1 and WRKY33 in regulating
camalexin biosynthesis. As shown in Figure 5, G and H, in the
absence of pathogen infection, the ERF1-induced camalexin

biosynthesis in Est:4myc-ERF1 35S:4myc-WRKY33 plants was
substantially enhanced by overexpression of WRKY33, com-
pared with that in Est:4myc-ERF1 plants, although the Est-
induced ERF1 expression levels were comparable in these
different transgenic plants, suggesting the cooperation of

Figure 4 ERF1 directly activates camalexin biosynthetic genes. A, Schematic diagrams of the effector, reporter, and reference constructs used in
the LUC reporter-aided analysis of CYP71A13 and PAD3 promoter activities in Arabidopsis protoplasts. B, Expression of ERF1 induced the activa-
tion of camalexin biosynthetic gene promoters in Arabidopsis protoplasts. The reporter construct CYP71A13pro:LUC or PAD3pro:LUC was cotrans-
fected with the effector construct 35S:4myc-ERF1 or the vector control (Ctrl) into protoplasts. The reference construct UBQ10pro: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 controls. Protein levels of 4myc-ERF1 in transfected protoplasts were analyzed by IB with anti-myc anti-
body. C, Schematic diagrams showing the GCC box-like elements in the promoters of CYP71A13 and PAD3. Small arrows indicate the primers
used for ChIP-qPCR analysis in (F). D, The wild-type and mutated oligonucleotide sequences of the GCC box-containing probes (abbreviated as
GCC and mGCC) derived from CYP71A13 and PAD3 promoters. The underlined sequences indicate the GCC box elements. The mutated nucleoti-
des in the probes are highlighted in boldface. E, ERF1 binds the GCC box-containing probes derived from CYP71A13 and PAD3 promoters in vitro.
EMSA was performed using the recombinant MBP-ERF1-HA protein and the biotin-labeled probes as shown in (D). The specificity of probe bind-
ing activities was demonstrated by the competition assays using 50-fold excess of the unlabeled wild-type or mutated probes. F, ERF1 binds to the
GCC-box-containing regions of CYP71A13 and PAD3 promoters in vivo. ChIP-qPCR was performed using 35S:4myc-ERF1 transgenic seedlings. The
ERF1–chromatin complex was immunoprecipitated using anti-myc antibody and protein G-agarose. A control reaction was performed using
mouse IgG. ChIP- and input-DNA samples were quantified by qPCR using primers as shown in (C). The ChIP results are presented as percentage
of input DNA. In (B) and (F), error bars indicate SD (n = 3 biological repeats), black dots represent individual data points, and asterisks above col-
umns indicate significant differences (P5 0.05) compared with the respective controls, as determined by Student’s t test.
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Figure 5 ERF1 and WRKY33 function interdependently and cooperatively to induce camalexin biosynthesis. A and B, The transgenic plant growth
inhibition caused by ERF1 overexpression was recovered in the wrky33-2 background. Growth phenotypes of 4-week-old Col-0, wrky33-2,
35S:4myc-ERF1, and 35S:4myc-ERF1 wrky33-2 plants grown in soil, scale bar = 1 cm (A). The expression of 4myc-ERF1 in 35S:4myc-ERF1 and
35S:4myc-ERF1 wrky33-2 plants was analyzed by IB with anti-myc antibody (B). C, WRKY33 is required for ERF1-mediated potentiation of cama-
lexin biosynthesis in response to B. cinerea infection. Two-week-old Col-0, wrky33-2, 35S:4myc-ERF1, and 35S:4myc-ERF1 wrky33-2 seedlings were
inoculated with B. cinerea spores. Camalexin production was measured at 24-h postinoculation. D, The erf1-c1 wrky33-2 and wrky33-2 mutants
exhibited similar levels of defects in B. cinerea-induced camalexin biosynthesis. The analyses of B. cinerea-induced camalexin production in the in-
dicated genotypes were performed as described in (C). E and F, Overexpression of WRKY33 led to the ERF1-dependent potentiation of camalexin
biosynthesis in response to B. cinerea infection. The B. cinerea-induced camalexin production (E) and the expression of 4myc-WRKY33 in the indi-
cated genotypes were analyzed as described in (C) and (B), respectively. G and H, Overexpression of WRKY33 enhanced the ERF1-induced cama-
lexin biosynthesis in the absence of pathogen infection. Two-week-old Est:4myc-ERF1 and Est:4myc-ERF1 35S:4myc-WRKY33 transgenic seedlings
were treated with 10 lM Est or the solvent control (Ctrl) for 72 h. Camalexin production was quantified (G), and the expression of 4myc-ERF1
and 4myc-WRKY33 was analyzed by IB (H). In (C), (D), (E), and (G), error bars indicate SD (n = 3 biological repeats), black dots represent individual
data points, and different letters above the columns indicate significant differences (P5 0.05), as determined by one-way ANOVA.
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ERF1 and WRKY33 in activating camalexin biosynthesis.
Consistent with this, a LUC reporter assay showed that coex-
pression of ERF1 and WRKY33 could additively activate
CYP71A13 and PAD3 promoters in Arabidopsis protoplasts
(Supplemental Figure S11). Taken together, the above data in-
dicate that ERF1 and WRKY33 act in an interdependent and
cooperative manner to activate camalexin biosynthetic genes
and induce camalexin biosynthesis.

ERF1 interacts with WRKY33 in the nucleus
To reveal the mechanism underlying the interdependence of
ERF1 and WRKY33 in inducing camalexin biosynthesis, we
tested whether ERF1 and WRKY33 regulate each other’s ex-
pression. As shown in Supplemental Figure S12, the B. cin-
erea-induced expression of ERF1 or WRKY33 were not
affected in wrky33-2 or erf1-c1 mutant, respectively, indicat-
ing that these two transcription factors do not regulate
each other’s expression in response to B. cinerea infection.

We further investigated whether ERF1 and WRKY33 func-
tion together through direct interaction. As shown in an
in vitro pull-down assay, the hexa-histidine (6�His)-tagged
WRKY33 was pulled down by GST-tagged ERF1 but not by
GST itself (Figure 6A). Consistent with this, in a coimmuno-
precipitation (Co-IP) assay using Arabidopsis protoplasts,
HA-tagged WRKY33 (WRKY33-HA) was coimmunoprecipi-
tated with 4Myc-tagged ERF1 by anti-myc agarose from
transfected protoplasts (Figure 6B). In addition, when
WRKY33-HA was transiently coexpressed with GFP-tagged
ERF1 (ERF1-GFP) in Nicotiana benthamiana, it could also be
coimmunoprecipitated with ERF1-GFP by anti-GFP agarose
in Co-IP analyses (Figure 6C). Therefore, the pull-down and
Co-IP analyses indicate that ERF1 interacts with WRKY33
in vitro and in vivo.

Furthermore, we also performed a split yellow fluores-
cence protein (YFP)-based bimolecular fluorescence comple-
mentation (BiFC) assay in Arabidopsis protoplasts to
confirm and visualize the ERF1–WRKY33 interaction. As
shown in the BiFC analyses (Figure 6D), a clear YFP signal
was observed in the nucleus when ERF1 and WRKY33 fused
with the N- and C-terminal half of YFP, respectively, were
coexpressed in protoplasts, indicating that the interaction of
ERF1 and WRKY33 occurs in the nucleus.

Given the requirement of WRKY33 for ERF1-mediated ac-
tivation of CYP71A13 and PAD3 (Supplemental Figures S8
and S9), these protein–protein interaction analyses suggest
that ERF1 forms transcriptional complexes with WRKY33 in
the nucleus to cooperatively activate camalexin biosynthetic
genes and induce camalexin biosynthesis. Notably, a recently
study also reported the identification of hypoxia-responsive
ERF–WRKY transcriptional complexes, including the ERF1–
WRKY53 complex in Arabidopsis and the DkERF24–
DkWRKY1 complex in persimmon (Diospyros kaki; Zhu
et al., 2019), suggesting that the formation of ERF-WRKY
complexes may represent a general mechanism for ERF- and
WRKY-mediated activation of stress-responsive genes.

ERF1 is phosphorylated by MPK3/MPK6 in vitro and
in vivo
During the characterization of ERF1 function, we detected
two bands of the ERF1-GFP fusion protein when it was
expressed in Arabidopsis protoplasts (Figure 7A). Upon
treatment with the k protein phosphatase (kPPase), the
upper band disappeared (Figure 7A), indicating that it
represents the phosphorylated form of ERF1-GFP protein.
A further examination of ERF1 protein sequence revealed
a cluster of three potential MAPK phosphorylation sites
(Ser-8, 14, 22, three serines followed by prolines) in the N-
terminus (Figure 7B). Similarly, WRKY33 contains clus-
tered proline-directed serines (SP cluster) in its N-terminal
domain (Figure 7B), which were demonstrated to be the
phosphorylation sites of MPK3 and MPK6 (Mao et al.,
2011). Therefore, we tested whether MPK3 and MPK6
phosphorylate ERF1 on its N-terminal SP cluster. As
shown in Figure 7, C and D, in vitro phosphorylation anal-
yses using the phosphate-affinity probe Phostag-Biotin
showed that the active MPK3/MPK6 indeed could phos-
phorylate the ERF1 N-terminal region (ERF1N) containing
the SP cluster but not the rest of the protein (ERF1DB + C)
containing the AP2/ERF DNA-binding domain and the C-
terminus of ERF1. Another phosphorylation assay using
c-32P-labeled ATP confirmed the in vitro phosphorylation
of ERF1N but not ERF1DB + C by MPK3/MPK6 (Figure 7E).
Mutating Ser-8 to Ala (S8A) but not Ser-14 or Ser-22 to
Ala (S14A or S22A) in ERF1N largely blocked its phosphor-
ylation by MPK3/MPK6, while the ERF1N mutant with all
these three Ser mutated to Ala (3SA) completely lost its
phosphorylation by MPK3/MPK6 (Figure 7F). Therefore,
these in vitro phosphorylation analyses indicate that
MPK3/MPK6 phosphorylate ERF1 on its N-terminal SP
cluster, in which Ser-8 is likely the major site phosphory-
lated by MPK3/MPK6.

To further demonstrate the phosphorylation of ERF1 by
MPK3/MPK6 in vivo, the GFP-tagged wild-type ERF1 and its
loss-of-phosphorylation mutant (ERF13SA-GFP) and
phospho-mimic mutant (ERF13SD-GFP, with Ser-8/14/22 all
mutated to Asp) were expressed in Arabidopsis protoplasts;
meanwhile, a constitutively active version of MKK5
(MKK5T215D/S221D, abbreviated as MKK5DD) was coexpressed
to activate its downstream MPK3 and MPK6. As shown in
Figure 7G, without MKK5DD-activated MPK3/MPK6, a por-
tion of ERF1-GFP protein was already phosphorylated, prob-
ably by the basally activated MPK3/MPK6 during protoplast
preparation. Upon activation of MPK3/MPK6 by the coex-
pressed MKK5DD, the phosphorylated portion of ERF1-GFP
protein was significantly increased, indicating that the acti-
vated MPK3/MPK6 phosphorylated ERF1 in protoplasts.
Notably, the ERF13SA-GFP mutant protein completely lost
both the basal and the MKK5DD-induced phosphorylation
band, whereas the phospho-mimic ERF13SD-GFP protein
exhibited constitutively up-shifted band corresponding to
the phosphorylated ERF1-GFP band, indicating that the Ser-
8/14/22 residues of ERF1 also serve as the MPK3/MPK6
phosphorylation sites in protoplasts. Together, these data
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indicate that MPK3/MPK6 also phosphorylate ERF1 on its
N-terminal SP cluster in vivo.

MPK3 and MPK6 play redundant roles in regulating
Arabidopsis immunity (Meng and Zhang, 2013) and the
mpk3 mpk6 double mutant is embryo lethal. To further pro-
vide direct evidence supporting the MPK3/MPK6-mediated
phosphorylation of ERF1 during plant–pathogen interaction,
we used a conditional mpk3 mpk6 double mutant, mpk3
mpk6 pMPK6:MPK6Y144G, whose embryonic lethality was res-
cued by a transgene of the chemical 4-amino-1-tert-butyl-3-
(10-naphthyl)pyrazolo[3,4-d]pyrimidine (NA-PP1)-sensitized
version of MPK6 (MPK6Y144G; Xu et al., 2014). The kinase ac-
tivity of MPK6Y144G in mpk3 mpk6 pMPK6:MPK6Y144G plants
can be specifically inhibited by NA-PP1, a derivative of
the PP1 (4-amino-1-tert-butyl-3-(4-methylphenyl)pyrazolo[3,4-

d]pyrimidine) kinase inhibitor with a bulky side chain, which,
therefore, cannot enter the ATP binding pocket of a normal
kinase (Bishop et al., 2000; Xu et al., 2014). To compare the
phosphorylation of ERF1 in mpk3 mpk6 pMPK6:MPK6Y144G

and Col-0 backgrounds, the ERF1-GFP fusion protein was
expressed in the protoplasts of these two plants. The trans-
fected protoplasts were pretreated with NA-PP1 and then
treated with the chitin oligomer chitooctaose, a representa-
tive fungal PAMP. As shown in Figure 7H, the chitin-induced
phosphorylation of ERF1-GFP was blocked in the protoplasts
of mpk3 mpk6 pMPK6:MPK6Y144G but not Col-0 upon pre-
treatment with NA-PP1 that specifically inhibits the activity
of MPK6Y144G, indicating that MPK3/MPK6 mediate the phos-
phorylation of ERF1 in Arabidopsis upon perception of
PAMPs/pathogens.

Figure 6 ERF1 interacts with WRKY33 in vitro and in vivo. A, ERF1 interacts with WRKY33 in an in vitro pull-down assay. GST- or GST-ERF1-
bound glutathione beads were incubated with 6�His-WRKY33-HA proteins, and the pulled-down (PD) proteins were analyzed by IB with anti-
HA antibody (IB: anti-HA; top). The protein inputs were assessed by IB (middle) and Coomassie Brilliant Blue staining (bottom). B, ERF1 associates
with WRKY33 in Arabidopsis protoplasts. 4myc-ERF1 and WRKY33-HA proteins were coexpressed in protoplasts. The proteins immunoprecipi-
tated from protoplast extracts using anti-myc agarose beads (IP: anti-myc) were analyzed by IB with anti-HA (IB: anti-HA) or anti-myc antibody
(IB: anti-myc; top two panels). The protein inputs were assessed by IB (bottom two parts). Ctrl, vector control. C, ERF1 associates with WRKY33 in
N. benthamiana. ERF1-GFP and WRKY33-HA proteins were transiently coexpressed in N. benthamiana leaves. Co-IP analyses were performed using
anti-GFP agarose beads, similarly as described in (B). D, ERF1 interacts with WRKY33 in the nucleus. BiFC assays were performed by expressing the
indicated combinations of proteins in Arabidopsis protoplasts, with WRKY71-cYFP and ERF7-nYFP proteins coexpressed as negative controls. The
fluorescence was observed under a confocal microscope. The NLS-RFP protein was coexpressed to visualize the protoplast nuclei. Scale
bars = 25 lm.
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MPK3/MPK6-mediated phosphorylation of ERF1
enhances its transactivation activity
We next investigated the effect of MPK3/MPK6-mediated
phosphorylation on ERF1 activity. The MPK3/MPK6-
phosphorylated SP cluster is located in ERF1 N-terminus
and is far away from its DNA-binding domain (Figure 7, B
and C), suggesting that MPK3/MPK6-mediated phosphoryla-
tion is unlikely to regulate the DNA-binding activity of ERF1.
To evaluate whether phosphorylation of the ERF1 N-termi-
nal SP cluster by MPK3/MPK6 regulates ERF1 transactivation

activity in Arabidopsis protoplasts, we generated three 35S
promoter-driven effector constructs expressing wild-type
ERF1, the loss-of-phosphorylation ERF13SA or the phospho-
mimic ERF13SD protein fused with the DNA binding domain
of the yeast transcription factor GAL4 (GAL4DB-ERF1-HA,
GAL4DB-ERF13SA-HA, and GAL4DB-ERF13SD-HA) (Figure 8A).
To perform transactivation assays, Arabidopsis protoplasts
were cotransfected with one of the effector constructs and
a reporter construct harboring the LUC reporter gene
under the control of a synthetic promoter consisting of the

Figure 7 In vitro and in vivo phosphorylation of ERF1 by MPK3/MPK6. A, ERF1 was phosphorylated in Arabidopsis protoplasts. ERF1-GFP protein
was expressed in Arabidopsis protoplasts and immunoprecipitated from protoplast extracts using anti-GFP agarose beads. The immunoprecipi-
tated ERF1-GFP was treated with or without k protein phosphatase (kPPase) and then analyzed by IB. B, Putative MAPK phosphorylation sites in
the N-terminus of ERF1 and the identified MPK3/MPK6 phosphorylation sites in the N terminus of WRKY33. C, Schematic diagrams showing the
domain architectures of wild-type and truncated ERF1 proteins. The AP2/ERF DNA-binding domain of ERF1 (ERF1DB) is located in its central re-
gion. The amino acid positions are labeled on the top. The truncated fragments of ERF1 used for phosphorylation analyses are shown at the bot-
tom. D and E, The N-terminal domain of ERF1 (ERF1N) was phosphorylated by MPK3/MPK6. The phosphorylation reactions without (D) or with
(E) the addition of [c-32P]ATP were performed using the MBP/HA-tagged ERF1 fragments as substrates and the 6�His-MPK3/MPK6 activated by
6�His-MKK5DD as the kinase. After separation by SDS–PAGE, the phosphorylated proteins were detected using the Phostag-Biotin probe (D) or
by autoradiography (Autorad. [E]; top). The protein inputs were assessed by IB (bottom). Asterisks indicate the phosphorylated MBP-ERF1N-HA
protein. F, MPK3/MPK6 phosphorylate the N-terminal serine residues of ERF1. The single and triple Ser-to-Ala mutants of MBP-ERF1N-HA protein
were purified and their ability to be phosphorylated by MPK3/MPK6 was analyzed by in vitro phosphorylation assays as described in (E). G,
Mutation of the N-terminal serine residues in ERF1 blocked its phosphorylation by MPK3/MPK6 in Arabidopsis protoplasts. The wild-type ERF1-
GFP protein or its mutant with the three N-terminal Ser mutated to Ala (3SA) or Asp (3SD) were coexpressed with MKK5DD-Flag in protoplasts.
The phosphorylation of ERF1-GFP proteins and the activation of MPK3/MPK6 by MKK5DD were analyzed by IB using anti-GFP and anti-phospho-
ERK1/2 (anti-pERK) antibodies, respectively. H, MPK3/MPK6 mediated the chitin-induced phosphorylation of ERF1 in Arabidopsis protoplasts.
The ERF1-GFP protein was expressed in the protoplasts of Col-0 and mpk3 mpk6 pMPK6:MPK6Y144G plants. The transfected protoplasts were pre-
treated with NA-PP1 to block the activation of MPK6Y144G and then treated with the chitin oligomer chitooctaose to induce the phosphorylation
of ERF1-GFP, which was further analyzed by IB. Ctrl, solvent control.
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GAL4-specific upstream activation sequence (GAL4UAS) and
the 35S minimal promoter (Figure 8A). As shown in
Figure 8, B and C, when expressed at comparable levels in
Arabidopsis protoplasts, GAL4DB-ERF13SD-HA exhibited sig-
nificantly higher transactivation activity than GAL4DB-ERF1-
HA, whereas GAL4DB-ERF13SA-HA showed significantly
lower transactivation activity than GAL4DB-ERF1-HA, as in-
dicated by the LUC activities induced by these ERF1 fusion
proteins, suggesting that phosphorylation of the ERF1 N-ter-
minal SP cluster increased the transactivation activity of
ERF1.

We also generated the transgenic plants overexpressing
ERF1-GFP, ERF13SA-GFP or ERF13SD-GFP protein (35S:ERF1-
GFP, 35S:ERF13SA-GFP, and 35S:ERF13SD-GFP) to assess the ef-
fect of ERF1 phosphorylation on its activity in potentiating
B. cinerea-induced camalexin biosynthesis. As shown in
Figure 8, D–F, in transgenic lines with comparable levels of
transgene expression, 35S:ERF13SD-GFP lines produced signifi-
cantly increased levels of camalexin than 35S:ERF1-GFP lines,
whereas 35S:ERF13SA-GFP lines produced significantly re-
duced levels of camalexin than 35S:ERF1-GFP lines, when
these transgenic lines were infected by B. cinerea, indicating

Figure 8 Phosphorylation of ERF1 by MPK3/MPK6 enhances ERF1 transactivation activity. A, Schematic diagrams of the effector, reporter, and ref-
erence constructs used in the transactivation assays. The reporter construct contains the LUC reporter gene driven by a synthetic promoter con-
sisting of five repeats of GAL4UAS and the 35S minimal promoter (35Smini). In the effector constructs, GAL4DB-HA alone or fused with ERF13SA or
ERF13SD was expressed under the control of the 35S promoter. B and C, Phosphorylation of ERF1 increased its transactivation activity in
Arabidopsis protoplasts. The reporter construct and one of the effector constructs were cotransfected into protoplasts. The reference construct
UBQ10pro:GUS was included in all transfections and served as an internal transfection control. The LUC activities were normalized to the GUS ac-
tivities, and the data are shown as relative fold increases over the background from the transfection with the 35S:GAL4DB-HA construct (B). The
expression of GAL4DB-ERF1-HA, GAL4DB-ERF13SA-HA, and GAL4DB-ERF13SD-HA proteins was analyzed by IB using anti-HA antibody (C). D–F,
Phosphorylation of ERF1 enhanced its activity in potentiating B. cinerea-induced camalexin biosynthesis in Arabidopsis transgenic plants. Two-
week-old seedlings of Col-0 and the indicated transgenic lines were inoculated with B. cinerea spores. Camalexin production was measured at 24-h
postinoculation (D). The ERF1 transcript levels in transgenic lines were analyzed by RT-qPCR (E), and the levels of ERF1-GFP, ERF13SA-GFP and
ERF13SD-GFP proteins in transgenic lines were analyzed by IB (F). In (B), (D), and (E), error bars indicate SD (n = 3 biological repeats), black dots
represent individual data points, and different letters above the columns indicate significant differences (P5 0.05), as determined by one-way
ANOVA.
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Figure 9 Synergistic regulation of camalexin biosynthesis and B. cinerea resistance by MPK3 and ethylene/JA signaling pathways. A and B, MPK3
and ethylene/JA pathways synergistically induce camalexin production and camalexin biosynthetic gene activation. Two-week old Dex:MPK3CA-HA
transgenic seedlings were treated with 5-lM Dex for 12-h and/or 20-lM ACC plus 50-lM MeJA for 24 h. Camalexin production was measured
(A), and the transcript levels of CYP71A13 and PAD3 were analyzed by RT-qPCR (B). C and D, ERF1 and WRKY33 mediate the synergistic induc-
tion of camalexin biosynthesis by MPK3 and ethylene/JA pathways. Two-week-old seedlings of the indicated transgenic lines were treated with
5 lM Dex for 12 h and 20-lM ACC plus 50-lM MeJA for 24 h. Camalexin production was measured (D), and the expression of MPK3CA-HA pro-
tein was analyzed by IB (C). E, MPK3 and ethylene/JA pathways contribute additively to B. cinerea-induced camalexin production. Camalexin pro-
duced from 2-week-old Col-0 and mutant seedlings indicated was measured at 24 h postinoculation with B. cinerea spores. F and G, Additive
contribution of MPK3 and ethylene/JA pathways 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, scale bar = 5 mm (F). Meanwhile, le-
sion size was quantified (G). In (A), (B), (D), (E), and (G), error bars indicate SD ([A], [B], [D], and [E]: n = 3 biological repeats; [G]: n = 20 leaves
from different plants of each genotype), black dots represent individual data points, and different letters above the columns indicate significant
differences (P5 0.05), as determined by one-way ANOVA.
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that phosphorylation of ERF1 enhanced its activity in induc-
ing camalexin biosynthesis. Of note, the relatively weak abili-
ties of GAL4DB-ERF13SA-HA protein to activate LUC reporter
gene in protoplasts (Figure 8, A–C) and ERF13SA-GFP protein
to enhance B. cinerea-induced camalexin biosynthesis in
transgenic plants (Figures 8, D–F) indicate that ERF13SA still
has a relatively weak transcriptional activity. Therefore, the
above results collectively suggest that the activity of ERF1
does not totally depend on its phosphorylation by MPK3/
MPK6 but can be significantly enhanced by MPK3/MPK6-
mediated phosphorylation. Additionally, in independent
transgenic lines with comparable levels of ERF1-GFP,
ERF13SA-GFP, or ERF13SD-GFP transcripts (Figure 8E), the ac-
cumulation levels of ERF13SA-GFP and ERF13SD-GFP proteins
were also comparable with those of ERF1-GFP protein
(Figure 8F), suggesting that phosphorylation of ERF1 by
MPK3/MPK6 does not regulate the stability of ERF1 protein.

Ethylene, JA, and MPK3 signaling pathways
synergistically regulate camalexin biosynthesis and
B. cinerea resistance
The finding that MPK3/MPK6 phosphoactivate ERF1
promoted us to investigate whether MPK3/MPK6 and ethyl-
ene/JA signaling pathways act through ERF1 to synergisti-
cally regulate camalexin biosynthesis and disease resistance.

To this end, based on a previous report about constitu-
tively active MAPK versions (Berriri et al., 2012), we gener-
ated Dex:MPK3CA-HA transgenic Arabidopsis plants
expressing a HA-tagged constitutively active version of
MPK3 (MPK3D193G/E197A, named MPK3CA) under the control
of a Dex-inducible promoter. Following treatment with Dex
and/or ACC/MeJA, we compared the levels of camalexin
production in Dex:MPK3CA-HA plants. As shown in
Figure 9A, upon treatment with Dex, the level of camalexin
induction by Dex-induced MPK3CA was comparable to that
induced by treatment with ACC/MeJA. Notably, cotreat-
ment of Dex:MPK3CA-HA plants with Dex and ACC/MeJA
showed a synergistic effect on inducing camalexin produc-
tion, resulting in a camalexin induction level much higher
than that induced by either Dex or ACC/MeJA treatment.
The synergistic induction of camalexin biosynthesis upon
Dex and ACC/MeJA cotreatment was associated with higher
levels of CYP71A13 and PAD3 induction by the cotreatment
(Figure 9B). These results indicate that MPK3 and ethylene/
JA signaling pathways synergistically induce camalexin bio-
synthetic gene activation and camalexin biosynthesis.

To further determine whether the synergistic induction of
camalexin biosynthesis by MPK3 and ethylene/JA pathways
is mediated by ERF1 and WRKY33, we transformed the
Dex:MPK3CA-HA construct into the erf1-c1, wrky33-2, and
erf1-c1 wrky33-2 mutant backgrounds (Figure 9C). As
shown in Figure 9, C and D, upon cotreatment with Dex
and ACC/MeJA, the levels of camalexin production synergis-
tically induced by MPK3CA and ACC/MeJA in Dex:MPK3CA-
HA erf1-c1, Dex:MPK3CA-HA wrky33-2 and Dex:MPK3CA-HA
erf1-c1 wrky33-2 transgenic lines were all largely reduced in

comparison with that in Dex:MPK3CA-HA lines, although the
Dex-induced MPK3CA expression levels were comparable in
these different transgenic lines, indicating that both ERF1
and WRKY33 are required for the synergistic induction of
camalexin biosynthesis by MPK3 and ethylene/JA pathways.
Notably, the MPK3CA/ACC/MeJA-induced camalexin pro-
duction in Dex:MPK3CA-HA erf1-c1 wrky33-2 lines was not
further reduced in comparison with those in Dex:MPK3CA-
HA wrky33-2 lines (Figure 9D), which is consistent with the
coaction of ERF1 and WRKY33 in a transcriptional complex
(Figure 6). Therefore, these data indicate that ERF1 and
WRKY function together to mediate the synergistic induc-
tion of camalexin biosynthesis by MPK3 and ethylene/JA
pathways.

Furthermore, to provide loss-of-function evidence
supporting the MPK3/MPK6- and ethylene/JA-mediated syn-
ergistic regulation of pathogen-induced camalexin biosynthe-
sis, we generated the ein2-1 coi1-1 mpk3-1 and ein2-1 coi1-1
mpk6-3 triple mutants and compared the camalexin induc-
tion levels in these triple mutants with those in the parental
single and double mutants after B. cinerea infection. Again,
compromised camalexin production was observed in ein2-1
coi1-1 (Figure 9E). The B. cinerea-induced camalexin produc-
tion was also compromised in mpk3-1, but not in mpk6-3,
and was further reduced in ein2-1 coi1-1 mpk3-1, but not in
ein2-1 coi1-1 mpk6-3, compared with that in ein2-1 coi1-1
(Figure 9E). These results indicate that ethylene/JA and
MPK3 signaling pathways also act synergistically to positively
regulate B. cinerea-induced camalexin biosynthesis. Based on
a previous report (Ren et al., 2008), the absence of cama-
lexin induction defects caused by MPK6 mutation in differ-
ent backgrounds is likely due to the redundancy of MPK3/
MPK6 and the relatively minor contribution of MPK6 in reg-
ulating camalexin biosynthesis.

Consistent with the finding of ethylene/JA- and MPK3-
mediated synergistic regulation of camalexin biosynthesis,
we also observed an additive contribution of the ethylene/
JA and MPK3 pathways to Arabidopsis resistance against B.
cinerea infection. As shown in Figure 9, F and G, compared
with Col-0 plants, the ein2-1 coi1-1 and mpk3-1 mutants dis-
played increased susceptibility to B. cinerea, while the ein2-1
coi1-1 mpk3-1 triple mutant showed even stronger suscepti-
bility. The increased B. cinerea susceptibility in these
mutants was closely correlated with their reduced camalexin
production (Figure 9, E–G), highlighting the importance of
camalexin production for Arabidopsis resistance to B. cin-
erea. Therefore, both gain- and loss function evidence indi-
cates that ethylene/JA pathways function synergistically with
MPK3 to positively regulate camalexin biosynthesis and B.
cinerea resistance, which is consistent with the cooperative
regulation of ERF1 by ethylene/JA and MPK3 at transcrip-
tional and posttranscriptional levels.

Discussion
Pathogen-induced phytoalexin production is an integral part
of plant immunity and plays a critical role in plant disease
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resistance (Piasecka et al., 2015). The biosynthetic pathways
of several phytoalexins have been elucidated (Sonderby
et al., 2010; Geu-Flores et al., 2011; Piasecka et al., 2015), but
the signaling pathways regulating their biosynthesis remain
largely elusive. As the most prominent phytoalexin in
Arabidopsis, camalexin is essential for Arabidopsis resistance
to a number of fungal and oomycetic pathogens
(Glazebrook and Ausubel, 1994; Thomma et al., 1999;
Bednarek et al., 2009; Schlaeppi et al., 2010; Stotz et al., 2011;
Hiruma et al., 2013). Previously, we characterized the regula-
tion of pathogen-induced camalexin biosynthesis by MPK3/
MPK6 and their downstream transcription factor WRKY33
(Mao et al., 2011; Zhou et al., 2020). In this study, we
revealed that ethylene and JA signaling pathways act syner-
gistically with the MPK3/MPK6–WRKY33 signaling module
at multiple levels to induce camalexin biosynthesis in re-
sponse to B. cinerea infection (Figures 1, 9, and 10). We
found that the ERF1 transcription factor integrates ethylene
and JA pathways to directly activate camalexin biosynthetic
genes, thereby inducing camalexin biosynthesis (Figures 2, 3,
and 4). ERF1 was further found to interact with WRKY33,
meanwhile these two transcription factors were shown to
act interdependently in the induction of camalexin biosyn-
thesis (Figures 5 and 6; Supplemental Figures S8–S11),

suggesting that ERF1 forms transcriptional complexes with
WRKY33 to cooperatively induce camalexin biosynthesis.
Interestingly, as an integrator of ethylene and JA pathways,
ERF1 was also identified as a substrate of MPK3/MPK6
(Figure 7), which phosphorylate ERF1 to enhance its transac-
tivation activity (Figure 8), suggesting that ERF1 mediates
the synergy of ethylene/JA and MPK3/MPK6 signaling path-
ways to activate camalexin biosynthesis. Indeed, both gain-
and loss-of-function analyses demonstrated the synergistic
induction of camalexin biosynthesis by ethylene/JA and
MPK3 signaling pathways (Figure 9).

Taken together, based on these results, we propose a
model in which ethylene, JA, and MPK3/MPK6 signaling
pathways act synergistically to induce camalexin biosynthesis
via multilayered regulatory mechanisms (Figure 10). In this
model, ethylene and JA pathways synergistically induce
camalexin biosynthesis via transcriptional activation of ERF1
gene, while MPK3/MPK6 act synergistically with ethylene/JA
pathways via phosphoactivating ERF1 activity. At the pro-
moters of camalexin biosynthetic genes, ERF1 and WRKY33
are proposed to form transcriptional complexes to coopera-
tively activate camalexin biosynthetic genes. The ERF1–
WRKY33 transcriptional complexes may act through facili-
tating the recruitment of RNA polymerase and/or its

Figure 10 A model depicting the multilayered synergistic regulation of pathogen-induced camalexin biosynthesis by ethylene, JA and MPK3/
MPK6 signaling pathways in Arabidopsis. In response to pathogen (e.g. B. cinerea) infection, ethylene and JA signaling pathways act synergistically
to induce camalexin biosynthesis via transcriptional activation of ERF1 gene. ERF1 directly binds to the promoters of camalexin biosynthetic genes
and forms transcriptional complexes with WRKY33, thereby cooperating with WRKY33 to activate camalexin biosynthetic genes and induce
camalexin biosynthesis. MPK3/MPK6 phosphorylate ERF1 to enhance its transactivation activity and therefore act synergistically with ethylene/JA
pathways via ERF1 to induce camalexin biosynthesis. Since MPK3/MPK6 also phosphoactivate WRKY33 to induce camalexin biosynthesis, the in-
teraction and cooperation of ERF1 and WRKY33 could also mediate the synergy of ethylene/JA and MPK3/MPK6 signaling pathways to induce
camalexin biosynthesis. The induced camalexin is finally exported to the extracellular space by the transporters PEN3 and PDR12 to defend against
pathogens.
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associated factors to activate the transcription of camalexin
biosynthetic genes. Given that MPK3/MPK6 also phosphoac-
tivate WRKY33 to induce camalexin biosynthesis (Mao
et al., 2011; Zhou et al., 2020), the formation of the ERF1–
WRKY33 transcriptional complex would also mediate the
synergy of ethylene/JA and MPK3/MPK6 signaling pathways
in activating camalexin biosynthesis. Since both ERF1 and
WRKY33 are also required for the bacterium P. syringae pv.
tomato DC3000 (Pst DC3000)-induced camalexin production
in Arabidopsis (Supplemental Figure S13), the ERF1–
WRKY33 complex is likely involved in activating camalexin
biosynthesis in response to both fungal and bacterial patho-
gens. Notably, a recent study also reported the identification
of ERF–WRKY transcriptional complexes, including the
Arabidopsis ERF1–WRKY53 complex and the persimmon
DkERF24–DkWRKY1 complex, both of which are involved in
regulating hypoxia-responsive genes (Zhu et al., 2019).
Therefore, this study together with the previous report sug-
gests that the formation of ERF–WRKY complexes may rep-
resent a general mechanism for ERF- and WRKY-mediated
activation of stress-responsive genes.

Interestingly, although ERF1 and WRKY33 act interde-
pendently and cooperatively to induce camalexin biosynthe-
sis, chemically induced expression of ERF1 but not WRKY33
induced camalexin production in transgenic Arabidopsis
plants without pathogen infection (Supplemental Figure S7).
We propose that this unexpected result could be due to a
dramatic difference in the basal expression levels of ERF1
and WRKY33. As shown in Supplemental Figure S14, in the
absence of pathogen infection, the basal transcript level of
WRKY33 is �10-fold higher than that of ERF1, which proba-
bly would result in a much higher basal protein level of
WRKY33 than ERF1 in Arabidopsis plants. Under this cir-
cumstance, the transgenically overexpressed ERF1 can form
ERF1–WRKY33 transcriptional complexes with a relatively
high basal level of WRKY33 protein to induce camalexin bio-
synthesis in the absence of pathogen attack (Supplemental
Figure S7). Conversely, a low basal level of ERF1 protein may
be inadequate to form a threshold level of ERF1–WRKY33
transcriptional complexes with the transgenically overex-
pressed WRKY33 for inducing camalexin biosynthesis in the
absence of pathogen infection (Supplemental Figure S7).
This hypothesis is also consistent with the observation that
overexpression of ERF1 and WRKY33 together showed an
additive effect on the induction of camalexin biosynthesis in
transgenic Arabidopsis plants without pathogen infection
(Figure 5, G and H). However, in contrast to the inability of
WRKY33 overexpression to induced camalexin biosynthesis
in the absence of pathogen attack (Supplemental Figure S7),
overexpression of WRKY33 could substantially enhance the
B. cinerea-induced camalexin biosynthesis (Figure 5E), proba-
bly because the expression of endogenous ERF1 is induced
to a high level upon B. cinerea infection (Figure 3D).

In addition to ethylene/JA pathways, we recently showed
that the CDPKs CPK5 and CPK6 function cooperatively with
MPK3/MPK6 to positively regulate camalexin biosynthesis

via differential phosphorylation of WRKY33 (Zhou et al.,
2020). Of note, different from MPK3/MPK6, CPK5 cannot
phosphorylate ERF1 (Supplemental Figure S15), suggesting
that CPK5/CPK6 do not act through ERF1 to interact with
ethylene/JA pathways in upregulating camalexin biosynthe-
sis. However, the phosphoactivation of WRKY33 by CPK5/
CPK6 can potentially mediate the synergy of CPK5/CPK6
and ethylene/JA pathways via the WRKY33–ERF1 transcrip-
tional complex to activate camalexin biosynthesis. In this
way, ethylene, JA, MPK3/MPK6, and CPK5/CPK6 signaling
pathways will constitute a regulatory network via ERF1 and
WRKY33 to induce camalexin biosynthesis synergistically.

Besides ERF1 and WRKY33, several other transcription
factors including MYB51, MYB122, ERF72, and NAC042 are
also involved in the induction of camalexin biosynthesis in
response to pathogen attack (Saga et al., 2012; Frerigmann
et al., 2015; Yang et al., 2020; Li et al., 2022). Additionally,
a recent study reports that the histone modification-
mediated epigenetic activation of camalexin biosynthetic
genes is implicated in the induction of pathogen-
responsive camalexin biosynthesis (Zhao et al., 2021).
Therefore, in addition to ethylene/JA and MPK3/MPK6 sig-
naling pathways and their downstream ERF1 and WRKY33
transcription factors reported here, the pathogen-induced
camalexin biosynthesis is also regulated by multiple other
pathways and transcription factors, which probably con-
tribute to the residual camalexin induction in ein2-1 coi1-1
mpk3-1 and erf1-c wrky33-2 mutants upon B. cinerea infec-
tion (Figures 5D and 9E).

In this study, MPK3/MPK6 was shown to positively regu-
late ethylene signaling via phosphoactivation of ERF1, a key
transcription factor in ethylene signaling pathways.
Previously, biochemical and genetic analyses in Arabidopsis
demonstrated that MPK3/MPK6 also positively regulate the
pathogen-responsive ethylene biosynthesis through phos-
phorylation and stabilization of the ACC synthase (ACS) iso-
forms, ACS2 and ACS6, two rate-limiting enzymes for
pathogen-induced ethylene biosynthesis (Liu and Zhang,
2004; Han et al., 2010; Li et al., 2012). Interestingly, MPK3/
MPK6 was also shown to positively regulate the expression
of ACS2 and ACS6 genes via phosphoactivating WRKY33,
which directly activates ACS2/ACS6 expression to induce
ethylene biosynthesis (Li et al., 2012). Therefore, through
phosphorylation of ACS2/ACS6, WRKY33 and ERF1, MPK3/
MPK6 are involved in positively regulating both ethylene
biosynthesis and signaling, and thus play a critical role in de-
termining the magnitude and kinetics of ethylene signaling
outputs in response to pathogen infection.

In addition to regulation of camalexin biosynthesis and
ethylene biosynthesis/signaling, MPK3/MPK6 are also in-
volved in regulating the pathogen-responsive IG biosynthesis
via ERF6 and MYB51 transcription factors (Xu et al., 2016).
Like camalexin, IG is also a Trp-derived indolic antimicrobial
metabolite and plays an important role in Arabidopsis im-
munity (Piasecka et al., 2015). As a substrate of MPK3/
MPK6, ERF6 positively regulates the expression of MYB51, a

3082 | THE PLANT CELL 2022: 34; 3066–3087 Zhou et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac139#supplementary-data


key positive regulator of IG biosynthesis (Gigolashvili et al.,
2007; Xu et al., 2016). Interestingly, ethylene signaling is also
involved in upregulating MYB51 expression and thus pro-
moting IG biosynthesis (Clay et al., 2009). Given the ERF6-
mediated regulation of MYB51 expression downstream of
MPK3/MPK6 (Xu et al., 2016), we expect that ERF1 is proba-
bly involved in regulating MYB51 expression downstream of
ethylene signaling, which needs further study to clarify. In
this way, ethylene signaling pathway would also act synergis-
tically with MPK3/MPK6 to induce IG biosynthesis via ERF1/
ERF6 and MYB51 transcription factors, meanwhile MPK3/
MPK6 and ethylene signaling pathways will act through
ERF1/ERF6 and MYB51 to coordinately induce the biosyn-
thesis of Trp-derived indolic antimicrobial metabolites cama-
lexin and IG.

Materials and methods

Plant materials, growth conditions, and treatments
Arabidopsis (A. thaliana) ecotypeCol-0 ecotype was used as
the wild-type control. All the mutants and transgenic plants
used in this study are in the Col-0 background. The knock-
out mutants pad3-1 (Glazebrook and Ausubel, 1994), ein2-1
(Guzman and Ecker, 1990), coi1-1 (Feys et al., 1994), ora59-1
(GABI_061A12; Zander et al., 2014), wrky33-2
(GABI_324B11; Mao et al., 2011), mpk3-1 (SALK_151594;
Ren et al., 2008), and mpk6-3 (SALK_127507; Liu and Zhang,
2004) were described previously. The double mutant ein2-1
coi1-1 and the triple mutants ein2-1 coi1-1 mpk3-1 and ein2-
1 coi1-1 mpk6-3 were generated by genetic crossing, and ho-
mozygous lines were used for the experiments. The other
mutants used in this study, including erf1-c1, erf1-c2, ora59-1
erf96-c1, erf1-c1 wrky33-2, and erf1-c2 wrky33-2 were gener-
ated via CRISPR/Cas9-mediated gene editing, as described
below. The conditional double mutant mpk3 mpk6
pMPK6:MPK6Y144G was generously provided by Drs Shuqun
Zhang and Juan Xu (Xu et al., 2014).

Arabidopsis seedlings were grown on half-strength
Murashige and Skoog plates for 7 days at 22�C in a growth
chamber with a 12-h light (intensity: 60 lE m–2 s–1, from
white fluorescent lamps)/12-h dark cycle, then transferred 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 days under continuous fluores-
cent light (intensity: 60 lE m–2 s–1, from white fluorescent
lamps) to avoid the effect of the light/dark cycle on metab-
olite biosynthesis and gene expression. Thereafter, the seed-
lings in gas chromatography vials were inoculated with B.
cinerea (strain T4) spores (8 � 104 spores mL–1) or Pst
DC3000 with a final optical density at 600 nm (OD600) of
0.02, or treated with 20-lM ACC, 50-lM MeJA, 10-lM Est,
5-lM Dex, or solvent controls. At indicated time points af-
ter treatment, samples of liquid medium and seedlings were
collected to analyze metabolite production and gene expres-
sion, respectively.

Generation of recombinant plasmids
The coding sequences of ERF1, MPK3, and WRKY33, and the
truncated fragments ERF1N and ERF1DB + C were PCR ampli-
fied from Arabidopsis Col-0 cDNA. The S8A, S14A, S22A,
3SA, and 3SD mutations were introduced into ERF1N or
ERF1 by site-directed mutagenesis. MPK3CA was generated
by introduction of D193G and E197A mutations into MPK3
via site-directed mutagenesis (Berriri et al., 2012). The wild-
type, truncated, or mutated version of ERF1, MPK3, or
WRKY33 were cloned into plant expression vectors, proto-
plast transfection vectors, or Escherichia coli expression vec-
tors as indicated in Supplemental Table S1 to generate the
recombinant plasmids used in this study. In addition, the re-
combinant plasmids pET28a-6�His-WRKY33-HA, pGEX-4T-
1-GST-CPK5, pHBT-35S:WRKY33-HA, pHBT-35S:MKK5DD-
FLAG, and pBI121-35S:4myc-WRKY33 used in this study were
generated previously (Zhou et al., 2020).

The effector, reporter, and reference vectors used for the
LUC reporter-aided analysis of promoter activity or transac-
tivation activity in Arabidopsis protoplasts were described
previously (Li et al., 2015). The reporter constructs
CYP71A13pro:LUC and PAD3pro:LUC were generated previ-
ously for promoter activity assays (Zhou et al., 2020). In this
study, ERF1 and its mutants were cloned into the effector
vector and fused to GAL4DB to generate the recombinant
effector constructs for transactivation assays (Supplemental
Table S1). The vectors used for the split-YFP-based BiFC as-
say were also described previously (Zhou et al., 2014). For
BiFC assays in this study, ERF1, ERF7, WRKY33, and WRKY71
were cloned into the BiFC vectors and fused with the N- or
C-terminal half of YFP (Supplemental Table S1). The
35S:NLS-RFP construct used to visualize the protoplast nuclei
was generated previously (Li et al., 2015).

To generate erf1 and erf96 mutations via CRISPR/Cas9-
mediated gene editing, ERF1 and ERF96 gRNA target sequen-
ces were designed and synthesized (Supplemental Figure S2;
Supplemental Table S2). The ERF1- and ERF96-editing
CRISPR/Cas9 vectors containing a single ERF1 gRNA and
two ERF96 gRNAs with adjacent targets, respectively
(Supplemental Table S1), were generated using the AtU6-26-
gRNA-SK and pYAO:hSpCas9 vectors as described previously
(Yan et al., 2015). All the primers used for generating the re-
combinant constructs are listed in Supplemental Table S2.

Generation of transgenic plants and CRISPR/Cas9-
induced mutants
Transgenic Arabidopsis plants were generated by
Agrobacterium tumefaciens-mediated transformation using
the floral dip method (Clough and Bent, 1998). For all trans-
genic plants, 30–50 T1 plants per construct were screened
for transgene expression using immunoblotting (IB), and T2
or T3 lines with a single transgene insertion were used for
phenotypic characterization. The Arabidopsis transgenic
plants used in this study are listed in Supplemental Table
S3. To identify erf1 and erf96 mutations induced by CRISPR/
Cas9-mediated gene editing, the gRNA target regions were
PCR amplified from the T1 plants transformed with the
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CRISPR/Cas9 vector of ERF1 or ERF96, and then sequenced
to screen for homozygous erf1 or erf96 mutant in the indi-
cated backgrounds (Supplemental Table S3).

Metabolic analysis
Samples of liquid medium were collected at indicated time
points after different treatments. Metabolic analyses were
performed using HPLC with fluorescence detection as de-
scribed previously (Zhou et al., 2020). The camalexin peak
was identified by referring to an authentic standard (Sigma-
Aldrich, St Louis, MO, USA ; SML1016), and the camalexin
concentrations in collected samples were quantified based
on the standard curve (peak area versus concentration) of
authentic camalexin.

Gene expression analysis
Total RNA extraction, reverse transcription, and qPCR analy-
ses were performed as previously described (He et al., 2019).
The transcript of elongation factor 1a (EF1a) was used as a
reference. The induction of CYP71A13, PAD3, ERF1, WRKY33,
PDF1.2, and PR1 expression was calculated as fold induction
relative to the basal levels before treatment. The primer
pairs used for qPCR are listed in Supplemental Table S2.

Botrytis cinerea resistance assay
Arabidopsis seeds were sown in soil and grown under a 12-
h light (intensity: 60 lE m–2 s–1, from white fluorescent
lamps)/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 drop-inoculated
with 10mL drops of B. cinerea spore suspension (2 � 105

spores mL–1). To investigate the ACC/MeJA-induced disease
resistance, rosette leaves were syringe-infiltrated with 20-lM
ACC plus 50-lM MeJA at 24 h before leaf detachment for
inoculation of B. cinerea spore. The B. cinerea-inoculated
leaves were kept in Petri dishes on wet filter paper. The le-
sion size was measured at 48 h after inoculation with B.
cinerea.

Co-IP, BiFC, pull-down, and phosphorylation assays
Arabidopsis protoplast isolation and transfection with the
indicated plasmids (Supplemental Table S1) and A. tumefa-
ciens-mediated transfection of N. benthamiana leaves with
the indicated constructs (Supplemental Table S1) were car-
ried out as reported previously (Meng et al., 2016). The
transfected protoplasts of mpk3 mpk6 pMPK6:MPK6Y144G

plants were treated with 5 lM NA-PP1 (MedChemExpress,
Monmouth Junction, NJ, USA; HY-13941) for 12 h to block
the activation of MPK6Y144G. To investigate the chitin-
induced phosphorylation of ERF1, the indicated protoplasts
after transfection were treated with 1-lM chitooctaose with
eight GlcNAc moieties (IsoSep AB, Stockholm Sweden; 57/
12-0010) for 15 min. Total protein extraction from
Arabidopsis protoplasts or N. benthamiana leaves, protein
immunoprecipitation using anti-myc (Abmart, Shanghai,
China; M20012) or anti-GFP agarose beads (ChromoTek,
Munich, Germany; gta-20), and the IB analyses using

indicated antibodies were all performed as previously de-
scribed (Meng et al., 2016). The BiFC assays in Arabidopsis
protoplasts transfected with the indicated plasmids
(Supplemental Table S1) were also performed as previously
described (Zhou et al., 2014).

Prokaryotic expression and purification of the 6�His-,
GST-, and MBP-fused recombinant proteins and GST pull-
down assays using glutathione agarose beads were carried
out as previously described (Zhou et al., 2020). In vitro phos-
phorylation reactions with or without addition of
[c-32P]ATP were also performed as previously described
(Zhou et al., 2020), and the phosphorylation of recombinant
proteins was analyzed by autoradiography, or by IB with
Phostag-Biotin (APExBIO, Houston, TX, USA; F4001) or anti-
pThr antibody (Cell Signaling, Danvers, MA, USA; 9381) after
protein separation by the sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

EMSA and ChIP-qPCR analysis
The GCC box-containing oligonucleotide probes as shown
in Figure 4D were synthesized and labeled with biotin at the
50-end (Sangon). Gel mobility shift assays were performed
using the freshly prepared MBP-ERF1-HA protein and the
LightShift Chemiluminescent EMSA Kit (ThermoFisher
Scientific, Waltham, MA, USA; 20148) as previously de-
scribed (Zhou et al., 2020). Two-week-old 35S:4myc-ERF1
transgenic seedlings were used for ChIP-qPCR analysis.
Chromatin isolation and immunoprecipitation were carried
out as previously described (Zhou et al., 2020). The immu-
noprecipitated and input DNA samples were analyzed by
qPCR using primers specific for the GCC box-containing
regions of CYP71A13 and PAD3 promoters. The ChIP-qPCR
results are presented as percentages of the input DNA.

Analysis of promoter activity and transactivation
activity
Arabidopsis protoplasts were co-transfected with the indi-
cated reporter and effector constructs. The reference con-
struct UBQ10pro:GUS was included in all transfections and
served as an internal transfection control. Analyses of the
LUC and GUS activities in transfected protoplasts were per-
formed as previously described (Zhou et al., 2020). The pro-
moter 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 inde-
pendent repeats that gave similar results were shown.
Student’s t test was used to determine whether the differ-
ence between the two groups of data is statistically signifi-
cant. Asterisks above the columns indicate differences that
are statistically significant (P5 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
post hoc test was performed (P5 0.05). Different letters
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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: EIN2 (AT5G03280),
COI1 (AT2G39940), ERF1 (AT3G23240), ORA59
(AT1G06160), ERF96 (AT5G43410), CYP71A13 (AT2G30770),
PAD3 (AT3G26830), WRKY33 (AT2G38470), MPK3
(AT3G45640), MPK6 (AT2G43790), MKK5 (AT3G21220),
CPK5 (AT4G35310), PDF1.2 (AT5G44420), PR1 (AT2G14610),
and EF1a (AT5G60390).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Cotreatment of Arabidopsis
seedlings with ACC- and MeJA-induced camalexin
biosynthesis.

Supplemental Figure S2. Generation of the erf1-c1, erf1-
c2, erf1-c1 wrky33-2, erf1-c2 wrky33-2, and ora59-1 erf96-c1
mutants using CRISPR/Cas9 system.

Supplemental Figure S3. ORA59 and ERF96 are not in-
volved in regulating B. cinerea-induced camalexin
biosynthesis.

Supplemental Figure S4. Overexpression of ERF1 led to
the WRKY33-dependent activation of defense genes PDF1.2
and PR1.

Supplemental Figure S5. The erf1-c1 mutants showed
defects in both the basal and the ACC/MeJA-induced resis-
tance to B. cinerea.

Supplemental Figure S6. Overexpression of ERF1 resulted
in the WRKY33-dependent enhancement of resistance to B.
cinerea.

Supplemental Figure S7. Chemically induced expression
of ERF1 but not WRKY33 was able to induce camalexin bio-
synthesis in transgenic Arabidopsis plants.

Supplemental Figure S8. WRKY33 is required for the
ERF1-mediated potentiation of camalexin biosynthetic gene
activation in response to B. cinerea infection.

Supplemental Figure S9. WRKY33 is required for ERF1-
mediated activation of CYP71A13 and PAD3 promoters in
Arabidopsis protoplasts.

Supplemental Figure S10. The erf1-c1 wrky33-2 and
wrky33-2 mutants exhibited comparable levels of defects in
B. cinerea-induced camalexin biosynthetic gene activation.

Supplemental Figure S11. ERF1 and WRKY33 additively
activate CYP71A13 and PAD3 promoters in Arabidopsis
protoplasts.

Supplemental Figure S12. ERF1 and WRKY33 do not reg-
ulate the expression of each other in response to B. cinerea
infection.

Supplemental Figure S13. ERF1 and WRKY33 are both re-
quired for the induction of camalexin biosynthesis in
Arabidopsis upon infection by Pst DC3000.

Supplemental Figure S14. The basal expression level of
WRKY33 is much higher than that of ERF1.

Supplemental Figure S15. CPK5 cannot phosphorylate
ERF1 in vitro.

Supplemental Table S1. Recombinant plasmids generated
in this study.

Supplemental Table S2. Primers used in this study.
Supplemental Table S3. Transgenic Arabidopsis plants

generated in this study.
Supplemental Data Set 1. Results of ANOVAs and t tests

for the data presented in each figure.
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