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Pseudomonas syringae, a major hemibiotrophic bacterial pathogen, causes many devastating plant diseases. However, the
transcriptional regulation of plant defense responses to P. syringae remains largely unknown. Here, we found that gain-of-
function of BTB AND TAZ DOMAIN PROTEIN 4 (BT4) enhanced the resistance of Arabidopsis (Arabidopsis thaliana) to Pst
DC3000 (Pseudomonas syringae pv. tomato DC3000). Disruption of BT4 also weakened the salicylic acid (SA)-induced defense
response to Pst DC3000 in bt4 mutants. Further investigation indicated that, under Pst infection, transcription of BT4 is
modulated by components of both the SA and ethylene (ET) signaling pathways. Intriguingly, the specific binding elements
of ETHYLENE RESPONSE FACTOR (ERF) proteins, including dehydration responsive/C-repeat elements and the GCC box,
were found in the putative promoter of BT4. Based on publicly available microarray data and transcriptional confirmation, we
determined that ERF11 is inducible by salicylic acid and Pst DC3000 and is modulated by the SA and ET signaling pathways.
Consistent with the function of BT4, loss-of-function of ERF11 weakened Arabidopsis resistance to Pst DC3000 and the SA-
induced defense response. Biochemical and molecular assays revealed that ERF11 binds specifically to the GCC box of the BT4
promoter to activate its transcription. Genetic studies further revealed that the BT4-regulated Arabidopsis defense response to
Pst DC3000 functions directly downstream of ERF11. Our findings indicate that transcriptional activation of BT4 by ERF11 is a
key step in SA/ET-regulated plant resistance against Pst DC3000, enhancing our understanding of plant defense responses to
hemibiotrophic bacterial pathogens.

Plants are constantly exposed to a wide variety of
pathogens; however, few pathogens are capable of
successfully colonizing a specific host plant, suggesting
the existence of recognition and defense mechanisms
(Birkenbihl et al., 2012). In nature, there are two types of
microbial pathogens, which differ in how they assimi-
late nutrition from the host: necrotrophic and bio-
trophic pathogens (Glazebrook, 2005). Necrotrophic
pathogens need to kill living host cells to utilize
decayed plant tissue as nutrients for growth and for
completion of their life styles, whereas biotrophic
pathogens parasitize living host cells for growth and
reproduction (Pel and Pieterse, 2013). One general de-
fense strategy of host plants against biotrophic patho-
gens is to kill infected cells by activating programmed
cell death, whereas maintenance of host cell vitality is
the main defense response to necrotrophic pathogens
(Spoel et al., 2007). Despite this binary classification, most
microbial pathogens employ a hemibiotrophic habit to
parasitize living host plants, includingMagnaporthe grisea
and Pseudomonas syringae (Perfect and Green, 2001).

Upon pathogen infection, plants distinguish and re-
sist distinctive pathogens via different phytohormone
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signaling pathways (Pieterse et al., 2009). In general,
the literature links the salicylic acid (SA) pathway to
defense responses against biotrophic/hemibiotrophic
pathogens and the jasmonic acid (JA) pathway to
necrotroph responses, and the SA and JA pathways are
considered antagonistic in plant defense responses
(Farmer et al., 2003; Vlot et al., 2009; Rivas-San Vicente
and Plasencia, 2011; Fu and Dong, 2013; Yang et al.,
2015; Zhang et al., 2017). The SA pathway involves
defense signaling that increases in response to bio-
trophic pathogen infection, and this increase often
coincides with accumulation of reactive oxygen spe-
cies (ROS) and induced expression of antimicrobial
pathogenesis-related (PR) genes (Delaney et al., 1994;
Lawton et al., 1995). However, mutants and transgenic
plants with diminished SA synthesis and accumulation,
such as sid2 (salicylic acid induction deficient2) and
transgenic NahG (bacterial salicylate hydroxylase)
plants, fail to trigger plant defense responses and are
susceptible to pathogen infection (Gaffney et al., 1993;
Nawrath and Métraux, 1999; Wildermuth et al., 2001).
The accumulation of SA and the change in the

cellular redox state activate the defense regulator
NONEXPRESSOR OF PATHOGENESIS GENES1
(NPR1), a Bric-a-brac, Tramtrack and Broad Complex/
Pox virus and Zinc finger (BTB/POZ) domain protein,
to translocate to the nucleus and interact with TGACG-
motif binding (TGA) transcription factors (TFs), in-
ducing defense responses (Zhang et al., 1999; Després
et al., 2000; Zhou et al., 2000; Fan andDong, 2002;Wang
et al., 2005). The core function of NPR1 as a positive
regulator in plant defense against biotrophic pathogens
has been documented in many species, including rice
(Orzya sativa), soybean (Glycine max), orchid (Phalae-
nopsis aphrodite), mustard (Brassica juncea), and Arabi-
dopsis (Arabidopsis thaliana); Sandhu et al., 2009; Fabro
et al., 2011; Chen et al., 2013; Sadumpati et al., 2013; Liu
et al., 2017). Exogenous application of SA also activates
expression of PR genes and hypersensitive responses
to promote cell death, resulting in resistance against
virulent and avirulent pathogens (Yalpani et al., 1991;
Vlot et al., 2009).
In addition, increasing evidence indicates that the

ethylene (ET) signaling pathway is involved in the plant
defense response to biotrophic and necrotrophic path-
ogens (Pieterse et al., 2012). The ET and JA signal-
ing pathways have been shown to act synergistically,
which gives plants a potent defense against attack by
necrotrophic pathogens. Intriguingly, antagonistic and
synergistic interactions between SA and ET have been
reported (Pieterse et al., 2012; Guan et al., 2015). The
ethylene insensitive2 (ein2) mutants exhibited a diamet-
rically opposite response to Pst DC3000 (Pseudomonas
syringae pv. tomato DC3000) in previous reports (Bent
et al., 1992; Lawton et al., 1995; Pieterse et al., 1998;
Wubben et al., 2001). Overall, our understanding of
plant defense against biotrophic pathogens remains
limited.
TFs play pivotal roles in the regulation of cross talk

between diverse hormone signaling pathways, as well

as in signal transduction to mediate defense gene ex-
pression. The ET response factor (ERF) proteins be-
longing to the APETALA2 (AP2)/ERF superfamily, one
of the biggest TF families that contain 122 members
in Arabidopsis, are plant-specific TFs, and specifically
bind to dehydration responsive/C-repeat (DRE/CRT)
elements and the GCCGCC motif (GCC) box at the
promoter of downstream target genes (Ohme-Takagi
and Shinshi, 1995; Li et al., 2011).
Downstream of the ET signaling pathway, most of

the ERF genes integrate diverse resistance-related hor-
mone stimuli, such as SA, JA, and ET, and different
plant defense signaling pathways (McGrath et al., 2005;
Oñate-Sánchez et al., 2007; Pré et al., 2008). Moreover,
ERF proteins are crucial integrators of cross talk with
different phytohormones (Cheng et al., 2013; Zander
et al., 2014; Catinot et al., 2015). Although the SA sig-
naling pathway functions antagonistically with the
JA/ET signaling pathways, some ERFs are synergisti-
cally induced by SA, JA, and ET, indicating that ERFs
can coordinately integrate the SA and the ET/JA sig-
naling pathways, but not antagonize them, to finely
modulate the defense response to pathogens (Xu et al.,
2007; Zhang et al., 2009, 2016; Seo et al., 2010; Zarei
et al., 2011; Chen et al., 2012; Deokar et al., 2015).
Moreover, overexpression or disruption of several
ERFs enhances the resistance of transgenic Arabidopsis
against necrotrophic and biotrophic pathogen chal-
lenge (Moffat et al., 2012; Meng et al., 2013). Typically,
constitutive overexpression of AtERF1 has been ob-
served to activate the expression of several defense-
related genes, including Plant Defensin 1.2 (PDF1.2)
and Basic Chitinase (ChiB), and enhance Arabidopsis
resistance to necrotrophic pathogens such as Botrytis
cinerea, Fusarium oxysporum, and Plectospherella cucu-
merina but reduce Arabidopsis tolerance to hemi-
biotrophic Pst DC3000 (Berrocal-Lobo et al., 2002;
Lorenzo et al., 2003). In contrast, the ERF protein
AtERF4 can negatively regulate expression of PDF1.2
to compromise Arabidopsis tolerance to necrotrophic
pathogens (McGrath et al., 2005). These findings sug-
gest that ERF proteins can act as transcriptional acti-
vators or repressors to regulate plant defense. For
example, in Arabidopsis, AtERF1, AtERF2, andAtERF5
are activators, but AtERF3,AtERF4, AtERF7, andAtERF11
always act as repressors of transcription (Fujimoto
et al., 2000).
The BTB AND TAZ domain (BT) proteins, which

comprise five members, are plant-specific BTB/POZ
domain proteins and regulate transcription (Ren et al.,
2007; Robert et al., 2009). Moreover, all five BT proteins
can act as calmodulin-binding proteins in response to
Ca2+ and are induced by hydrogen peroxide (H2O2) and
SA. Following stimulation with Ca2+, H2O2, and SA, BT
proteins interact with AtBET10 or AtGET9 to activate
transcription of downstream target genes, indicating
that BTs play a core integrator role in Ca2+, H2O2, and
SA signaling (Du and Poovaiah, 2004; Misra et al.,
2018). Increasing amounts of research have demon-
strated that transcription regulators are involved in the

Plant Physiol. Vol. 180, 2019 1133

ERF11-BT4 Regulates Plant Defense Responses



plant defense response (Spoel et al., 2003; Hao et al.,
2013; Liu et al., 2017). BT4 was reported to have a
positive function in Arabidopsis defense against the
necrotrophic pathogen B. cinerea (Hao et al., 2013).
NPR1, a BTB/POZ domain protein, is the core of the SA
signaling pathway and acts as a transcription regulator
to interact with the TGA TF triggering expression
of defense genes (Spoel et al., 2003). The BTB/POZ
domain proteins often function in ubiquitination/
degradation, contributing to plant defense against
pathogen challenge. The E3 ligase OsCRL3 is composed
of Cullin3, RBX1, and BTB/POZ proteins and nega-
tively regulates cell death and defense against Magna-
porthe oryzae by Cullin-mediated degrading of OsNPR1
in rice (Liu et al., 2017). Moreover, the BTB/POZ-
MATH domain proteins BPM1 and BPM3 directly in-
teract with the AP2/ERF transcriptional factor RAP2 to
regulate the stress response, indicating that BTB pro-
teins can directly interact with ERF proteins (Weber and
Hellmann, 2009). Although the ERF TFs can bind to
specific elements of target genes, the function of ERFs in
mediating the transcription of BTs is largely unknown.

In this study, we describe the functions of BT4 in
plant defense against the hemibiotrophic pathogen Pst
DC3000 and the underlying molecular mechanisms.
Gain of function of BT4 enhanced resistance of Arabi-
dopsis against PstDC3000 challenge. Disruption of BT4
weakened the SA-induced defense response to Pst
DC3000 in bt4 mutants. Further investigation indicated
that transcription of BT4was associatedwith SA and ET
signaling pathways under Pst infection and was espe-
cially dependent on NPR1, EIN2, and EIN3. Bio-
informatic assays showed that the putative promoter of
BT4 contained DRE/CRT elements and the GCC-box,
which specifically target ERF proteins. We confirmed
that ERF11was SA- and PstDC3000-inducible and was
modulated by SA and ET signaling pathways under Pst
infection. Moreover, ERF11 loss of function weakened
Arabidopsis resistance to Pst DC3000 and the SA-
induced defense response. Using the transient expres-
sion assay and yeast one-hybrid assay (Y1H), BT4 was
identified as a direct target gene of ERF11 in vitro and
in vivo. Using an EMSA, we revealed that ERF11
interacted with the GCC-box of the BT4 promoter. In
addition, genetic studies further revealed that the BT4-
regulated Arabidopsis defense response to Pst DC3000
directly functioned downstream of ERF11. These re-
sults suggest that transcriptional activation of BT4 by
ERF11 is a key step in SA/ET-regulated plant resistance
against Pst DC3000.

RESULTS

BT4 Positively Mediates Plant Defense against Pst DC3000
and Affects the SA-Induced Defense Response

In our previous study, the loss-of-function bt4mutant
exhibited attenuated expression of defense-related
genes and resulted in susceptibility to B. cinerea (Hao

et al., 2013). There is a strong relationship between plant
defenses against necrotrophic pathogens with those
against biotrophic/hemibiotrophic pathogens. There-
fore, BT4 might function in plant resistance to the
hemibiotrophic pathogen Pst DC3000. To confirm our
speculation that BT4 functions in defense against Pst
DC3000 in Arabidopsis, we used two bt4 mutants (bt4-
1 and bt4-2) and one overexpression transgenic plant,
BT4-Overexpression1 (BT4-OE1), as described in our
previous research (Hao et al., 2013). We determined the
responses of 4-week-old wild-type (Col-0), bt4-1, bt4-2,
and BT4-OE1 plants to Pst DC3000. At 48 h postinoc-
ulation (hpi), leaves presented typical chlorotic symp-
toms; disease symptoms increased more rapidly in
Pst-infected bt4-1 and bt4-2 mutants than in Pst-infected
BT4-OE1 plants (Fig. 1A). Moreover, higher bacterial
counts were found at 24 and 48 hpi in the two bt4
mutants compared to BT4-OE1 plants (Fig. 1B).

We also compared the patterns for accumulation
of ROS and expression levels of defense genes among
Col-0, bt4-1, bt4-2, and BT4-OE1 plants at 24 hpi. Ac-
cumulations of superoxide anion and H2O2 in leaves
were analyzed by nitro-blue tetrazolium (NBT) and
3,3-diaminobenzidine staining (DAB) staining and
quantified by biochemical testing. There was no sig-
nificant difference in accumulation of superoxide anion
and H2O2 in unchallenged Col-0, bt4-1, bt4-2, and BT4-
OE1 plants (Fig. 1, C–F). Upon Pst DC3000 infection,
superoxide anion and H2O2 were accumulated in in-
oculated leaves at 24 hpi. Superoxide anion and H2O2
accumulation were lower in inoculated leaves of bt4-
1 and bt4-2 mutants and higher in BT4-OE1 plants,
compared to those in Col-0 (Fig. 1, C–F).

In addition, we quantified the relative expression
levels of defense-related genes (PR1, PR2, PR3, and
PR5) in response to Pst DC3000 infection. The expres-
sion levels of PR genes in unchallenged bt4-1, bt4-2, and
BT4-OE1 plants were similar to those in Col-0 (Fig. 1G),
suggesting that overexpression and disruption of
ERF11 did not affect the basal expression of PR genes.
In contrast, higher expression levels of PR1, PR2, and
PR5 in the BT4-OE1 plants than in Col-0 at 24 hpi,
and especially higher than in bt4-1 and bt4-2mutants,
further supported these phenotypes (Fig. 1G). Fur-
thermore, there were no significant differences in
pathogen-induced expression of PR3 among Col-0,
bt4-1, bt4-2, and BT4-OE1 plants (Fig. 1G). These re-
sults confirmed that disruption of BT4 resulted in
Arabidopsis being susceptible to this hemibiotrophic
pathogen and that BT4 played a positive role in de-
fense against Pst DC3000.

Direct application of SA increases ROS accumulation,
activates various PR genes, and enhances resistance to
virulent biotrophic pathogens (Mur et al., 2008; Shah,
2009; Coll et al., 2011). To confirm the ability of SA to
enhance Arabidopsis resistance to Pst DC3000, we
performed infection experiments in four kinds of wild-
type Arabidopsis. Plants were sprayedwith 1mM SA or
0.1% ethanol solution (as a control) and inoculated with
Pst DC3000 at 24 h after pretreatment. Significantly
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Figure 1. Altered disease resistance of bt4 and BT4-OE plants against Pseudomonas syringae pv. tomato (Pst) DC3000. A, Typical
Pst DC3000 infection symptoms in Col-0, bt4-1, bt4-2, and BT4-OE1 plants. Four-week-old plants were inoculated by Pst
DC3000 bacterial suspension or 10 mmol/L MgCl2 and kept at high humidity. Photographs of representative leaves were taken
48 h (hpi. The experiments were repeated three times with similar results. B, Bacterial growth in the inoculated leaves was
detected in planta. Bacteria were isolated from plants at 24 and 48 hpi and quantified with gradient dilution assays. The P values
(bacterial count of each genotype versus Col-0 under Pst treatment at the same time point) were determined by two-tailed
Student’s test assuming equal variance (P , 0.05). C, In situ and (E) quantitative analysis of superoxide anion accumulation in
Pst DC3000-inoculated leaves by NBT staining and biochemical testing, respectively. Four-week-old wild-type (Col-0), bt4-1,
bt4-2, and BT4-OE1 plants were inoculated with PstDC3000 or 10 mmol/L MgCl2 and kept in high humidity. Leaf samples were
collected at 24 hpi. The P values (superoxide anion of each genotype vs Col-0 under Pst-treatment at the same time point) were
determined by two-tailed Student’s test assuming equal variance (P , 0.05). D, In situ and (F) quantitative analysis of H2O2

accumulation in Pst DC3000-inoculated leaves by 3,3-diaminobenzidine (DAB) staining and biochemical testing, respectively.
Four-week-old wild-type (Col-0), bt4-1, bt4-2, and BT4-OE1 plants were inoculated with Pst DC3000 or 10 mmol/L MgCl2 and
kept in high humidity. Leaf samples were collected at 24 hpi. The P values (H2O2 of each genotype versus Col-0 under Pst
treatment at the same time point) were determined by two-tailed Student’s test assuming equal variance (P , 0.05). G, Relative
expression levels of PR1, PR2, PR3, and PR5 in the leaves of 4-week-oldwild-type (Col-0), bt4-1, bt4-2, and BT4-OE1 plants after
Pst DC3000 treatment for 24 h. Relative expression is indicated as folds of the transcript level of an internal AtTub4 gene. The P
values (PR expressions of each genotype versus Col-0 under Pst-treatment at the same time point) were determined by two-tailed
Student’s test assuming equal variance (P , 0.05). Data presented are the means 6 SD from three independent experiments and
asterisks indicate significant differences at P , 0.05 between bt4-1/bt4-2/BT4-OE1 and Col-0 plants.
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increased ROS accumulation and a protection effect
were observed in SA-pretreated leaves, and most
leaves pretreated with 0.1% ethanol solution showed
weakened ROS accumulation and extensive chlorosis
(Supplemental Fig. S1). To explore whether BT4 is re-
quired for the SA-induced defense response, we ana-
lyzed and compared the capacity for SA-induced
resistance in bt4 mutants. At 48 hpi, disease symptoms
were significantly reduced in SA-pretreated Col-0
leaves but nonsignificantly in bt4-1 and bt4-2 mutants
comparedwith the control (Fig. 2A). The bacterial count
was significantly decreased in SA-pretreated Col-0
leaves, about 17.37-fold lower compared with the con-
trol, but was only 7.41- and 4.57-fold lower in SA-
pretreated bt4-1 and bt4-2 mutants compared to the
control (Fig. 2B). SA pretreatment did not significantly
affect ROS accumulation in bt4 mutants (Fig. 2, C and
D). In addition, we also evaluated the expression levels
of PR genes in SA-induced Col-0 and bt4 plants by real-
time quantitative PCR (qPCR). The relative expression
levels of PR1, PR2, PR3, and PR5were enhanced in Col-
0 and bt4 plants after SA treatment for 24 h. However,
the SA-induced expression levels of PR1 and PR5 in
bt4-1 and bt4-2 mutants as well as induction of PR2 in
bt4-1 were significantly lower than those in Col-0
(Fig. 2F). These results indicate that disruption of BT4
impairs the SA-induced defense response to PstDC3000
in bt4 mutants.

BT4 Transcription Is Modulated by the SA and ET
Signaling Pathways under Pst DC3000 Treatment

To investigate the relationship between BT4 and
plant defense signaling pathways, we first checked its
putative promoter sequence (22500 bp) using a plant
cis-acting regulatory DNA element database (https://
sogo.dna.affrc.go.jp/cgi-bin/sogo.cgi?lang=en&pj=640&
action=page&page=newplace; Higo et al., 1999). As
expected, hormone-responsive elements and defense/
stress-responsive elements, including JARE, ABRE,
SARE, EtRE, DRE/CRT, and GCC-box, were found in
the putative promoter of BT4 (Supplemental Fig. S2A).
Then, BT4 expression was further analyzed with
phytohormone and stress treatment in Col-0. In-
deed, the qPCR results showed that BT4 expression
was moderately induced by hormone and stress
treatment, including JA, SA, 1-aminocyclopropane-
1-carboxylic acid (ACC; an ET precursor), abscisic acid
(ABA), gibberellin, B. cinerea, Pst DC3000, salt, and
drought (Supplemental Fig. S2, B and C).

Most of the hormone-responsive elements in the
BT4 promoter sequence were related to plant defense
signaling pathways, e.g. SA, ET, and JA. Increasing
amounts of research have revealed that SA and ET play
crucial roles in the plant defense process against Pst
DC3000 (Laluk et al., 2011; Guan et al., 2015; Zhang
et al., 2016). To investigate whether BT4 transcription
is modulated by the SA and ET signaling pathways,
we measured BT4 expression in SA/ET synthesis and

signaling mutants (e.g. sid2, NahG, npr1-1, ein2, ein3,
ein3 eil1, EIN3 Overexpression [EIN3 OX], and eto1)
treated with or without hormones and Pst DC3000.
Under normal growth conditions, BT4 expression was
decreased in sid2, NahG, and npr1-1 plants compared
with Col-0 plants (Fig. 3A). Although SA significantly
increased BT4 expression in different genotypes, BT4
induction was significantly lower in NahG and npr1-
1 plants compared with Col-0 plants treated with
50mM SA (Fig. 3A).We alsomeasured BT4 expression in
ein2, ein3, ein3 eil1, EIN3 OX, and eto1 plants with or
without 10 mM ACC. Under normal growth conditions,
BT4 expression significantly decreased in ein2, ein3, and
ein3 eil1 plants but increased more than 2-fold in EIN3
OX and eto1 plants. Under 10 mM ACC treatment, in-
duction of BT4was significantly lower in ein2, ein3, and
ein3 eil1 comparedwith Col-0 plants (Fig. 3B). Similar to
SA and ACC treatments, Pst DC3000 infection signifi-
cantly induced expression of BT4 in different geno-
types, but induction of BT4 was compromised in sid2,
NahG, npr1-1, ein3, ein3 eil1, and ein2 plants compared
with Col-0 (Fig. 3C). These results confirm that BT4
functions in the defense process against PstDC3000 and
is modulated by the SA/ET signaling pathway.

ERF11 Is a SA- and Pst-Inducible ERF Gene That Is
Transcriptionally Modulated by the SA and ET
Signaling Pathways

ERFs, the TFs containing an AP2 DNA-binding do-
main, are located downstream of the ET signaling
pathway and function in cross talk with diverse phy-
tohormones (Zander et al., 2014; Liu et al., 2018). In-
creasing evidence indicates that ERFs play important
roles in abiotic and biotic responses, especially func-
tioning in the Pst-stress response, when Arabidopsis is
stimulated in a complex environment (Zhang et al.,
2011, 2015, 2016; Mao et al., 2016). The putative pro-
moter of BT4 contained DRE/CRT elements and the
GCC-box, which were the specific binding elements
of ERF proteins (Supplemental Fig. S2A). Furthermore,
BT4 functioned in the defense process against Pst
DC3000 and was modulated by the SA and ET signal-
ing pathways (Fig. 3C). Therefore, we assumed that BT4
was modulated by the ET signaling pathway and
depended on ERF proteins.

First, using the Gene Expression Omnibus (GEO)
database, we performed a genome-wide analysis of
ERF genes in the SA and Pst DC3000 responses to
determine which ERF gene might function in plant
defense against Pst DC3000 and be regulated by the
SA signaling pathway. From these putative ERF
genes, only five candidates were altered more than
2-fold by SA, Pst DC3000, and null mutation of iso-
chorismic acid synthase (ICS1) gene in three indepen-
dent transcriptome databases:AT1G28370,AT1G74930,
AT2G44840, AT4G17490, and AT5G61890 (Supplemental
Fig. S3; Supplemental Table S2). Subsequently, identifi-
cation using qPCR analysis of Col-0 without (as a control)
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Figure 2. Attenuated salicylic-acid-induced defense response in bt4mutants. A, Typical PstDC3000 infected disease symptoms
in wild-type (Col-0), bt4-1, and bt4-2 plants at 48 hpi with or without SA treatment. Four-week-old plants were sprayedwith 1 mM

SA or 0.1% (v/v) ethanol solution and then inoculated with PstDC3000 at 24 h after SA treatment. Photographs of representative
leaves were taken 48 hpi. B, Bacterial growth in the inoculated leaves of Col-0, bt4-1, and bt4-2 plants in planta with or without
SA treatment. Four-week-old plants were sprayed with 1 mM SA or 0.1% (v/v) ethanol solution and then inoculated with Pst
DC3000 at 24 h after SA treatment. Bacteria were isolated from plants at 48 hpi and quantified with gradient dilution technique.
The P values (bacterial mount of each genotype with SA-pretreatment versus each genotype with mock pretreatment at the same
time point) were determined by two-tailed Student’s test assuming equal variance (P , 0.05). C, In situ and (D) quantitative
analysis of superoxide anion accumulation in inoculated leaves of Col-0, bt4-1, and bt4-2 plants with or without SA treatment by
NBT staining and biochemical testing, respectively. The 4-week-old plants were sprayed with 1 mM SA or 0.1% (v/v) ethanol
solution and then inoculated with Pst DC3000 at 24 h after SA treatment. Leaf samples were collected at 24 hpi. The P values
(superoxide anion of each genotypewith SA-pretreatment versus each genotypewithout SA pretreatment under Pst-infected at the
same time point) were determined by two-tailed Student’s test assuming equal variance (P , 0.05). E, Partial suppression of SA-
induced expression of defense genes in bt4 plants. Four-week-old wild-type (Col-0), bt4-1, and bt4-2 plants were sprayed with
1 mM SA or 0.1% (v/v) ethanol solution for 24 h, and then inoculated leaves were collected for RNA isolation. Relative expression
is indicated as folds of the transcript level of an internalAtTub4 gene. The P values (PR expressions of each genotype versus Col-0
under SA treatment at the same time point) were determined by two-tailed Student’s test assuming equal variance (P, 0.05). Data
presented are the means 6 SD from three independent experiments, and asterisks indicate significant differences at P , 0.05
between bt4-1/bt4-2 and Col-0 plants.
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or with 50 mM SA and Pst DC3000 confirmed that
expression levels of AT1G28370, AT2G44840, and
AT4G17490were altered by more than 2-fold after SA
treatment for 1 h (Fig. 4A), and expression levels of
AT1G28370, AT1G74930, and AT4G17490 were in-
creased more than 2-fold after Pst DC3000 infection
for 6 h (Fig. 4B), indicating that AtERF11 (AT1G28370)
andAtERF6 (AT4G17490) were simultaneously affected
by SA and Pst DC3000. ERF6 is known to function in
defense against B. cinerea (Dubois et al., 2015), but
regulation of ERF11 has not previously been reported in
plant defense against pathogens. Therefore, we inves-
tigated the potential function of ERF11 in Arabidopsis
defense against Pst DC3000.

To explore the role of ERF11 in plant defense, we ex-
amined whether ERF11 could be induced by pathogen
infection and defense signaling hormones such as SA.
The expression of ERF11 increased and peaked rapidly
to 2.8-fold at 0.5 hours post treatment (hpt), remained at
the higher level until 1 hpt, decreased at 3 hpt, and rose
once again at 12 hpt (Supplemental Fig. S4). Unlike the
pattern following SA treatment, ERF11 expression was
moderately increased and peaked up 12-fold at 12 hpi.

To investigate whether transcription of ERF11 is
modulated by the SA and ET signaling pathways, we
measured ERF11 expression in SA/ET synthesis and
signaling mutants, e.g. sid2, NahG, npr1-1, ein2, ein3,
ein3 eil1, EIN3 OX, and eto1, treated with or without

hormones and Pst DC3000. Under normal growth
conditions, ERF11 expression decreased in sid2, NahG,
and npr1-1 compared with Col-0 plants (Fig. 5A).
Consistent with results in Supplemental Figure S3B and
Supplemental Table S2, the transcriptome data from
GSE9955 showed that ERF11 expression was lower in
sid2/ics1 mutants compared with Col-0 plants. Al-
though SA significantly induced expression of ERF11 in
different genotypes, ERF11 induction was significantly
lower in sid2, NahG, and npr1-1 compared with Col-0
plants treated with 50 mM SA (Fig. 5A). We also deter-
mined the ERF11 expression in ein2, ein3, ein3 eil1, EIN3
OX, and eto1 plants. Under normal growth conditions,
ERF11 expression significantly decreased in ein2, ein3,
and ein3 eil1 plants but increased almost 2-fold in EIN3
OX and eto1 plants. With 10 mM ACC treatment, ERF11
induction was significantly lower in ein2, ein3, and ein3
eil1 but enhanced in EIX3 OX plants, compared with
ACC-treated Col-0 (Fig. 5B). Similar to SA and ACC
treatments, Pst DC3000 infection significantly induced
ERF11 expression in different genotypes, but ERF11
induction was compromised in sid2,NahG, npr1-1, ein2,
ein3, and ein3 eil1 plants compared with Col-0 (Fig. 5C).
These results are consistent with expression of BT4 in
SA/ET synthesis and signaling mutants. These results
led us to speculate that ERF11 functioned in the defense
process against Pst DC3000 and was modulated by the
SA/ET signaling pathways.

Figure 3. The expression of BT4 is modulated by SA and ethylene signaling components. A, Relative expression level of BT4 in
Col-0, sid2,NahG, and npr1-1 plants with or without 50mM SA treatment. Seven-day-old seedlingswere treatedwith 50mM SA or
0.1% (v/v) ethanol solution for 1 h, and plant samples were collected to quantify the relative expression level of BT4 by qPCR.
Expression level of BT4 in sid2, NahG, and npr1-1 plants are shown relative to that in mock-treated Col-0. The P values (each
genotype versus Col-0 under SA treatment) were determined by two-tailed Student’s test assuming equal variance (P, 0.05). B,
Relative expression level of BT4 in Col-0, ein2, ein3, ein3 eil1, EIN3OX, and eto1 plants with or without 10 mM ACC treatment.
Seven-day-old seedlings were treated with 10 mM ACC or H2O for 1 h, and plant samples were collected to quantify the relative
expression level of BT4 by qPCR. Expression level of BT4 in ein2, ein3, ein3 eil1, EIN3OX, and eto1 plants are shown relative to
that in mock-treated Col-0. The P values (each genotype versus Col-0 under ACC treatment) were determined by two-tailed
Student’s test assuming equal variance (P , 0.05). C, Relative expression level of BT4 in Col-0, sid2, NahG, npr1-1, ein2, ein3,
ein3 eil1, EIN3OX, and eto1 plantswithout or with PstDC3000 treatment. Four-week-old plantswere treatedwith PstDC3000 or
10 mmol/L MgCl2 for 6 h and plant samples were collected to quantify the relative expression level of BT4 by qPCR. Expression
level of BT4 in sid2,NahG, npr1-1, ein2, ein3, ein3 eil1, EIN3OX, and eto1 plants are shown relative to that in mock-treated Col-
0. The P values (each genotype vs Col-0 under Pst treatment) were determined by two-tailed Student’s test assuming equal
variance (P , 0.05). Data presented are the means 6 SD from three independent experiments, and asterisks indicate significant
difference at P , 0.05 between inoculated/treated plants and control plants.
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ERF11 Loss of Function Weakens Arabidopsis Resistance
against the Pst DC3000- and SA-Induced
Defense Responses

To verify our speculation that ERF11 functions in the
defense response against Pst DC3000, the erf11 mutant
and two overexpression lines (ERF11-OE1 and ERF11-
OE2) described in our previous study (Li et al., 2011)
were used for further analysis. We determined differ-
ences in response of the Col-0, erf11, and ERF11-OE
lines to Pst DC3000 inoculation. At 48 hpi, plants
exhibited typical symptoms stimulated by Pst DC3000.
Symptom development was significantly reduced in
ERF11-OE1 and ERF11-OE2 plants but rapidly in-
creased in erf11 plants, compared with Col-0 (Fig. 6A).
Furthermore, a lower level of bacterial growth of Pst
DC3000 was evident in ERF11-OE1 and ERF11-OE2
compared with Col-0 and erf11 plants at 24 and 48 hpi

(Fig. 6B).We also compared the patterns of ROS content
and expression level of defense genes among Col-0,
erf11, and ERF11-OE plants at 24 hpi. There were non-
significant differences in accumulation of superoxide
anion and H2O2 in unchallenged Col-0, erf11, ERF11-
OE1, and ERF11-OE2 plants (Fig. 6, C–F). Upon Pst
DC3000 infection, superoxide anion and H2O2 accu-
mulated in inoculated leaves at 24 hpi. Superoxide an-
ion and H2O2 accumulation was lower in inoculated
leaves of the erf11 mutant and significantly higher in
ERF11-OE1 and ERF11-OE2 plants, compared with
Col-0 (Fig. 6, C–F). Next, we quantified the expression
levels of defense-related genes (PR1, PR2, PR3, and
PR5) in response to Pst DC3000 infection. The expres-
sion levels of PR genes in unchallenged erf11, ERF11-
OE1, and ERF11-OE2 plants were similar to those in
Col-0, suggesting that overexpression and disruption of
ERF11 did not affect basal expression of PR genes
(Fig. 6G). In contrast, expression levels of PR1 and PR2
in the ERF11-OE1 and ERF11-OE2 plants, as well as
PR5 in ERF11-OE2 plants, were significantly higher
than in Col-0 at 24 hpi, and especially higher than those
of erf11 mutants (Fig. 6G). Furthermore, there were no
significant differences in pathogen-induced expression
of PR3 among Col-0, erf11, ERF11-OE1, and ERF11-OE2
plants (Fig. 6G). Taken together, these results indicate
that disruption of ERF11 significantly weakens resis-
tance to Pst DC3000 and that ERF11 plays a positive
role in defense.
To address the potential roles of ERF11 in the SA-

induced defense response, we determined the capac-
ity of SA-enhanced resistance to Pst DC3000 in erf11
mutants. At 48 hpi, disease symptoms were signifi-
cantly reduced in SA-pretreated Col-0 plants, but non-
significantly in SA-pretreated erf11 plants, compared
with the control (Fig. 7A). The SA pretreatment resulted
in a 16.22-fold decrease in bacterial growth in the
Pst-inoculated Col-0, but only a 6.46-fold decrease in
Pst-inoculated erf11 plants (Fig. 7B). Moreover, SA
pretreatment did not significantly affect ROS accumu-
lation in erf11 mutants (Fig. 7, C and D). We also com-
pared the expression levels of PR genes in SA-induced
Col-0 and erf11 plants using qPCR. Expressions of PR1,
PR2, PR3, and PR5 were induced by SA in Col-0 and
erf11 plants (Fig. 7E). However, SA-induced expression
of PR1, PR2, and PR5 in erf11 mutants was compro-
mised compared with Col-0 (Fig. 7E). These results in-
dicate that disruption of ERF11 partially weakens the
SA-induced defense response to Pst DC3000 in erf11
mutants.

BT4 Directly Functions Downstream of ERF11 in
Arabidopsis Defense against Pst DC3000

Both BT4 and ERF11 had positive roles in Arabi-
dopsis defense against Pst DC3000 and were modu-
lated by the SA and ET signaling pathways (Figs. 1, 3, 5,
and 6). Moreover, DRE/CRT elements and the GCC-
box were found in the putative promoter of BT4

Figure 4. Identification of ERF11 as a SA- and Pst-inducible ERF gene.
A, Expression patterns of AT1G28370, AT1G74930, AT2G44840,
AT4G17490, and AT5G61890, which were screened from three inde-
pendent GEO databases (Supplemental Fig. S1; Supplemental Table S2)
induced by defense signaling hormones such as SA. Seven-day-old
wild-type (Col-0) seedlings were treated with 50 mM SA or 0.1% (v/v)
ethanol solution (mock) for 1 h, and plant samples were collected to
quantify the relative expression level of AT1G28370, AT1G74930,
AT2G44840,AT4G17490, andAT5G61890 by qPCR. Expression levels
of these genes are shown relative to that in mock-treated Col-0. The P
values (each gene expression with mock-treated versus the expression
under SA treatment) were determined by two-tailed Student’s test as-
suming equal variance (P, 0.05) B, Expression patterns ofAT1G28370,
AT1G74930, AT2G44840, AT4G17490, and AT5G61890 induced by
PstDC3000. Four-week-old wild-type (Col-0) Arabidopsis were treated
with Pst DC3000 or 10 mmol/L MgCl2 (mock) for 6 h, and leaf samples
were collected to quantify the relative expression level of AT1G28370,
AT1G74930, AT2G44840, AT4G17490, and AT5G61890 by qPCR.
Expression levels of these genes are shown relative to that in mock-
treated Col-0. The P values (each gene expression with mock-treated
versus the expression under Pst treatment) were determined by two-
tailed Student’s test assuming equal variance (P , 0.05). Data pre-
sented are the means 6 SD from three independent experiments, and
asterisks indicate significant difference at P, 0.05 between inoculated/
treated plants and control plants.
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(Supplemental Fig. S2A). We then determined whether
BT4 transcription was controlled by ERF11. The ex-
pression levels of BT genes in Col-0, erf11, ERF11-OE1,
and ERF11-OE2 plants were evaluated. Only BT4
transcription showed a close correlation with ERF11
expression (Fig. 8A). BT4 expression was significantly
increased in ERF11-OE1 and ERF11-OE2 plants but
decreased in erf11 mutants compared with Col-0. To
further analyze whether ERF11 could activate BT4 ex-
pression, we performed a tobacco transient expression
assay—the 2490 bp promoter upstream from the initi-
ation codon of BT4 (BT4-p1) was fused into the lucif-
erase (LUC) reporter gene and cotransfected with the
effector of full-length ERF11 protein (pERF11) into to-
bacco leaves (Fig. 8, B and C). The pERF11 effector
coexpressed with BT4-p1 reporter significantly in-
creased LUC activity compared with the control
(Fig. 8C). These results demonstrate that ERF11 can
activate BT4 transcription.

A Y1H assay was performed to investigate whether
ERF11 physically interacted with the promoter of BT4.
The generation of full-length (pERF11-AD-F) effectors
and reporters of BT4 promoter pS1, pS2, pS3, pS4, and
pS5 is schematically described in Figure 8D. When ef-
fector pERF11-AD-F and reporters pS1, pS2, pS3, pS4,
and pS5 were cotransformed into the Y1H gold yeast
cell, respectively, pERF11-AD-F significantly activated
AbA resistance in pS1, but not the other reporters

(Fig. 8E). To further determine which domain of
ERF11 protein (pERF11) directly bound to the region
from 22490 to 21990 of the BT4 promoter (pS1), we
produced diverse effectors, including N-terminal
region (pERF11-AD-N), middle region (pERF11-AD-
Mid), and C-terminal region (pERF11-AD-C), consul-
ting to pERF11 domains (Supplemental Fig. S5). When
the effectors pERF11-AD-N, pERF11-AD-Mid, and
pERF11-AD-C were respectively cotransformed with
pS1 into the Y1H gold yeast cell, pERF11-AD-N sig-
nificantly activated AbA resistance in the pS1 reporter
(Fig. 8F). Analysis of the pERF11 domain revealed that
the AP2 domain was located in the N-terminal region
and the ETHYLENE-RESPONSE FACTOR Amphiphilic
Repression (EAR) motif was located at the C-terminal
region of ERF11 (Supplemental Fig. S5). These results
suggest that the N-terminal region of ERF11, possibly
the AP2 domain, interacts with the region from 22490
to 21990 bp (pS1) of the BT4 promoter in yeasts.

Analysis of the BT4 promoter sequence revealed that
the GCC-box and two DRE elements were located
22065,22186, and21890 bp upstream of the initiation
codon, respectively (Supplemental Fig. S2). It has been
suggested that some ERF proteins impart tolerance
to abiotic stress through DRE/CRT elements, while
others use the GCC-box element (Wang et al., 2014; Zhu
et al., 2014; Phukan et al., 2017). We speculate that the
pERF11 directly interacts with the GCC-box of the BT4

Figure 5. The expression of ERF11 is modulated by SA and ET signaling components. A, Relative expression level of ERF11 in
Col-0, sid2,NahG, and npr1-1 plants with or without 50mM SA treatment. Seven-day-old seedlings were treatedwith 50mM SA
or 0.1% (v/v) ethanol solution for 1 h, and plant sampleswere collected to quantify the relative expression level of ERF11 by qPCR.
Expression level of ERF11 in sid2, NahG, and npr1-1 plants are shown relative to that in mock-treated Col-0. The P values (each
genotype versus Col-0 under SA treatment) were determined by two-tailed Student’s test assuming equal variance (P, 0.05). B,
Relative expression level of ERF11 in Col-0, ein2, ein3, ein3 eil1, EIN3OX, and eto1 plants with or without 10mMACC treatment.
Seven-day-old seedlings were treated with 10 mM ACC or H2O for 1 h and plant samples were collected to quantify the relative
expression level of ERF11 by qPCR. Expression level of ERF11 in ein2, ein3, ein3 eil1, EIN3OX, and eto1 plants are shown relative
to that in mock-treated Col-0. The P values (each genotype versus Col-0 under ACC treatment) were determined by two-tailed
Student’s test assuming equal variance (P, 0.05). C, Relative expression level of ERF11 in Col-0, sid2,NahG, npr1-1, ein2, ein3,
ein3 eil1, EIN3OX, and eto1 plantswithout or with PstDC3000 treatment. Four-week-old plantswere treatedwith PstDC3000 or
10mmol/LMgCl2 for 6 h, and plant sampleswere collected to quantify the relative expression level of ERF11 by qPCR. Expression
levels of ERF11 in Col-0, sid2,NahG, npr1-1, ein2, ein3, ein3 eil1, EIN3OX, and eto1 plants are shown relative to that in mock-
treated Col-0. The P values (each genotype versus Col-0 under Pst treatment) were determined by two-tailed Student’s test as-
suming equal variance (P, 0.05). Data presented are themeans6 SD from three independent experiments, and asterisks indicate
significant difference at P , 0.05 between inoculated/treated plants and control plants.
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promoter. To further confirm the binding of ERF11 to
BT4 promoter in vivo, a LUC activity assay was per-
formed using the transient expression assay system in

Arabidopsis protoplasts. The construction of effector
pERF11 and reporters BT4-p1, BT4-p2, BT4-p3, BT4-p4,
BT4-p5, BT4-p6, BT4-p7, and BT4-p8 is illustrated in

Figure 6. Altered disease resistance of ERF11-OE and erf11 plants against PstDC3000. A, Typical PstDC3000-infected symptoms
detected in wild-type (Col-0), erf11, ERF11-OE1, and ERF11-OE2 plants. Four-week-old plants were inoculated by Pst DC3000
bacterial suspension or 10 mmol/L MgCl2 and kept at high humidity. Photographs of representative leaves were taken 48 hpi. The
experiments were repeated three times with similar results. B, Bacterial growth in the inoculated leaves detected in planta.
Bacteria were isolated from plants at 24 and 48 hpi and quantified with gradient dilution assays. The P values (bacterial count of
each genotype versus Col-0 under Pst-treatment at the same time point) were determined by two-tailed Student’s test assuming
equal variance (P , 0.05). C, In situ and (E) quantitative analysis of superoxide anion accumulation in Pst DC3000-inoculated
leaves by NBT staining and biochemical testing, respectively. Four-week-old plants were inoculated with Pst DC3000 or 10
mmol/LMgCl2 and kept in high humidity. Leaf sampleswere collected at 24 hpi. The P values (superoxide anion of each genotype
versus Col-0 under Pst-treatment at the same time point) were determined by two-tailed Student’s test assuming equal variance
(P , 0.05). D, In situ and (F) quantitative analysis of H2O2 accumulation in Pst DC3000-inoculated leaves by DAB staining and
biochemical testing, respectively. Four-week-old plants were inoculated with Pst DC3000 or 10 mmol/L MgCl2 and kept in high
humidity. Leaf samples were collected at 24 hpi. The P values (H2O2 accumulation of each genotype versus Col-0 under Pst-treatment
at the same time point) were determined by two-tailed Student’s test assuming equal variance (P, 0.05). G, Relative expression levels
of PR1, PR2, PR3, and PR5 in leaves of 4-week-old wild-type (Col-0), erf11, ERF11-OE1, and ERF11-OE2 plants after Pst DC3000
treatment for 24 h. The P values (PR expressions of each genotype versus Col-0 under Pst-treatment at the same time point) were
determined by two-tailed Student’s test assuming equal variance (P,0.05).Data presented are themeans6 SD from three independent
experiments, and asterisks indicate significant differences at P , 0.05 between erf11/ERF11-OE1/ERF11-OE2 and Col-0 plants.
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Figure 9A. Under the activation of effector pERF11,
LUC activity significantly increased in reporters that
contained the ERF11-binding core sequence such as
BT4-p1 and BT4-p6; however, low LUC activity was
noted in reporters without the ERF11-binding core se-
quence: BT4-p2, BT4-p3, BT4-p4, BT4-p5, and BT4-p7.
Moreover, LUC activity significantly decreased in
the reporter with BT4-p8, in which the fragment
from222100 to22000 bp was deleted (Fig. 9B). These
results suggest that ERF11 targets the region from22100
to 22000 bp of the BT4 promoter, probably the GCC-
box, to activate its transcription.

To further confirm whether ERF11 physically binds
to the GCC-box of the BT4 promoter, we performed the
EMSA and expressed and purified the GST-tagged
ERF11 fusion protein in Escherichia coli. The positive
control indicated that the GST-ERF11 fusion protein
interacted with the DRE probe of ACS2 (Fig. 10B), as
previously reported (Li et al., 2011). Similarly, the GST-
ERF11 fusion protein was able to bind to the DNA
probes containing the GCC-box of the BT4 promoter
(BT4-GCC) but failed to bind to the mutated probes
(BT4-GCCm). Furthermore, increasing the concentra-
tion of unlabeled BT4-GCC probes in the binding re-
actions led to much weaker combined bands. These
results were further confirmed using the Y1H assay,
and the effector pERF11-AD-F was found to signifi-
cantly activate AbA resistance in the GCC reporter, but
not in the GCCm reporter (Fig. 10C). These results
suggest that ERF11 physically interacts with the GCC-
box of the BT4 promoter in vitro.

To confirm the genetic relationship between BT4 and
ERF11 in Arabidopsis defense against Pst DC3000, we
further generated erf11 bt4 and BT4-OE/erf11 plants by
crossing. We obtained two double mutants and two
complement transgenic plants: erf11 bt4-6, erf11 bt4-24,
BT4-OE/erf11-29, and BT4-OE/erf11-44. Morphological
phenotypes and expression analysis are shown in
Supplemental Figure S6; intriguingly, double mutants
and complement transgenic plants showed no obvious
morphological abnormalities and were indistinguish-
able from their parents. We first analyzed the disease
symptoms of erf11 bt4-6, erf11 bt4-24, BT4-OE/erf11-29,
and BT4-OE/erf11-44 plants following Pst infection.
Analysis of disease symptoms in the BT4-OE/erf11-29
and BT4-OE/erf11-44 complement plants as well as
erf11 bt4-6 and erf11 bt4-24 double mutants compared
with single erf11 mutants revealed that complement
lines exhibited conspicuous resistance against the vir-
ulent pathogen Pst DC3000, but disease symptoms of
the double mutants were similar to those of erf11 mu-
tants (Fig. 11A). In agreement with this finding, the
bacterial counts in erf11 bt4-6 and erf11 bt4-24 double

Figure 7. Attenuated SA-induced defense response in erf11mutants. A,
Typical Pst DC3000-infected disease symptoms in Col-0 and erf11
plants at 48 hpi with or without SA treatment. Four-week-old plants
were sprayed with 1 mM SA or 0.1% (v/v) ethanol solution and then
inoculated with Pst DC3000 at 24 h after SA treatment. Photographs of
representative leaves were taken 48 hpi. B, Bacterial growth in inocu-
lated leaves of Col-0 and erf11 plants in planta with or without SA
treatment. Four-week-old plants were sprayedwith 1 mM SA or 0.1% (v/
v) ethanol solution and then inoculatedwith PstDC3000 at 24 h after SA
treatment. Bacteria were isolated from the plants at 48 hpi and quan-
tified with gradient dilution assay. The P values (bacterial count of each
genotype with SA pretreatment versus each genotype with mock pre-
treatment at the same time point) were determined by two-tailed Stu-
dent’s test assuming equal variance (P , 0.05). C, In situ and (D)
quantitative analysis of superoxide anion accumulation in inoculated
leaves of Col-0 and erf11 plants with or without SA treatment by NBT
staining and biochemical testing, respectively. Four-week-oldwild-type
plants were sprayed with 1 mM SA or 0.1% (v/v) ethanol solution and
then inoculated with Pst DC3000 at 24 h after SA treatment. Leaf
samples were collected at 24 hpi. The P values (superoxide anion of
each genotype with SA pretreatment versus each genotype without SA
pretreatment under Pst-infected at the same time point) were deter-
mined by two-tailed Student’s test assuming equal variance (P, 0.05).
E, Partial suppression of SA-induced expression of defense genes in
erf11 plants. Four-week-old wild-type (Col-0) and erf11 plants were
sprayed with 1 mM SA or 0.1% (v/v) ethanol solution for 24 h and then
inoculated leaves were collected for RNA isolation. Relative expression
is shown relative to the transcript levels of an internal AtTub4 gene. The
P values (PR expressions of each genotype versus Col-0 under SA
treatment at the same time point) were determined by two-tailed

Student’s test assuming equal variance (P , 0.05). Data presented are
the means 6 SD from three independent experiments, and asterisks in-
dicate significant differences at P , 0.05 between erf11 and Col-0
plants.
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Figure 8. ERF11 targets BT4 promoter. A, Expression of BT4modulated by ERF11. Relative expression of BT1, BT2, BT3, BT4, and
BT5 in 4-week-old wild-type (Col-0), erf11, ERF11-OE1, and ERF11-OE2 plants. Relative expression is indicated as folds of the
transcript level of an internal AtTub4 gene. The P values (BT expressions of each genotype versus Col-0 at the same time point)
were determined by two-tailed Student’s test assuming equal variance (P, 0.05). Data presented are the means6 SD from three
independent experiments, and asterisks indicate significant differences at P , 0.05 between erf11/ERF11-OE1/ERF11-OE2 and
Col-0 plants. B, Schematic diagram of effector and reporter employed in LUC activity assay. The numbers in fragments (pERF11,
BT4-p1) indicate the positions of the nucleotides at the 59 or 39 end of each fragment relative to the translation start site in reporter
or amino acids in effector. C, Transient expression assays showed that ERF11 activates the transcription of BT4. Luminescence
imaging ofNicotiana tabacum leaves is shown 48 h after coinfiltrationwith reporter and effector. D, Schematic diagram of effector
and reporter used in Y1H assay. The numbers in fragments (pERF11-AD-F, pERF11-AD-N, pERF11-AD-Mid, pERF11-AD-C, pS1,
pS2, pS3, pS4, and pS5) indicate the positions of the nucleotides at the 59 or 39 end of each fragment relative to the translation start
site in reporter or amino acids in effector. E, Interaction of full-length ERF11 with different fragments of the BT4 promoter. pS1,
pS2, pS3, pS4, and pS5 indicate the reporters carrying different fragments of theBT4 promoter as schematic diagramof reporter for
Y1H. Transformed yeast cells containing both effector and reporter were plated on the selective medium (SD/2Leu/AbA). AbA,
Aureobasidin A. Cotransformation of pGBKT7-53 and pGADT7-Rec T was employed as positive control. Cotransformation of
pGBKT7-lam and pGADT7-Rec T was used as negative control. F, Interaction of the BT4 promoter fragment pS1 with different
lengths of ERF11. pERF11-AD-F, pERF11-AD-N, pERF11-AD-Mid, and pERF11-AD-C indicate the effectors carrying full-length
protein, N-terminal, middle-region, and C-terminal portions of ERF11, respectively. Transformed yeast cells containing both
effector and reporter were plated on the selective medium (SD/2Leu/AbA). Cotransformation of pGBKT7-53 and pGADT7-Rec T
was employed as positive control. Cotransformation of pGBKT7-lam and pGADT7-Rec Twas used as negative control.
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mutants did not significantly differ to those of single
erf11 mutants. However, there were lower bacterial
counts in the BT4-OE/erf11-29 and BT4-OE/erf11-44
complement transgenic plants compared with Col-0,
especially lower than those in single and double mu-
tants (Fig. 11B). Accumulation of superoxide anion and
H2O2 of BT4-OE/erf11-29 and BT4-OE/erf11-44 inocu-
lated leaves were higher than in Col-0 and significantly
higher than in erf11 bt4-6 and erf11 bt4-24 double mu-
tants at 24 hpi, whereas those of erf11 bt4-6 and erf11 bt4-
24 double mutants were similar to erf11 mutants
(Fig. 11, C–F). Moreover, we quantified the relative
expression levels of defense-related genes in double
mutants and complement transgenic plants to compare
with single erf11 mutants during Pst DC3000 infection.
Expression levels of PR1, PR2, and PR5 in the BT4-OE/
erf11-29 and BT4-OE/erf11-44 plants were significantly
higher than those in the Col-0, especially than those of
erf11mutants, whereas expression levels of these genes
in erf11 bt4-6 and erf11 bt4-24 double mutants were
similar to erf11 mutants (Fig. 11G). Taken together,
these results not only indicate that BT4 is directly
downstream of ERF11 and overexpression of BT4 in the
erf11 background could rescue the erf11 mutant phe-
notype during PstDC3000 inoculation, but also suggest
that ERF11 and BT4 genes belong to the same signaling
pathway to regulate the Arabidopsis resistance against
Pst DC3000.

Overall, our results demonstrate that ERF11 directly
activates BT4 in the Arabidopsis response to Pst

DC3000 infection and is dependent on the SA and ET
signaling pathways.

DISCUSSION

Earlier studies showed that BT4 is required for re-
sistance against B. cinerea in Arabidopsis and indicated
that it regulated the expression of defense-related genes
in response to the SA and JA signaling pathways (Hao
et al., 2013). Here, we suggested that BT4 was modu-
lated by the SA and ET signaling pathways to positively
regulate Arabidopsis defense against Pst DC3000.
Moreover, BT4 loss of function compromised the SA-
induced defense response to PstDC3000.We found that
the putative promoter of BT4 contained DRE/CRT el-
ements and the GCC-box, which are specific target el-
ements for ERF TFs. Further analyses focused on
screening potential ERF genes involved in the Arabi-
dopsis defense against Pst DC3000 depending on the
SA and ET signaling pathways. Through mining the
available microarray databases and combined tran-
scriptional confirmation, we observed that ERF11 was
induced by SA, ACC, and Pst DC3000 treatment
and modulated by the SA and ET signaling pathways.
Indeed, ERF11 loss-of-function compromised Arabi-
dopsis resistance against Pst DC3000 and the SA-
induced defense response. Next, we focused on the
relationship between ERF11 and BT4 to address the
idea that an ERF11-BT4 transcriptional cascade was

Figure 9. The region from 22100 to 22000 bp of BT4 promoter is recognized by ERF11 in a transient expression assay. A,
Schematic diagram of effector and reporter constructs used in protoplast-mediated transient cotransformation expression assay.
The coding domain of ERF11 is fused downstream of Cauliflower mosaic virus 35S in pCAMBIA1307. The promoter fragment of
BT4 is fused upstream of the LUC gene in pGreenII-0800-LUC. The numbers in fragments indicate the positions of the nucleotides
at the 59 or 39 end of each fragment relative to the translation start site in reporter or amino acids in effector. B, Relative luciferase
activity detected by transient cotransformation with reporter and effector into Arabidopsis protoplasts. To normalize the values
obtained for each independent cotransformation, the REN from Renilla spp. was used as an internal control. Luciferase activity is
quantified in arbitrary units relative to REN. SD is based on three independent experiments.
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involved in Arabidopsis defense against Pst DC3000.
Our data indicated that ERF11 was bound to the pro-
moter of BT4 in vitro and in vivo. Moreover, either
ERF11-OE or BT4-OE was sufficient to increase the ex-
pression levels of PR genes under Pst infection and
enhance defense against Pst DC3000. In addition, BT4
overexpression in the erf11 background also enhanced
expression levels of PR genes with Pst inoculation and
increased resistance against PstDC3000. Therefore, this
research revealed that the transcriptional activation of
BT4 by ERF11 is a key step in SA/ET-regulated plant
resistance against Pst DC3000.
In Arabidopsis, both SA and ET signaling are neces-

sary to regulate the defense response (Nawrath and
Métraux, 1999; Wildermuth et al., 2001; Berrocal-Lobo
et al., 2002). Furthermore, the JA signaling pathway is
known to regulate Arabidopsis resistance against
necrotrophic pathogens, whereas SA signaling con-
tributes to defense against biotrophic/hemibiotrophic
pathogens, and the SA and JA pathways are antago-
nistic in plant defense responses (Vlot et al., 2009; Fu
and Dong, 2013; Zander et al., 2014; Yang et al., 2015;
Zhang et al., 2017). Previously, we demonstrated that
BT4 had a positive function in resistance against B.

cinerea in Arabidopsis and regulated the expression of
defense-related genes in response to the SA and JA sig-
naling pathways (Hao et al., 2013). However, in this re-
search, we found that BT4 also had a positive function
in defense against the hemibiotrophic pathogen Pst
DC3000 andwasmodulated by the SA and ETpathways
(Figs. 1 and 3). These results indicate that ET and the ET
signaling pathway are important integrators in the cross
talk between SA and JA. An increasing number of
studies have revealed that several ERFs are coordinately
induced by SA, JA, and ET, indicating that ERFs can
synergistically integrate the SA and the ET/JA signaling
pathways but not antagonize them (Zarei et al., 2011;
Chen et al., 2012; Deokar et al., 2015; Zhang et al., 2015,
2016).We revealed thatERF11was coordinately induced
by SA, ACC, and JA treatment (Fig. 5; Supplemental Fig.
S7). Being downstream of the ET signaling pathway, we
demonstrated that ERF11 physically interacted with the
BT4 promoter (Figs. 9–11). Thus, we confirmed that
ERF11 plays a vital role in synergistic cross talk with
SA, JA, and ET. Perhaps ERF11 synergistic integration
with the SA, JA, and ET signaling pathways leads to
BT4 playing a synergistic role in plant defense against
necrotrophic and hemibiotrophic pathogens.

Figure 10. Recognition of GCC-box of BT4 promoter by ERF11 in vitro and in yeast cells. A, Schematic diagram shows the
positions of the probes or bait employed in EMSA and Y1H assay. The numbers in fragments (BT4-GCC, BT4-GCCm) indicate the
positions of the nucleotides at the 59 or 39 end of each fragment relative to the translation start site. BT4-GCCmwas similar to BT4-
GCC except the base Gmutated to T. B, EMSA for binding to GCC-box sequence in the promoter of BT4 by ERF11 in vitro. The full
length of ERF11 protein fused to GST was used to detect interaction. Biotin-labeled probes were incubated with ERF11-GST
protein. GST protein was used as a negative control. ACS2 probe was used as a positive control, a mutated version of BT4-GCC
(GCCm) was used as a negative control. Unlabeled DNAwas added in 200- and 400-fold molar excess as competitors. “2” and
“+” represent absence or presence, respectively. C, Y1H assay for binding to GCC-box region of BT4 promoter by ERF11 in yeast
cell. Cotransformation of pERF11-AD-F and GCC or GCCm reporter was used as test group. Transformed yeast cells containing
both effector and reporter were plated on the selective medium (SD/2Leu/AbA). AbA, Aureobasidin A. Cotransformation of
pGBKT7-53 and pGADT7-Rec T was employed as positive control. Cotransformation of pGBKT7-lam and pGADT7-Rec Twas
utilized as negative control. The numbers in fragments indicate the positions of the nucleotides at the 59 or 39 end of each fragment
relative to the translation start site in reporter or amino acids in effector.
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Figure 11. Overexpression of BT4 in erf11 background rescues the resistance to Pst DC3000. A, Typical Pst DC3000-infected
symptoms in wild-type (Col-0), erf11, erf11 bt4-6, erf11 bt4-24, BT4-OE/erf11-29, and BT4-OE/erf11-44 plants. Four-week-old
plants were inoculated by Pst DC3000 bacterial suspension or 10 mmol/L MgCl2 and kept at high humidity. Photographs of
representative leaveswere taken 48 hpi. The experiments were repeated three timeswith similar results. B, Bacterial growth in the
inoculated leaves detected in planta. Bacteria were isolated from the plants 24 and 48 hpi and quantified with gradient dilution
technique. The P values (bacterial count of each genotype versus Col-0 under Pst treatment at the same time point) were de-
termined by two-tailed Student’s test assuming equal variance (P , 0.05). C, In situ and (E) quantitative analysis of superoxide
anion accumulation in Pst DC3000-inoculated leaves by NBT staining and biochemical testing, respectively. Four-week-old
plants were inoculated with Pst DC3000 or 10 mmol/L MgCl2 and kept in high humidity. Leaf samples were collected at 24 hpi.
The P values (superoxide anion of each genotype versus Col-0 under Pst-treatment at the same time point) were determined by
two-tailed Student’s test assuming equal variance (P, 0.05). D, In situ and (F) quantitative analysis of H2O2 accumulation in Pst
DC3000-inoculated leaves byDAB staining and biochemical testing, respectively. Four-week-old plants were inoculated with Pst
DC3000 or 10mmol/LMgCl2 and kept in high humidity. Leaf sampleswere collected at 24 hpi. The P values (H2O2 accumulation
of each genotype versus Col-0 under Pst-treatment at the same time point) were determined by two-tailed Student’s test assuming
equal variance (P , 0.05). G, Relative expression levels of PR1, PR2, PR3, and PR5 in leaves of 4-week-old wild-type (Col-0),
erf11, erf11 bt4-6, erf11 bt4-24, BT4-OE/erf11-29, and BT4-OE/erf11-44 plants after PstDC3000 treatment for 24 h. The P values
(PR expressions of each genotype versus Col-0 under Pst-treatment at the same time point) were determined by two-tailed
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SA contributes to plant defense against biotrophic/
hemibiotrophic pathogens (Delaney et al., 1994;
Lawton et al., 1995). However, mutants and transgenic
plants, with diminished SA synthesis and accumula-
tion, are compromised in triggering plant defense re-
sponses and are susceptible to pathogen infection.
Direct application of SA and its analogs has been
reported to increase ROS accumulation, activate ex-
pression of PR genes, and enhance resistance to bio-
trophic pathogens (Mur et al., 2008; Shah, 2009; Coll
et al., 2011). Indeed, we revealed that direct applica-
tion of SA enhanced resistance and ROS accumulation
in the wild type: Col-0, No, Ler, and Ws (Supplemental
Fig. S1). However, disruption of ERF11 or BT4 com-
promised SA-induced resistance in erf11 and bt4 mu-
tants (Figs. 2 and 7), indicating that ERF11 and BT4
played critical roles in the SA defense response against
Pst DC3000.
Downstream of the multiple interactions of diverse

hormone signaling pathways, TFs play very important
functions in regulating the expression of PRs and me-
diating plant defense. The ERF proteins, as plant-
specific TFs, are focused in plant defense responses
and involved in regulation of PRs. For example, the
ERF1 TF triggers transcription of PDF1.2, enhancing
resistance against B. cinerea, and this regulation de-
pends on the integral ET signaling pathway, especially
on EIN3 (Berrocal-Lobo et al., 2002; Berrocal-Lobo and
Molina, 2004). In this study, through screening and
identification of available microarray data, we revealed
that ERF11 was induced by both SA and Pst DC3000
(Fig. 4; Supplemental Fig. S4). Following further anal-
ysis of ERF11, we found that ERF11 had a positive role
in Arabidopsis-Pst DC3000 interaction, and transcrip-
tion of ERF11 was modulated by the SA and ET sig-
naling pathways during Pst infection, such as by NPR1
and EIN3 (Figs. 5 and 6). pERF11 belongs to subfamily
VIII-B-1a, a group not reported in plant defense re-
sponses, which have vastly different amino acid se-
quences to ERF1. In addition to different amino acid
sequences, ERF11 was not found to directly bind to the
promoter of PR genes. Interestingly, we found that BT4
expression significantly increased in ERF11-OE1 and
ERF11-OE2 plants but decreased in erf11 mutants
(Fig. 8A). Many of the ERF TFs specifically bind to the
GCC-box (AGCCGCC) and DRE/CRT elements
(TACCGACAT), the core cis-motif present in the pro-
moter of target genes (Yamaguchi-Shinozaki and Shi-
nozaki, 1994; Ohme-Takagi and Shinshi, 1995; Brown
et al., 2003; Van der Does et al., 2013). With the help of
Y1H and EMSA, these results indicated that ERF11

could bind to the promoters of BT4 to activate tran-
scription of BT4 (Figs. 8–10). The ERF11 belongs to the
subfamily VIII-B-1a, and all members of this subfamily
(ERF3, ERF4, and ERF7–12) contain a transcription re-
pressor EAR motif near their C terminus (McGrath
et al., 2005; Nakano et al., 2006a, 2006b). In earlier re-
search, we found that ERF11 interacts with the DRE
motif of the ACS2/5 promoters to repress its transcrip-
tion, resulting in decreased ET biosynthesis, suggesting
that the EAR motif of ERF transcription repressors
plays a crucial role in modulating expression of target
genes (Li et al., 2011). In this study, the N terminus of
ERF11, AP2 domain, was revealed to bind to the GCC-
box of the BT4 promoter to activate BT4 expression and
mediate resistance against PstDC3000 (Figs. 8–10). This
finding indicates that different domains of the same TF
play activation or repression functions in diverse stress
responses. However, the mechanisms by which the
plant regulates the same TF to activate or suppress
target genes remain unclear.
Increasing evidence demonstrates that transcription

regulators are involved in the plant defense response
(Spoel et al., 2003; Hao et al., 2013; Liu et al., 2017). The
NPR1 protein, belonging to BTB/POZ domain pro-
teins, is the core of the SA signaling pathway (Durrant
and Dong, 2004; Kesarwani et al., 2007). The NPR1
protein is unable to transcriptionally regulate target
genes and acts as a transcription regulator to interact
with TGA TFs activating the expression of defense
genes (Fan and Dong, 2002). However, we found that
BT4 protein possessed transactivation activity in yeast
cells and was located in the nucleus. Furthermore, BT4
was observed to play an important role in Arabidopsis
defense against B. cinerea and PstDC3000 by regulating
the expression of defense-related genes (Hao et al.,
2013; Fig. 1G). These results indicate that transcription
regulator BT4 possesses the characteristics of a TF to
regulate transcription of defense-related genes. In fu-
ture studies, we will focus on whether BT4 directly
binds to the promoter of defense-related genes to me-
diate plant defense against pathogen challenge.
The plant defense response is a complex process that

involves multiple physiological, pathological, and mo-
lecular mechanisms. In such a process, transcrip-
tional regulation is a key step for plant defense against
pathogens. Here, we focused on how ERF11 transcrip-
tionally regulated BT4 expression to enhance the Ara-
bidopsis defense response against Pst DC3000. Based
on our research, we propose a regulatory model for
ERF11 mediation in the transcription of BT4 during Pst
DC3000 infection in Arabidopsis (Fig. 11H). During Pst

Figure 11. (Continued.)
Student’s test assuming equal variance (P , 0.05). Data presented are the means 6 SD from three independent experiments
andasteriks indicate significant differences at P , 0.05 between erf11, erf11 bt4-6, erf11 bt4-24, BT4-OE/erf11-29, BT4-OE/
erf11-44, and Col-0 plants. H, Model of ERF11 transcriptional activates BT4 to modulate SA/ET-regulated plant resistance against
PstDC3000. During Pst infection, ERF11 transcription was modulated by SA and ET signaling pathways. Then, numerous ERF11
TFs accumulate in the nucleus. ERF11, in turn, interacts with the GCC-box of BT4 promoter to activate expression of BT4. Next,
BT4 protein mediates transcription of PR genes to regulate plant resistance to Pst DC3000.
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DC3000 infection, ERF11 transcription was modulated
by the SA and ET signaling pathways, followed bymuch
accumulation of ERF11 TFs in the nucleus. ERF11, in
turn, interacted with the GCC-box of the BT4 promoter
to activate BT4 expression. Next, the BT4 protein me-
diated the transcription of PR genes to enhance plant
resistance to Pst DC3000.

MATERIALS AND METHODS

Plant Material and Bacterial Strains

The background of all Arabidopsis (Arabidopsis thaliana) mutants used in this
study was Col-0. The Arabidopsis mutants bt4-1 (SALK_015577.54.25.x), bt4-2
(SALK_045370C), erf11 (SALK_116053), sid2 (SALK_045134), NahG, npr1-1
(SALK_046187), ein2 (CS3071), ein3-1(CS8025), and eto1 (CS3072) were obtained
from the Arabidopsis Biological Resource Center (http://abrc.osu.edu/), and the
ein3 eil1 double mutant was provided by Professor H.W. Guo at Southern Uni-
versity of Science and Technology. Transgenic BT4-OE plants constitutively over-
expressing BT4 driven by the Cauliflower mosaic virus 35S promoter and transgenic
AtERF11-overexpressing plants (ERF11-OE1 and ERF11-OE2) driven by the 35S
promoter labeled with HA (influenza hemagglutinin epitope) were developed in
previous studies (Li et al., 2011; Hao et al., 2013). The erf11 bt4-6 and erf11 bt4-24
double mutants were made by crossing erf11 and bt4-1 as well as erf11 and bt4-2
plants. The BT4-OE/erf11was produced by crossing the erf11mutant with BT4-OE
line. All seeds were first surface sterilized using ethanol, sown on Murashige and
Skoog medium plates containing 0.5% (w/v) phytagel, incubated at 4°C in dark-
ness for 3 to 5 d, and then cultivated at 22°C with a 16/8 h light/dark cycle.

Analysis of Available Microarray Data

The expression pattern of ERF11 during biotic and hormone stress in Ara-
bidopsis was carried out using publicly available microarray CEL files in the
GEO database (Barrett et al., 2013). GSE5520, GSE51626, and GSE9955 were
used for expression analysis (Naseem et al., 2012; Singh et al., 2015). The data
were analyzed by GEO2R, an R-based web application, to help identify dif-
ferentially expressed genes (DEGs; Barrett et al., 2013). The putative DEGs
between mutant and wild type or between control (mock) and treatment were
identified using a two-step process: (1) genes that were 2-fold up- or down-
regulatedwere selected and (2)Welch’s t test was performed (P, 0.05). Finally,
a volcano map illustrating DEGs was constructed using Graphpad Prism 6
software (https://www.graphpad.com).

Pathogen Inoculation and Hormone Treatments

Pst DC3000 (Pseudomonas syringae pv. tomato DC3000) was cultured over-
night at 28°C in King’s B medium containing 25 mg/mL rifampicin. When the
bacterial cell concentration reached OD600 of 0.8 to 1.0, the cells were centri-
fuged and resuspended in 10mMMgCl2 buffer to OD600 of 0.002. Then, bacterial
cells were inoculated into rosette leaves by hand infiltration using 1-mL sy-
ringes without a needle, and the infected plants kept in a container with high
humidity and in darkness for 24 h. To determine the bacterial population in
plants, leaf disks were obtained from different inoculated leaves and homog-
enized with 200 mL of MgCl2 solution. After a series of gradient dilutions, the
suspension was plated on King’s B medium supplemented with 25 mg/mL
rifampicin, and bacterial colonies were counted at 2 d after incubation at 28°C.

For analysis of gene expression after phytohormone treatment, sterilized
Arabidopsis seeds grown in Murashige and Skoog medium for 7 d were
transferred toWhatman filter paper containing 50 mM SA or 10 mMACC. For the
control, seeds were transferred onto filter paper containing 0.1% (v/v) ethanol
solution or water. To verify SA-induced plant resistance against Pst DC3000, 4-
week-old Arabidopsis plants were pretreated with 1 mM SA or 0.1% (v/v)
ethanol solution for 24 h and then inoculated with Pst DC3000.

RNA Extraction and Real Time QuantitativePCR Analysis
of Gene Expression

Total RNA was extracted from 7-d-old plants or 4-week-old mature plants
and treated with hormones or the pathogen using Trizol reagent (Invitrogen,

http://www.invitrogen.com/). Then the total RNA was reverse transcribed to
complementary DNA (cDNA) using M-MLV reverse transcriptase (Reverse
Transcriptase system; Promega, http://www.promega.com/) according to the
manufacturer’s instructions. Subsequently, gene expression was measured by
real-time qPCR analysis with SYBR Premix (Takara, http://www.
takarabiomed.com.cn/) using the IQ5 real-time system (Bio-Red, http://www.
bio-rad.com/). All PCR amplifications were performed in 96-well optical re-
action plates with 45 cycles of denaturation for 15 s at 95°C, annealing for 20 s at
56°C, and extension for 45 s at 72°C. Expression levels were normalized using
AtTUB4. The primers used in qPCR are listed in Supplemental Table S1. Each
qPCR was repeated thrice independently.

Measurement of ROS Accumulation

To detect superoxide anion and H2O2 accumulation in situ, NBT staining
andDABwere used as described by Zhang et al. (2016). Leaveswere transferred
to 1 mg/mL DAB solution and vacuum-infiltrated at 37°C for 30 min. Subse-
quently, pigments from the leaves were removed with 95% ethanol until
colorless.

Superoxide anions in leaves were quantified using a superoxide assay kit
(Beyotime; http://www.beyotime.com/product/S0063.htm) according to the
manufacturer’s instructions. Fluorescence was measured with a Bio-Tek Syn-
ergy 4 plate reader (excitation, 370 nm; emission, 420 nm). The superoxide anion
concentration in each sample was calculated using a standard curve, whichwas
linear with NaNO2 concentration.

The H2O2 in leaves was quantified using a hydrogen peroxide assay kit
(Beyotime; http://www.beyotime.com/product/S0038.htm/) according to
the manufacturer’s instructions. Fluorescence was measured with a BioTek
Synergy 4 plate reader (excitation, 530 nm; emission, 590 nm). The H2O2 con-
centration in each sample was calculated using a standard curve, which was
linear with H2O2 concentration.

Y1H Assay

Matchmaker One-Hybrid System (Clontech; http://www.clontech.com/)
was used with slight modification to perform the Y1H assay for investigating
the interaction of TFs with target gene promoters. The BT4 promoter fragment
(22490 to 21 bp) was divided into five sections: S1 (22490 to 21990 bp), S2
(22000 to 21475 bp), S3 (21490 to 2990 bp), S4 (21000 to 2500 bp), and S5
(2587 to21 bp). Each section was PCR amplified. The obtained PCR-amplified
fragments were connected into the pAbAi vector as reporters. The reporter
vectors were linearized at the BbsI or BstBI site as described in the user manual
and transformed into Y1Hgold strain. The full-length cDNAofERF11 aswell as
the N-terminal, middle-region, and C-terminal fragments were cloned into the
pGADT7 vector containing a GAL4 transcriptional activation domain, yielding
effectors pERF11-AD-F, pERF11-AD-N, pERF11-AD-Mid, and pERF11-AD-C,
respectively. After confirming integration of the reporter vectors into the yeast
strain, the effector vectors were respectively transformed into the Y1H gold
strain, which carried a different reporter vector. The cotransformation yeasts
were cultivated in SD/2Leu and SD/2Leu/AbAmedium. The Y1H assaywas
performed according to the manufacturer’s protocol (Matchmaker One-Hybrid
System; Clontech; http://www.clontech.com/). To confirm ERF11 binding to
the GCC-box of AtBT4 promoter, the fragments containing the GCC-box and
GCC-box mutation of AtBT4 promoter were obtained from IDOBIO, connected
into the pAbAi vector as reporters, and the Y1H assay was performed
(Matchmaker One-Hybrid System; Clontech).

Luciferase Activity Assay

To further investigate the ERF11 interaction with BT4 promoter, the LUC
activity assay was performed using leaves of tobacco (Nicotiana tabacum) and
protoplasts of Arabidopsis. The full-length cDNA of ERF11was cloned into the
pCAMBIA1307 vector containing a 35S Cauliflower mosaic virus promoter to
achieve constitutive overexpression of ERF11 as an effector. The BT4 promoter,
p1 (22490 to21 bp), p2 (22000 to21 bp), p3 (21490 to21 bp), p4 (21000 to21
bp), p5 (2587 to21 bp), p6 (22490 to21000 bp), p7 (22000 to 21000 bp), and
p8 (22490 to22100 and22000 to21000 bp), were clonedwith primers given in
Supplemental Table S1 and introduced into the pGreenII-0800-LUC vector
containing REN and LUC genes. The reporter and effector plasmids were re-
spectively transformed into Agrobacterium tumefaciens strain GV3101. The
strains were incubated in Yeast Mannitol Medium (YEB) overnight and
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centrifuged to harvest the cells, and the cells resuspended in dilution buffer
(10 mM MES, 0.2 mM acetosyringone, and 10 mM MgCl2) to a concentration of
OD600 = 1.0. Then, equal volumes of different bacterial suspensions were
coinjected into the leaves of 4-week-old tobacco plants with a needleless sy-
ringe. After bacterial infection, plants were cultivated in darkness for 12 h and
then kept under 16/8 h of light/dark cycle for 48 h at 24°C. The leaves were
sprayed with 100 mM luciferin (VivoGlo Luciferin; Promega; https://www.
promega.com.cn/) and placed in darkness for 5 min. The LUC activity was
observed using a low-light cooled CCD imaging apparatus (iXon; Andor
Technology; http://www.andor.com/). The experiments were performed in
triplicate.

Analysis of transient expression of LUC activity in protoplasts was per-
formed as described byZhao et al. (2016). In brief, the leaf debris (0.5-mmwidth)
were cut from the second leaves using a razor blade and soaked in 15 mL of
enzyme solution containing 20 mM MES (pH 5.7), 1.5% (w/v) cellulase R10
(Cellulase Onozuka R10; Yakult, http://www.yakult.co.jp/ypi/en/tos.html),
0.4% (w/v) macerozyme R-10 (Macerozyme R-10; Yakult), 0.4 M mannitol,
20 mM KCl, 10 mM CaCl2, 1 mM b-mercaptoethanol, and 0.1% bovine serum
albumin (BSA). Subsequently, the leaves were incubated at room temperature
and 20 rpm for 4 h in darkness. The cell lysate was filtered with a sieve and
washed twice withW5 buffer: 2 mMMES (pH 5.7), 154mMNaCl, 125mMCaCl2,
and 5 mM KCl. The protoplast suspension was centrifuged at 100g for 3 min to
harvest protoplast cells. Then, protoplast cells were resuspended in MMG so-
lution (4 mM MES [pH 5.7], 0.4 M mannitol, and 15 mM MgCl2), mixed with
plasmid DNAmixture and 110 mL of PEG solution (40% [w/v] PEG-4000, 0.2 M

mannitol, and 100 mM CaCl2), and incubated in darkness for 15 min at 28°C.
Subsequently, the protoplasts were washed twice withW5 solution to eliminate
PEG solution and incubated in W5 solution in darkness for 12 h at 28°C. The
protoplast LUC activity was determined using a multifunction microplate
reader (TriStar LB 941; Berthold; https://www.berthold.com/) using a dual
luciferase reporter gene assay kit (Beyotime; http://www.beyotime.com/
product/RG027.htm). All experiments were performed in triplicate.

EMSA

To construct plasmids for the expression of full-length (1–166 amino acids)
pERF11 in Escherichia coli BL21, the cDNA fragments ofAtERF11were obtained
by PCR amplification and inserted into the multicloning sites of the pGEX-6p-
1 vector. The fusion protein was purified using ProteinIso GST Resin according
to the manufacturer’s instructions (TransGen Biotech, http://www.transgen.
com.cn). The EMSA was performed using a Light Shift Chemuluminescent
EMSA kit according to the manufacturer’s protocol (Thermo Fisher Scientific;
http://www.thermofisher.com). The probes were synthesized with oligonu-
cleotides (Supplemental Table S2) and labeled using a biotin 39 end DNA la-
beling kit (Thermo Fisher Scientific). Each binding reaction mixture, containing
100 ng of ERF11-GST recombinant protein or GST protein, 20 fmol of labeled
DNA probe, 0.05% NP-40, 50 ng of poly(dI-dC), 5 mM MgCl2, 2.5% glycerol, 13
binding buffer, and ultrapure water to a final volume of 20 mL, was incubated
at 25°C for 25 min. Unlabeled DNA was added in 200- and 400-fold molar
excess as competitors. The reaction mixtures were then loaded onto 5% poly-
acrylamide gels to separate free and bound DNA. The DNA on the gel was
transferred onto nylon membranes (GE Life Sciences; https://www.
gelifesciences.com). After UV cross linking, the DNA on the membrane was
detected using a chemiluminescent nucleic acid detection module (Thermo
Fisher Scientific).

Statistical Analysis

Statistically significant differences (*P, 0.05) were based on Student’s t test
computed by SigmaPlot 10.0 (http://sigmaplot.software.informer.com/10.0/).
Data presented are means 6 SD of three independent experimental replicates.

Accession Numbers

The sequence data from this study can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: ERF11 (At1g28370), BT4 (At5g67480), SID2 (Ag1g74710), NPR1
(At1g64280), EIN2 (At5g03280), EIN3 (At3g20770), ETO1 (At3g51770), ERF6
(AT4g17490), ERF13 (AT2g44840), ERF114 (AT5g61890), ORA47 (AT1g74930),
PR1 (AT2g14610), PR2 (AT3g57260), PR3 (AT3g12500), PR5 (AT1g75040), and
TUB4 (At5g44340).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Increased disease resistance following applica-
tion of SA in wild-type Arabidopsis.

Supplemental Figure S2. Expression of BT4 is induced by various
treatments.

Supplemental Figure S3. Analysis of differentially expressed ERF genes in
three independent GEO databases.

Supplemental Figure S4. Expression pattern of ERF11 induced by SA and
Pseudomonas syringae pv. tomato DC3000.

Supplemental Figure S5. SMART analysis reveals that pERF11 includes
AP2, a low complexity region, and an EAR domain.

Supplemental Figure S6. Phenotypic analysis of ERF11-related and BT4-
related plants.

Supplemental Figure S7. Expression of ERF11 is induced by treatment
with jasmonic acid.

Supplemental Table S1. Oligonucleotides and primers used in this study.

Supplemental Table S2. ERF transcriptome database.
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