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Abstract

APETALA2/ethylene-responsive factor (AP2/ERF) family transcription factors are
well-documented in plant responses to a wide range of biotic and abiotic stresses,
but their roles in mediating elicitor-induced disease resistance remains largely un-
explored. PevD1 is a Verticillium dahliae secretory effector that can induce disease
resistance in cotton and tobacco plants. In our previous work, Nicotiana benthami-
ana ERF114 (NbERF114) was identified in a screen of genes differentially expressed
in response to PevD1 infiltration. Here, we found that the ortholog of NbERF114 in
Arabidopsis thaliana (ERF114) also strongly responded to PevD1 treatment and tran-
scripts were induced by Pseudomonas syringae pv. tomato (Pst) DC3000 infection.
Loss of ERF114 function caused impaired disease resistance, while overexpressing
ERF114 (OE-ERF114) enhanced resistance to Pst DC3000. Moreover, ERF114 medi-
ated PevD1-induced disease resistance. RNA-sequencing analysis revealed that the
transcript level of phenylalanine ammonia-lyasel (PAL1) and its downstream genes
were significantly suppressed in erf114 mutants compared with A. thaliana Col-0.
Reverse transcription-quantitative PCR (RT-qPCR) analysis further confirmed that the
PAL1 mRNA level was significantly elevated in overexpressing OE-ERF114 plants but
reduced in erf114 mutants compared with Col-0. Chromatin immunoprecipitation-
gPCR (ChIP-gPCR) and electrophoretic mobility shift assay verified that ERF114 di-
rectly bound to the promoter of PAL1. The gene expression profiles of ERF114 and
PAL1 in oestradiol-inducible transgenic plants confirmed ERF114 could activate PAL1
transcriptional expression. Further investigation revealed that ERF114 positively
modulated PevD1-induced lignin and salicylic acid accumulation, probably by activat-

ing PAL1 transcription.
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1 | INTRODUCTION

Plants have developed sophisticated response mechanisms
under pathogen infection. Generally, there are two layers of in-
nate immunity against invading pathogens in plants: pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI)
and effector-triggered immunity (ETI) (Dangl et al., 2013; Jones
& Dangl, 2006). PAMPs are recognized by pattern recognition
receptors (PRRs) located on the plant surface, resulting in the
plant immune system PTI (Schwessinger & Ronald, 2012). ETl is
elicited by recognition of pathogen-derived effectors via intra-
cellular nucleotide-binding domain leucine-rich repeat-containing
receptors (NLRs) (Dangl et al., 2013). PTI and ETI are associated
with various plant immunity responses, including the hypersen-
sitive response (HR), reactive oxygen species (ROS) production,
and the expression of various defence-related genes such as
pathogenesis-related (PR) genes and transcription factors (TFs)
(Chandran et al., 2014; Greenberg & Yao, 2004). During the plant
defence response, the phenylpropanoid pathway plays an import-
ant role in preventing pathogen infection (Li et al., 2020). The
phenylpropanoid metabolic pathway positively regulates plant
basal immunity to viruses, bacteria, and fungi (Konig et al., 2014;
Zabala et al., 2006; Zhang et al., 2020). Phenylalanine ammonia-
lyase 1 (PAL1) is involved in the biosynthesis of multiple second-
ary metabolites, including lignin and salicylic acid (SA) in plants
(Huang et al., 2010; Vanholme et al., 2019). Lignin as a defensive
substance can limit the pathogen infection, therefore plant lignin
accumulation can be used as a marker of the plant immune re-
sponse (Sonbol et al., 2009).

Transcriptional regulation plays a key role in plant defence
against pathogens (Gao et al., 2022; Zheng et al., 2019). During
this process, TFs binding to DNA regulate normal growth and the
defence response to pathogens in plants. The conserved TF super-
family APETALA2/ethylene-responsive factor (AP2/ERF) has a spe-
cial importance in the plant kingdom as its members are involved in
growth, development, and responses to various biotic and abiotic
stresses, including drought, high salinity, extreme temperature,
and pathogen infection (Licausi et al., 2013; Yamaguchi-Shinozaki
& Shinozaki, 2006). ERFs regulate the expression of PR genes and
confer tolerance to various biotic stresses. For example, several
ERFs activate the transcription of basic type defence-related genes,
PR genes, osmotin, chitinase, and p-1,3-glucanase (Moffat et al.,
2012). ERF11 activates BT4 transcription to regulate immunity to
Pseudomonas syringae (Zheng et al., 2019).

PevD1 is an effector secreted by Verticillium dahliae. Our previ-
ous studies revealed that PevD1 can induce HR-like necrosis, H,0,
production, NO generation, and systemic acquired resistance
in cotton and tobacco plants (Bu et al., 2014; Liang et al., 2018;
Wang et al., 2012). In addition, PevD1 also induces the expres-
sion of genes related to the phenylpropanoid metabolic pathway
and enhanced lignin deposition, vessel reinforcement in cotton
(Bu et al., 2014), and sesquiterpenoid phytoalexin capsidiol accu-
mulation in tobacco (Liang et al., 2021). To reveal the mechanism

of PevD1-induced disease resistance, several differentially ex-
pressed genes (DEGs) induced by PevD1 have been identified in
Nicotiana benthamiana. Among these DEGs, the most abundant
genes are members of the AP2/ERF transcription factors family.
N. benthamiana ERF114 strongly responded to PevD1 and its role
in regulating disease resistance is unknown yet. In this study, we
characterized the function of ERF114 in regulating disease resis-
tance to P. syringae pv. tomato (Pst) DC3000 in Arabidopsis thaliana
(Arabidopsis). ERF114 positively modulated disease resistance and
mediated PevD1-induced disease resistance. ERF114 targeted the
promoter of PAL1 and activated PAL1 transcription, resulting in an
increase in lignin and SA levels. Functional investigation of ERF114

helps us to understand the mechanism in PevD1-induced disease

resistance.
2 | RESULTS
2.1 | PevD1 triggers defence responses and

enhances disease resistance to Pst DC3000 in
A. thaliana

Previous studies showed PevD1 induces H,0, accumulation, and
enhances disease resistance in tobacco against tobacco mosaic
virus (TMV) and in cotton against V. dahliae (Bu et al., 2014; Wang
et al., 2012). Here, we investigated the PevD1-triggered immune
responses and disease resistance in Arabidopsis. We observed
H,O, and superoxide anion accumulation in Arabidopsis leaves
by 3,3'-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT)
staining, respectively. Compared to buffer-treated leaves (Mock),
PevD1 infiltration promoted the accumulation of H,O, and su-
peroxide anion (Figure 1a). Furthermore, the expression levels of
defence genes PR1 and PR5 in Col-0 leaves infiltrated with PevD1
was also significantly elevated compared to Mock (Figure 1b,c). To
further examine the effect of PevD1 on plant resistance to bacte-
ria, leaves were inoculated with Pst DC3000 24 h after infiltration
with 30 uM PevD1. The results showed that PevD1-pretreated
leaves exhibited enhanced resistance to Pst DC3000 compared
to mock-treated leaves (Figure 1d,e). These results indicate that
PevD1 activates the immune response and enhances disease re-
sistance in Arabidopsis.

2.2 | ERF114 transcript is induced by PevD1 and
Pst DC3000 infection

NbERF114 is strongly induced by PevD1 infiltration (Figure S1)
(Liang et al., 2021), suggesting that it might be involved in PevD1-
induced defence. To study the function of ERF114 in plant defence,
we identified the ortholog of NbERF114 in Arabidopsis by BLAST
analysis. We then checked the induction of ERF114 on PevD1
treatment in Arabidopsis using reverse transcription-quantitative
PCR (RT-gPCR). The transcript level of ERF114 was significantly
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FIGURE 1 PevD1 triggers a defence (a)
response and enhances disease resistance

to Pseudomonas syringae pv. tomato (Pst)

DC3000 in Arabidopsis thaliana (Col-0).

(a) Photographs of 3,3'-diaminobenzidine

(DAB)- and nitroblue tetrazolium (NBT)-

stained leaves infiltrated with buffer

(Mock) or PevD1. Four-week-old wild-type

Col-0 leaves were infiltrated with PevD1

or Tris buffer (Mock) and stained with

DAB and NBT at 24 h postinfiltration (hpi).

(b,c) Relative expression levels of PR1 and

PR5 in 4-week-old wild-type Col-0 leaves

at 0, 12, and 24 hpi. UBC21 was used (b)
as the internal control, the PR1 and PR5
expression is represented relative to the
UBC21 transcription level. The bars were
calculated based on three independent
experiments. The values are mean + SD
(nh = 3). ***p < 0.001, one-way analysis
of variance (ANOVA). (d) Leaf bacteria
was measured by colony counting. Col-0
leaves were infiltrated with PevD1 or
Tris buffer (Mock) and inoculated with
Pst DC3000 at 24 hpi. Bacterial colonies
were counted at 48 hpi. Data from

three separate experiments are shown
(mean + SD, n = 6). *p < 0.05, one-way 0
ANOVA. (e) Photographs of Pst DC3000-

infected disease symptoms in leaves.

Col-0 leaves were infiltrated with PevD1 (d)

or Tris buffer (Mock) then inoculated with 8
Pst DC3000 at 24 hpi. Photograph was
taken at 48 hpi
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elevated at the indicated time points postinfiltration with PevD1
(Figure 2a). Notably, ERF114 was also induced on Pst DC3000 in-
fection, further supporting that hypothesis that ERF114 could be
associated with plant defence (Figure 2c). To further test if the
promoter activity of ERF114 responds to PevD1 and Pst DC3000
infection, a chimeric promoter fusion with the B-glucuronidase
gene (GUS) was constructed and introduced into Arabidopsis
Col-0 plants (PromERF114:GUS). GUS staining of 4-week-old
PromERF114:GUS plants was performed under PevD1 infiltration
or Pst DC3000 inoculation. The treated PromERF114:GUS trans-
genic leaves stained dark blue compared to mock-treated leaves,
indicating that the ERF114 promoter activity was significantly in-
duced (Figure 2b,d). These data suggest that ERF114 transcription
is induced by PevD1 and Pst DC3000 infection.
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2.3 | ERF114 positively modulates Arabidopsis
defence responses and disease resistance to
Pst DC3000

To investigate the function of ERF114 in Pst DC3000 infection
in Arabidopsis, we generated ERF114 gene deletion mutants by
CRISPR/Cas?-mediated genome editing. Two target sites in the exon
of ERF114 were chosen, and the corresponding sgRNA/Cas9 vec-
tors were transformed into the wild-type Col-0 via Agrobacterium
tumefaciens-mediated transformation. The mutations at the target
sites in the CRISPR/Cas? transformants were examined by sequenc-
ing (Figure 3a). Two individual homozygous knockout lines (erf114#1
and erf114#2) were chosen for further analysis, containing a 1-bp
insertion in the coding region of ERF114 resulting in a frameshift
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FIGURE 2 ERF114 expression is induced by PevD1 infiltration and Pseudomonas syringae pv. tomato (Pst) DC3000 infection. (a,c) Relative
expression level of ERF114 in 4-week-old wild-type Col-0 leaves at 0, 6, 12 and 24 h after PevD1 infiltration or Pst DC3000 inoculation.
UBC21 was used as the internal control. The bars were calculated based on three independent experiments. The values are mean + SD
(n=3). ***p < 0.001, one-way analysis of variance. (b,d) ERF114 expression pattern was analysed by B-glucuronidase (GUS) enzymatic
activity in 4-week-old PromERF114:GUS leaves infiltrated with PevD1 or inoculated with Pst DC3000

mutation (Figure 3a). Furthermore, the ERF114 coding sequence
was overexpressed under the driver of the cauliflower mosaic virus
35S promoter in Arabidopsis (OE-ERF114). Two OE-ERF114 lines
(OE-ERF1144#2 and OE-ERF114#4) were selected for further analysis
(Figure 3b).

We then determined the bacterial growth in Col-0, erf114
mutants, and OE-ERF114 plants. The results showed that erf114
mutants were more susceptible, while OE-ERF114 lines displayed en-
hanced resistance to Pst DC3000 compared to Col-0 (Figure 3c,d).

This observation was further supported by the expression of PR1,
which is a pathogen response reporter gene, observed in the erf114
mutants and OE-ERF114 lines (Figure 3e). ROS accumulation in the
indicated genotypes upon Pst DC3000 infection was detected by
DAB and NBT staining. We found higher ROS levels in OE-ERF114
plants on pathogen attack compared to Col-O, whereas erf114
mutants showed the opposite (Figure 3f). These data suggest that
ERF114 promotes plant defence responses and enhances disease
resistance to Pst DC3000.

FIGURE 3 ERF114 contributes to Arabidopsis disease resistance to Pseudomonas syringae pv. tomato (Pst) DC3000. (a) Construction of
CRISPR/Cas9-based erf114 knockout transgenic lines. Two sgRNA sequences that specifically target ERF114 were used, generating two
mutants, erf114#1 and erf114#2, both with an “A” insertion (indicated in red font). (b) Relative expression level of ERF114 in four-week-old
transgenic lines overexpressing ERF114 (OE-ERF114) and wild-type Col-0 leaves. UBC21 was used as the internal control. Data represent
the ratio of ERF114 expression between OE-ERF114 plants and wild-type Col-0. The bars were calculated based on three independent

experiments. The values are mean + SD (n = 3). (c) Typical Pst DC3000 disease symptoms in Col-0, erf114#1, erf114#2, OE-ERF114#2, and
OE-ERF114#4 leaves. Four-week-old leaves were inoculated with Pst DC3000 bacterial suspension or 10 mM MgCl,. Photographs were
taken at 48 h postinoculation (hpi). (d) Bacterial growth in Col-0, erf114, and OE-ERF114 leaves. Bacteria were isolated from leaves at 48 hpi
and counted with gradient dilution assays. Data from three separate experiments are shown (mean + SD, n = 6). Different letters above the
bars indicate statistically significant differences at p < 0.05 (one-way analysis of variance, ANOVA). (e) Relative expression levels of PR1 in
the leaves of 4-week-old wild-type (Col-0), erf114, OE-ERF114 plants at 24 hpi. UBC21 was used as the internal control. Relative expression
is indicated compared to the transcript level of UBC21. The bars were calculated based on three independent experiments. The values are
mean + SD (n = 3). *p < 0.05, ***p < 0.001, one-way ANOVA. (f) Leaves were inoculated with Pst DC3000 or 10 mM MgCl, and stained
with 3,3"-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) at 24 hpi. Photographs were taken (top) and H,O, and superoxide anion
accumulation was quantified in nine leaves by measuring the intensity of staining with ImagelJ (bottom). ***p < 0.001, one-way ANOVA
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2.4 | ERF114 mediates PevD1-induced
disease resistance

To explore whether ERF114 mediates PevD1-induced disease resist-
ance to Pst DC3000, we observed the typical chlorotic disease symp-
toms that appeared at 48 h postinoculation (hpi) and showed more
resistance in PevD1-infiltreated OE-ERF114#2 and OE-ERF114#4 than
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in erf114#1 and erf114#2 mutant plants (Figure 4a). We also exam-
ined the growth of Pst DC3000 in PevD1-pretreated Col-0, erf114#1,
erf114#2, OE-ERF114#2, and OE-ERF114#4 leaves inoculated with
the bacteria. Higher bacterial counts were found in the two erf114
mutants while Pst DC3000 was inhibited in the two OE-ERF114 lines
(Figure 4b). We then compared the expression level of the PR1 gene in
PevD1-infiltrated leaves of Col-0, erf114#1, erf114#2, OE-ERF114#2,
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and OE-ERF114#4 plants using RT-gPCR. The results showed that
the PR1 gene expression level was increased in OE-ERF114#2 and
OE-ERF1144#4, while it was decreased in erf114#1 and erf114#2 com-
pared with Col-0 (Figure 4c). These results indicate that ERF114 medi-
ates PevD1-induced disease resistance against Pst DC3000.

2.5 | ERF114 targets PAL1 and activates its
transcription

To explore the underlying mechanism of ERF114 in regulating defence
responses, RNA-sequencing (RNA-Seq) was performed using Col-0
and the erf114#1 mutant. In total, six samples of the erf114 mutant and
Col-0 with three biological replicates were used for RNA-Seq analysis.
On average, this generated about 48.77 million reads per sample. After
read filtering, the average mapping ratio with the reference genome
was 97.97% and the average mapping ratio with the gene was 98.24%.
A total of 27,444 genes were detected. All of the DEGs were aligned to
public databases. Comparative analysis revealed that 661 genes were
affected by the ERF114 gene (fold-change [FC] > 1.5, p < 0.1). Of these,

(@) Col-0 erf114#1

Mock+Pst

PevD1+Pst

erf114#2

199 genes were down-regulated and 462 genes were up-regulated
(Figure S2). Given that ERF114 positively regulates plant disease
against Pst DC3000, our data analysis focused on the down-regulated
genes. To determine the cellular processes and function distribution
associated with the down-regulated DEGs, we carried out enrichment
analysis of Gene Ontology (GO) biological processes and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional pathway. GO
category analysis revealed that secondary metabolite biosynthetic
process and cellulose synthesis activity were dominant in the top 30
GO terms (Figure S3a). KEGG analysis showed a large number of DEGs
significantly enriched in the biosynthesis of secondary metabolite
pathways, including anthocyanin, flavone and flavonol biosynthesis,
and phenylpropanoid biosynthesis (Figure S3). Anthocyanins and fla-
vonoids are major secondary metabolites derived from the phenyl-
propanoid pathway (Buer et al., 2010; Liu et al., 2021; Wang et al,,
2020). PAL1 is the key enzyme of phenylpropanoid biosynthesis; it
also affects multiple secondary metabolites, including lignin and SA
biosynthesis (Huang et al., 2010). We speculated that ERF114 may af-
fect the synthesis of secondary metabolites through modulating PAL1

transcript expression. Our analysis revealed that the transcript level
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FIGURE 4 ERF114-mediated PevD1-induced disease resistance. (a) The disease symptoms of Pseudomonas syringae pv. tomato (Pst)
DC3000 in Col-0, erf114#1, erf114#2, OE-ERF114#2, and OE-ERF114#4 leaves. The photograph was taken at 48 h after Pst DC3000
inoculation. (b) Bacteria in PevD1-infiltrated leaves were measured by colony counting. Col-0, erf114 and OE-ERF114 leaves were infiltrated
with Tris buffer (Mock) or PevD1 then inoculated with Pst DC3000 at 24 h postinfiltration (hpi). Bacterial titres were counted at 48 hpi.
Data from three separate experiments are shown (mean + SD, n = 6). *p < 0.05, ns, not significant, one-way analysis of variance (ANOVA).
(c) Relative expression level of PR1 in 4-week-old wild-type (Col-0), erf114, and OE-ERF114 leaves at 12 hpi. UBC21 was used as the internal
control. The bars were calculated based on three independent experiments. The values are mean + SD (n = 3). *p < 0.05, ***p < 0.001, one-

way ANOVA
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of PAL1 is down-regulated in the erf114 mutant and up-regulated in
OE-ERF114 lines (Figure 5a), and that the PAL downstream genes were
down-regulated in the erf114 mutant compared with Col-0 (Figure S4).
Based on this data, we speculate that PAL1 is a potential target candi-
date for ERF114. Given that ERF proteins specifically bind to dehydra-
tion responsive/C-repeat (DRE/CRT) elements and a GCCGCC motif
(GCC-box) in the promoter of downstream target genes (Eklund et al.,
2011; Ohme-Takagi & Shinshi, 1995), we analysed the sequence of the
promoter of PAL1. We found that the promoter of PAL1 contains two
GCC-boxes (P1 and P2) upstream of the ATG codon (Figure 5b). We
speculate that ERF114 might target the PAL1 gene to regulate the phe-
nylpropanoid biosynthesis pathway. To investigate whether ERF114
physically interacts with the PAL1 promoter, we then employed chro-
matin immunprecipitation-qunatitative PCR (ChIP-qPCR) analysis
with 35S:ERF114-GFP transgenic plants, along with Col-0 as a control.
Primer pair P1/2 in the promoter of the PAL1 gene was designed for
ChIP-gPCR (Table S1). As shown in Figure 5b, significant enrichment
was found in the P1/2 region. Region P2 was used for an electropho-
retic mobility shift assay (EMSA). The results demonstrated the binding
of ERF114 to the PAL1 promoter in vitro (Figure 5c).

To further analyse whether ERF114 could activate PAL1 expres-
sion, pER8-ERF114 oestradiol-inducible transgenic plants were gen-
erated and briefly treated with oestradiol in a time course (0.5, 1, or
3 h) to clarify the regulatory relationship between PAL1 and ERF114.
The RT-gPCR results showed that PAL1 was rapidly expressed along
with ERF114 expression (Figure 5d), further supporting the result that
ERF114 directly regulates PAL1 expression. These findings suggest that
ERF114 can bind to the promoter of PAL1 and activate its expression.

To investigate whether ERF114 mediates PevD1-induced PAL1
expression, we compared the expression level of the PAL1 gene in
Col-0, erf114, and OE-ERF114 plants with or without PevD1 induc-
tion using RT-qPCR. The results showed that the expression of PAL1
exhibited no difference in PevD1-induced erf114 mutant and OE-
ERF114 plants compared with mock treatment. Conversely, the PAL1
expression level in PevD1-induced plants was significantly higher
than in buffer-treated Col-0 plants (Figure 5e). The results reveal
that ERF114 mediates PevD1-induced PAL1 expression.

2.6 | ERF114 positively modulates lignin and SA
accumulation

The phenylpropanoid pathway in plants is responsible for the synthe-
sis of a variety of structural and defence compounds. PAL catalyses
the first step in phenylpropanoid biosynthesis, which produces pre-
cursors to a variety of important secondary metabolites. Lignin, an
important phenylalanine-derived metabolite, has functions in both
structural support and plant defence (Huang et al., 2010). SAis a cru-
cial plant hormone for mediating Arabidopsis defence to Pst DC3000
(Chen et al., 2019), and the synthesis of SA is partially derived from
the phenylpropanoid pathway (Lefevere et al., 2020). To investigate
whether ERF114 regulates SA and lignin accumulation, we compared
total lignin deposition and free SA concentration in Col-0, erf114,

and OE-ERF114. The results showed that erf114 was deficient in SA
and lignin accumulation compared with Col-0; in contrast, SA and
lignin accumulation increased in OE-ERF114 (Figure 6a,b), indicat-
ing a role of ERF114 in regulating the SA and lignin accumulation.
To further investigate whether ERF114 mediated PevD1-induced
lignin and SA accumulation, Col-0, erf114, and OE-ERF114 leaves
were treated with PevD1 or buffer before measuring SA and lignin
content. The results showed that SA and lignin notably accumulated
in PevD1-induced Col-0 plants. Meanwhile, SA and lignin accumula-
tion decreased and showed no difference in PevD1-induced erf114
compared to mock treatment, indicating PevD1 could not induce SA
and lignin accumulation in erf114 mutants (Figure 6c,d). These re-
sults suggest that ERF114 mediated PevD1-induced disease resist-
ance against Pst DC3000 mainly through regulating lignin and SA
accumulation.

3 | DISCUSSION

AP2/ERF TFs constitute one of the largest plant-specific TF families,
which contains 147 members in Arabidopsis (Nakano et al., 2006).
ERF TFs have a variety of roles in plant processes including devel-
opment and responses to biotic and abiotic stresses (Licausi et al.,
2013). Previous studies demonstrated that one ERF TF, ERF114,
plays an important role in callus production and tissue regenera-
tion (Mehrnia et al., 2013), and acts as a ROS-responsive factor that
maintains root stem cell niche identity (Kong et al., 2018). However,
the function of ERF114 in the regulation of plant defence to patho-
gen infection is mostly unknown. Our previous research revealed
that the transcript level of NbERF114 is significantly elevated in re-
sponse to the V. dahliae effector PevD1, suggesting a possible role
of ERF114 in pathogen-plant interactions. In this study, the func-
tion of Arabidopsis ERF114 was further characterized. We found
that both PevD1 and the bacterial pathogen Pst DC3000 could
strongly induce the expression of ERF114 (Figure 2). Knockout
lines of ERF114 exhibited enhanced susceptibility, while the
ERF114-overexpressing plants were more resistant to Pst DC3000
(Figure 3). Based on RNA-Seq and biochemical assays, we further
revealed that ERF114 positively activated PAL1 by directly binding
to its promoter (Figures 5 and S4), resulting in the accumulation of
lignin and SA. Thus, our study provides definitive evidence to re-
veal a positive role of ERF114 in the regulation of plant responses to
pathogen infection. In addition, we have demonstrated that ERF114
mediates PevD1-induced disease resistance. Our findings and
previous studies showed that PevD1 could induce ROS, systemic
acquired resistance, and lignin accumulation in plants (Bu et al.,
2014, Liang et al., 2018; Wang et al., 2012). Pretreatment of PevD1
conferred enhanced resistance to Pst DC3000 in Arabidopsis
(Figure 1d,e). Notably, loss-of-function of ERF114 compromised the
PevD1-induced accumulation of lignin and SA, as well as attenuated
resistance phenotypes (Figure 4), indicating that ERF114 mediates
PevD1-triggered defence responses. Our data give an explanation
for PevD1-induced plant disease resistance.
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FIGURE 5 ERF114 binds to the promoter of PAL1 and activates PAL1 expression. (a) Relative expression level of PAL1 in erf114 and OE-
ERF114 leaves compared to wild type Col-0. UBC21 was used as the internal control. The bars were calculated based on three independent
experiments. The values are mean + SD (n = 3). ***p < 0.001, one-way analysis of variance (ANOVA). (b) Schematic diagrams of ERF114-
binding cis-elements in the promoter region of PAL1 (P1 and P2). ATG represents the translational start codon. The lines below the binding
sites indicate the sequences detected in the chromatin immunoprecipitation-quantitative PCR (ChIP-gPCR) assay. An anti-GFP monoclonal
antibody was used for DNA immunoprecipitation from 4-week-old 35S:GFP-ERF114#2 transgenic plants. The relative enrichment of ERF114
binding to the PAL1 promoter was normalized to TUBULIN2 (TUB2). Each experiment was repeated at least three times with similar results.
The values are mean + SD (n = 3). **p < 0.01, one-way ANOVA. (c) Electrophoretic mobility shift assays (EMSA) for the binding of ERF114 to
the PAL1 promoter in vitro. A biotin-labelled probe was used for the EMSA experiments and unlabelled fragments were used as competitors.
The “+" and “~” symbols represent the presence and absence of components, respectively. Band shift is indicated by an arrow. (d) ERF114
induces the transcript of PAL1. Reverse transcription-quantitative PCR analysis of ERF114, PAL1, and UBC7 expression in the iERF114 plants
treated with 20 pM p-oestradiol for the indicated time points. The bars were calculated based on three independent experiments. The
values are mean + SD (n = 3). (e) Relative expression level of PAL1 in PevD1-induced wild-type Col-0, erf114, and OE-ERF114 leaves at 24 h
postinoculation (hpi). UBC21 was used as the internal control. Relative expression is indicated compared to the transcript level of UBC21. The
bars were calculated based on three independent experiments. The values are mean + SD (n = 3). ns, not significant. ***p < 0.001, one-way
ANOVA

Phenylpropanoid compounds are precursors to a wide range of environmental stimuli, including pathogen infection (Dixon & Paiva,
compounds with many functions in plant defence against pathogens, 1995; Lawton etal., 1983; Liang et al., 1989). PAL has also been shown
such as lignin, phenolic compounds, flavonoids, isoflavonoids, cou- to mediate plant resistance to the brown planthopper by regulating
marins, and stilbenes (Ferrer et al., 2008). Lignin determines plant the biosynthesis and accumulation of SA and lignin in rice. OsMYB30
cell wall mechanical strength and rigidity. When plants are infected directly up-regulates the expression of OsPAL8 in response to brown
with pathogens, lignin is accumulated in the cell wall and provides planthopper attack (He et al., 2020). Although PAL1 plays important
a basic barrier against pathogen spread (Liu et al., 2018; Yadav roles in plant defence components, its transcriptional regulation has

et al.,, 2020). PAL catalyses the conversion of phenylalanine to trans- rarely been reported. In this research using ChlP-gPCR and EMSA
cinnamic acid, which is the first step in the phenylpropanoid pathway assays, we found ERF114 could directly bind to the PAL1 promoter
and an important regulation point between primary and secondary and regulate PAL1 expression (Figure 5b,c). This is the first report
metabolism (Huang et al., 2010; Malamy et al., 1990). Many stud- that an ERF family member positively modulates phenylpropanoid
ies have shown that PAL expression is responsive to a variety of biosynthesis and enhances disease resistance. Further studies on
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FIGURE 6 ERF114 contributes to salicylic acid (SA) and lignin accumulation and mediates PevD1-induced lignin and SA production in
Arabidopsis thaliana. (a,b) Levels of SA and lignin in Col-0, erf114, and OE-ERF114. Data from three separate experiments are shown. The
bars were calculated based on three independent experiments. The values are mean + SD (n = 4). Different letters above the bars indicate
statistically significant differences at p < 0.05 (one-way analysis of variance, ANOVA). (c,d) Levels of SA and lignin in PevD1-induced Col-0,
erf114 and OE-ERF114 at 12 h postinoculation. Each experiment was repeated at least three times. The bars were calculated based on three
independent experiments. The values are mean + SD (n = 4). ns, not significant. *p < 0.05, ***p < 0.001, one-way ANOVA

the transcriptional regulation on PAL1 are needed to uncover its sig-
nificance in plant-pathogen interactions.

SA is a critical component for plant-pathogen interactions (Cui
et al.,, 2017; Vlot et al., 2009) and acts a signal that increases in re-
sponse to pathogen infection (Malamy et al., 1990). SA accumulation
is often accompanied by elevated expression of PR genes and en-
hanced disease resistance (Yalpani et al., 1991). It is widely believed
that the isochorismate synthase pathway is important for SA syn-
thesis in Arabidopsis. The PAL inhibitor 2-aminoindan-2-phosphonic
acid significantly reduces pathogen-induced SA accumulation in
Arabidopsis (Chen et al., 2009). Therefore, the PAL pathway is also
important for SA accumulation in Arabidopsis. In the present re-
search, the level of SA significantly reduced in the PevD1-induced
erfl114 mutant and increased in PevD1-induced ERF114 overex-
pressing plants (Figure 6c), indicating that ERF114 mediates PevD1-
induced SA accumulation.

Many studies have shown that ERF transcription factors play a
role in regulating phytoalexin production. An ERF2-like transcription
factor positively regulates production of the sesquiterpene phyto-
alexin capsidiol and plant resistance through the direct transactiva-
tion of a capsidiol biosynthetic gene, EAS12 (Song et al., 2019). Our
RNA-Seq data show that ERF114 regulates the expression of various
genes in the flavonoid biosynthesis pathway derived from the phen-
ylpropanoid pathway. Flavonoids can act as chemical messengers,
physiological regulators, and inhibitors against organisms, including
phytopathogens, Fusarium oxysporum and Gymnosporangium yama-
dai (Lu et al., 2017; Zhou et al., 2017; Zhu et al., 2013). However,
whether ERF114 is involved in the synthesis of antibacterial sub-
stances that suppress pathogen infection remains to be researched.

In conclusion, we reveal here that ERF114 mediates PevD1-
induced accumulation of lignin and SA, probably by activating
the expression of PAL1. Our results provide evidence that ERF114
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positively modulates plant defence responses and mediates PevD1-

induced disease resistance to Pst DC3000 in Arabidopsis.

4 | EXPERIMENTAL PROCEDURES

4.1 | Plant growth conditions

All seeds from wild-type A. thaliana (Col-0) and transgenic lines of
plants were surface sterilized using ethanol for 10 min, washed with
sterile water five times, and placed on Murashige and Skoog medium
(4.3 g/L MS salts, 1% sucrose [pH 5.7-5.8], and 6 g/L agar). After in-
cubation at 4°C in darkness for 3-5 days, the plates were transferred
to a growth chamber and cultivated at 22°C under a 16 h light/8 h

dark cycle.

4.2 | Generation of transgenic plants

For construction of CRISPR/cas9-mediated ERF114 knockout plants,
two target sites of ERF114 designed by CRISPR-P (http://crispr.hzau.
edu.cn/CRISPR2/) were used. Homozygous plants were identified
by sequencing. All primers used are listed in Table S1. To construct
constitutive overexpressing transgenic plants, the corresponding
coding sequence was amplified and introduced into the pEGAD vec-
tor (Cutler et al., 2000). To generate the inducible overexpressing
transgenic plant iERF114, ERF114 was amplified and inserted into
the pER8 vector (Zuo et al., 2000). To generate PromERF114:GUS/
Col-0, a 1.4-kb genomic promoter sequence was amplified and in-
troduced into the pBI101 vector. The constructs were transformed
into Agrobacterium tumefaciens GV3101, which was used to trans-
form Col-0 plants with the floral dip method (Clough & Bent, 1998).

4.3 | Pst DC3000 culture and inoculation

Pst DC3000 was cultured overnight at 28°C in Luria-Bertani (LB)
medium. When the bacterial cell concentration of OD,,, = 0.8-1.0,
the cells were centrifuged and resuspended in 10 mM MgCl,. Final
bacterial suspensions in 10 mM MgCl, with OD,,, = 0.0002 were
used in the infection assays. Four-week-old Col-O and transgenic
Arabidopsis leaves were used, and the bacterial suspension was in-
filtrated using 1-ml syringes without a needle; 10 mM MgCl, was
used as mock treatment. For each independent experiment, at least
six plants were assayed for each data point. The experiments were
repeated three times (Zipfel et al., 2004).

4.4 | Protein preparation and treatments

PevD1 was expressed and purified according to a previously de-
scribed protocol (Liang et al.,, 2021). Protein concentration was
quantified using the Easy Il Protein Quantitative Kit (BCA; TransGen

Biotech). Four-week-old Arabidopsis leaves were infiltrated with
30 pM PevD1 using 1-ml syringes without a needle; 30 mM Tris-HCI
(pH 8.0) buffer was used as mock treatment. Plants were then inocu-
lated with Pst DC3000 at 24 h after PevD1 treatment. The experi-
ments were repeated three times.

4.5 | RNA extraction and gene expression analysis
Total RNA was extracted from 4-week-old plants treated with
protein or the pathogen using plant RNA kits (ER301; TransGen
Biotech). The total RNA was reverse transcribed to complemen-
tary DNA (cDNA) using M-MLV reverse transcriptase according to
the manufacturer's instructions. qPCR analyses were performed as
previously described (Zhang et al., 2019). The relative mRNA quan-
tity was calculated from the average values using the AAC, method
(Schmittgen & Livak, 2008). UBC21 was used as the internal refer-
ence to normalize the expression value in each sample. The primers
used for RT-gPCR are shown in Table S1.

4.6 | Measurement of ROS accumulation

To detect H,O, accumulation in situ, NBT staining and DAB stain-
ing were used as described by Jambunathan (2010). Four-week-old
leaves were treated with PevD1 or Pst DC3000 and then transferred
to 1 mg/ml DAB or 0.5 mg/ml NBT solution and vacuum-infiltrated
at 37°C for 30 min. Subsequently, the leaves were decolourized with
95% ethanol. H,0, and superoxide anion accumulation was quanti-
fied by measuring the intensity with ImageJ.

4.7 | Histochemical analysis of GUS activity

GUS staining was performed as described previously (Jefferson
et al., 1987). Leaves inoculated with Pst DC3000 were incubated
with GUS staining solution (100 mM Na PO, [pH 7.0], 0.5 mg/ml 5-
bromo-4-chloro-3-indolyl--p-glucuronide, 1198 mM EDTA, 1 mM
potassium ferrocyanide, 1 mM potassium ferricyanide, 1% Triton X-
100) overnight at 37°C and then incubated in ethanol to eliminate
chlorophyll before photographing.

4.8 | RNA-Seq and DEGS analysis

The third/fourth rosette leaves of 24-day-old Col-0O and erf114#1
mutant plants that were cultivated at 22°C under a 16 h light/8 h
dark cycle were used for RNA-Seq. Total RNA was extracted using
the TRIzol reagent according to the manufacturer's protocol. In
total, six samples, including erf114#1 mutant and Col-0 with three
biological replicates per genotype combination, were used for RNA-
Seq analysis. The transcriptome sequencing and analysis were con-
ducted by OE Biotech Co., Ltd (Shanghai, China).
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About 49.23 million raw reads for each sample were generated.
Raw data (raw reads) of fastq format were first processed using
Trimmomatic (Bolger et al., 2014) and the low-quality reads were
removed to obtain the clean reads. About 48.42 million clean reads
for each sample were retained for subsequent analyses. Differential
expression analysis was performed using the DESeq (2012) R pack-
age. p < 0.1 and fold change >1.5 were set as the threshold for sig-
nificant differential expression. Hierarchical cluster analysis of DEGs
was performed to demonstrate the expression pattern of genes in
different groups and samples. GO enrichment and KEGG (Kanehisa
et al., 2008) pathway enrichment analysis of DEGs were performed
using R based on the hypergeometric distribution.

4.9 | Protein expression and EMSA

The coding region of the ERF114 gene was cloned into vector pET-
32. Recombinant plasmid with glutathione S-transferases (His) tag
was transformed into Escherichia coli BL21 (DE3) and then induced
with 0.2 mM isopropyl-p-p-thiogalactoside (IPTG) at 20°C for 12 h.
Cell pellets were collected and lysed by sonication in Tris-HCI. His-
tagged protein was purified with His-bind resin according to the
manufacturer's instructions. Protein purification and quantification
were performed using Ni-NTA Resin (DP101; TransGen Biotech)
and a BCA Protein Assay Kit (DQ111; TransGen Biotech), respec-
tively. Next, 40-bp probes within the indicated DNA fragment in
the ERF114 promoter were labelled with biotin (Table S1). EMSA
was conducted using a Light Shift Chemiluminescent Kit (Thermo
Scientific).

4.10 | ChIP-qPCR

Two grams of 4-week-old 355:GFP-ERF114 leaves was used for ChIP
experiments as previously described (Saleh et al., 2008). Anti-GFP
antibody was used to immunoprecipitate the protein-DNA complex.
The enrichment of DNA fragments was determined by gPCR. All oli-

gonucleotide sequences used are listed in Table S1.

4.11 | Lignin analysis

Lignin assay was carried out according to the protocols described
in the Solarbio kit. To measure the lignin content, the samples were
dried at 80°C to constant weight, crushed, and passed through a
40-mesh sieve, weighing about 5 mg. Reagent | 500 pl and perchlo-
ric acid 500 pul were successively added to the 1.5-ml centrifuge
tube, the sealing film sealed, and the solution thoroughly mixed.
Acetylation was carried out in a water bath at 80°C for 40 min. It
was shaken every 10 min and then cooled naturally. Then 500 pl
of reagent Il was added, and the solution thoroughly mixed and
centrifuged for 10 min at 8000 x g at room temperature, and fi-
nally 980 pl of glacial acetic acid was added to the supernatant to

determine the absorbance at 280 nm. Each data point had three

replicates.

4.12 | SA detection

Twenty-eight-day-old leaves were harvested for SA extraction.
Samples of 200 mg were weighed, then 1 ml methanol was added,
followed by eddy mixing and ultrasonic extraction for 2 h. The mix-
ture was centrifuged for 10 min at 8000 x g at room temperature,
then the supernatant was taken for analysis. A Waters Acquity UPLC
I-CLASS instrument and Xevo TQ-S Micro with an HSS T3 C18 col-
umn (1.7 pm, 100 x 2.1 mm) were used to separate and detect SA.
The mobile phase included a gradient of water (0.1% formic acid)
and hexane nitrile. The standard curve was made from SA at con-
centrations of 50, 100, 250, 500, and 1000 ng/ml, and was used to
calculate the final concentration in each sample with Excel software.
Each data point had three replicates.
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