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A B S T R A C T

When a plant is attacked by a pathogen, an immune response is activated to help protect it from harm. ERF
transcription factors have been reported to regulate immune responses in plants. Here, three ERF transcription
factors from Chinese wild Vitis quinquangularis, VqERF112, VqERF114 and VqERF072, are shown to respond to
pathogen inoculation by powdery mildew, Pseudomonas syringae pv. tomato (Pst) DC3000 and Botrytis cinerea and
to hormone treatments including with ET, SA, MeJA or ABA. Tissue specific expression analysis shows the
highest expression levels of VqERF112 and VqERF114 were in mature berries and of VqERF072 was in tendrils. A
GUS activity assay indicates that the promoters of VqERF112, VqERF114 and VqERF072 can be induced by
powdery mildew inoculation and by hormone treatment, including with ET, SA and MeJA. Overexpression of
VqERF112, VqERF114 and VqERF072 in transgenic Arabidopsis enhanced the resistance to Pseudomonas syringae
pv. tomato DC3000 (Pst DC3000) and B. cinerea, and it increased the expression of the SA signaling-related genes
AtNPR1 and AtPR1 and of the JA/ET signaling-related genes AtPDF1.2, AtLOX3, AtPR3 and AtPR4. Compared to
Col-0 plants, the H2O2 accumulation in transgenic Arabidopsis increased after Pst DC3000 inoculation but de-
creased after B. cinerea inoculation. These results demonstrate that VqERF112, VqERF114 and VqERF072 posi-
tively regulate resistance to Pst DC3000 and B. cinerea.

1. Introduction

A plant is able to sense changes in its immediate environment and to
adjust its internal workings so as to minimize the negative impacts of
those changes. As well as the regular diurnal and annual cycles of en-
vironmental factors such as light, temperature and water availability,
plants are also able to respond to the more extreme excursions of these
factors so as to minimize the associated stress. In addition to these
abiotic stress factors, plants are also exposed to a range biotic stress
factors. These are associated with their interactions with animals, with
other plants and particularly with microorganisms - including with
pathogens.

Plant pathogens can be divided into two major types according to
their modes of nutrition [1,2]. The first are the biotrophic pathogens
which gain their nutrition from the living tissues of a host. For grape-
vine, such pathogens include Golovinomyces cichoracearum and Uncinula
necator (Schw.) Burr. [1,3]. The second type are the necrotrophic pa-
thogens which gain their nutrition from dead (or dying) host tissues.
Such pathogens include Botrytis cinerea [1,2]. Meanwhile, the hemi-
biotroph pathogens present as both biotrophs and necrotrophs, their
nutritional balance depending on the stage of their life cycle and on
environmental conditions. Such hemi-biotroph pathogens include
Pseudomonas syringae pv. tomato (Pst) DC3000 [1].

Plants have evolved a two-tier immune system to protect themselves
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from pathogen attack [4]. The first tier is triggered by microbe/pa-
thogen-associated molecular patterns (MAMPs/PAMPs) and is governed
by cell surface pattern-recognition receptors (PRRs) which activate a
basal resistance response called pattern-triggered immunity (PTI) [5,6].
The second tier is triggered by pathogen effectors and is mediated by
nucleotide-binding leucine-rich repeat (NLR) receptors encoded by R
genes which activate effector-triggered immunity (ETI) [7,8]. During
PTI and ETI responses, plants trigger a variety of immune reactions.
These include programmed cell death (PCD) [9], the accumulation of
reactive oxygen species (ROS) [10,11] and the production of hormones
[12]. When plants are attacked by pathogens, systemic acquired re-
sistance (SAR) is triggered, to enhance the resistance of systemic tissues
to pathogens [11]. ROS, such as hydrogen peroxide (H2O2), may be
linked to PCD in the hypersensitive response and may also interact with
salicylic acid (SA) signaling in SAR [13]. There are three major plant
hormones - SA, jasmonic acid (JA) and ethylene (ET). These represent
cellular signal molecules which participate in the regulation of plant
defense to pathogens. The SA signaling pathway is connected with
biotrophic pathogens, while the JA/ET signaling pathway is effective
against necrotrophic pathogens [12]. Meanwhile, some hormone-spe-
cific defense genes are induced during the immune responses. ISOCH-
ORISMATE SYNTHASE (ICS) is involved in SA synthesis and
NON-EXPRESSOR OF PR GENES 1 (NPR1) controls SA signaling
downstream [12]. The pathogen-inducible genes PATHOGENE-
SIS-RELATED PROTEIN 1 (PR1) and THAUMATIN-LIKE PROTEIN (PR5)
can be activated by SA signaling [14]. LIPOXYGENASE 3 (LOX3) is
involved in JA synthesis and PLANT DEFENSIN 1.2 (PDF1.2), BASIC
CHITINASE (PR3) and HEVEIN-LIKE (PR4) are induced by JA/ET in
Arabidopsis [14,15].

China is one of three major centers of origin for Vitis spp. The
Chinese wild grapevines offer many valuable genes that play key roles
in pathogen immunity. The Chinese wild grapevine, Vitis quinquangu-
laris accession ‘Danfeng-2’ is an important germplasm resource with
high resistance to powdery mildew [16,17].

The AP2/ERF superfamily is an important transcription factor fa-
mily in plants. It is defined by the conserved AP2/ERF domain which is
involved in DNA binding [18,19]. Based on the number of AP2 do-
mains, the AP2/ERF superfamily has been divided into subfamilies - the
AP2 subfamily, the DREB subfamily, the ERF subfamily and the RAV
subfamily [20]. The proteins of the ERF subfamily contain one con-
served AP2 domain [21] and specifically bind to the GCC-box, a DNA
sequence conserved in the promoters of ethylene-inducible pathogen-
esis-related protein genes in plants [19]. ERF subfamily proteins have
been reported to mediate hormone defense networks and are essential
for the plant response to pathogen infections and abiotic stresses
[22,23].

In our previous study, expression profiles of ERF subfamily genes
from ‘Danfeng-2’ in response to U. necator were analyzed by qRT-PCR.
Three ERF transcription factors, designated VqERF112, VqERF114 and
VqERF072, were found in response to U. necator. In this study, we ex-
plored the functions of VqERF112, VqERF114 and VqERF072 from
Chinese wild V. quinquangularis accession ‘Danfeng-2’ in immune re-
sponse to Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) and B.
cinerea. All three ERF transcription factors responded to inoculation
with powdery mildew, Pst DC3000 and B. cinerea. VqERF112,
VqERF114 and VqERF072 also responded to different hormone treat-
ments, such as to ET, SA, methyl jasmonate (MeJA) and abscisic acid
(ABA). A promoter GUS activity assay demonstrated that promoters of
VqERF112, VqERF114 and VqERF072 could be induced by powdery
mildew inoculation and by hormone treatment. Overexpressing (OE)
transgenic Arabidopsis lines were used to investigate the functions of
VqERF112, VqERF114 and VqERF072 in the immune responses to Pst
DC3000 and B. cinerea. Compared with Col-0 plants, more intense cell
death and higher levels of H2O2 accumulation were observed in
VqERF112-OE, VqERF114-OE and VqERF072-OE plants after Pst
DC3000 inoculation. However, larger lesions and higher levels of H2O2

were observed in Col-0 plants than in OE transgenic Arabidopsis plants
after B. cinerea inoculation. Meanwhile, after pathogen inoculation, the
expressions of SA- and JA/ET-responsive defense genes were more
strongly altered in transgenic plants than in Col-0 plants. Our results
demonstrate that heterologous expressions of VqERF112, VqERF114
and VqERF072 in Arabidopsis enhanced resistance against Pst DC3000
and B. cinerea via the SA and JA/ET signaling pathways.

2. Materials and methods

2.1. Plant materials

The Chinese wild V. quinquangularis accession ‘Danfeng-2’ and V.
vinifera L. cv. Thompson seedless were grown in the grape germplasm
collection at Northwest A&F University, Yangling, Shaanxi, China. The
young leaves, mature leaves, inflorescence, young berries (25 days after
anthesis), mature berries (80 days after anthesis) and tendrils of
‘Danfeng-2’ were sampled for tissue-specific expression analysis [24].
Arabidopsis thaliana ecotype Col-0 seeds were germinated and trans-
ferred to the soil in a chamber at 23 °C under a light/dark cycle of 16/8
h.

2.2. Gene cloning and sequence analysis

Full length coding sequences of VqERF112, VqERF114 and
VqERF072 were isolated using the cDNA of ‘Danfeng-2’ as template and
the special primers listed in Table S1. The phylogenetic tree of three
ERF proteins and ERF subfamily proteins from grapevine and
Arabidopsis was constructed using MEGA 5.0 software.

2.3. Pathogen inoculation and hormone treatments

Pseudomonas syringae pv. tomato (Pst) DC3000 was grown at 28 °C in
liquid LB medium (supplemented with 50 mg/L rifampicin) overnight,
then diluted to an OD600 of 0.02 with infiltration buffer (10 mM MES
pH 5.8, 10 mM MgCl2). The rosette leaves of four-week-old transgenic
Arabidopsis and ecotype Col-0 were infiltrated with bacterial suspen-
sion, then harvested at 0, 24, 48 and 72 h after inoculation for qRT-PCR
analysis.

Botrytis cinerea inoculation was carried out according to the method
previously described [25] with minor modifications. The B. cinerea was
cultured on Potato Dextrose Agar medium in the dark at 25 °C for 21
days. Conidia were washed down with distilled water containing 4 %
maltose and 1 % peptone, then adjusted to a final concentration of 2.0
× 106 spores/ml. Ten detached rosette leaves from each transgenic line
were hanging dropped with 10 μl conidia suspension on the adaxial
surface and placed in trays. The trays were covered with a preservative
film to keep the relative humidity high (90–100 %) and placed in a
chamber for three days. Leaves were collected to measure lesion peri-
meter and stained with trypan blue and 3,3′-diaminobenzidine (DAB).
Meanwhile, leaves of Col-0 plants and transgenic Arabidopsis plants
were uniformly sprayed with the conidia suspension, then harvested at
0, 24, 48 and 72 h after inoculation for qRT-PCR analysis.

The pathogen U. necator was collected from the leaves of susceptible
V. vinifera cultivars. The leaves of ‘Danfeng-2’ and Thompson seedless
were inoculated with powdery mildew according to the methods pre-
viously described [16] and collected at 0, 12, 24, 48, 72, 96 and 120 h
after inoculation. The leaves of ‘Danfeng-2’ and Thompson seedless
were uniformly sprayed with Pst DC3000 bacterial suspension and B.
cinerea conidia suspension, then sampled at 0, 24, 48 and 72 h after
inoculation. The leaves of ‘Danfeng-2’ were sprayed with 0.5 g/L ET
and 100 μM SA, MeJA, ABA or gibberellin (GA) [26,27]. The leaves
were sampled at 0, 0.5, 1, 2, 6 and 10 h after hormone treatments for
qRT-PCR analysis. The mock control leaves were sprayed with distilled
water.
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2.4. qRT-PCR analysis

The stored samples of ‘Danfeng-2’, Thompson seedless and
Arabidopsis were ground with liquid nitrogen and total RNA was ex-
tracted using a Plant RNA Kit (OMEGA). Total RNA (1 μg) was used to
reverse transcribe into complementary DNA (cDNA) with the FastKing
RT Kit (With gDNase) (TIANGEN) following the manufacture’s protocol.
Ten-fold diluted synthetic cDNA was used as template. The PCR reac-
tion mix (20 μl) contained 1 μl cDNA template, 10 μl SYBR (novopro-
tein), 10 μM of each primer and sterile water. Three step qRT-PCR re-
action procedures were run following the manufacture’s protocol for
NovoStart® SYBR qPCR SuperMix Plus (novoprotein). Grapevine
GAPDH and VqActin genes and Arabidopsis AtActin gene were used for
normalization and three replicates were analyzed for each sample. The
qRT-PCR primers are listed in Table S1. The experimental data were
analyzed using the 2−ΔΔCt method.

2.5. Promoters cloning of ERF112, ERF114 and ERF072

The special primers used for promoter cloning were designed ac-
cording to the reference genome of V. vinifera cv. ‘Pinot Noir’ genome
database P40024 and are listed in Table S1. The promoters of ERF112,
ERF114 and ERF072 from ‘Danfeng-2’ and Thompson seedless were
amplified and the Plant-CARE database (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) was used to predict the con-
served cis-element motifs in each promoter.

2.6. GUS activity assay

The promoters of ERF112, ERF114 and ERF072 from ‘Danfeng-2’
and Thompson seedless were inserted into the pC0380-GUS vector and
transferred into the GV3101 strain of Agrobacterium tumefaciens.
Transient expression in leaves of Thompson seedless was carried out
following the method previously described [28] with minor modifica-
tions. Bacterial cells carrying either the fusion constructs or the control
(pC0380-GUS and CaMV35S-GUS) were overnight cultured at 28 °C,
pelleted by centrifugation and resuspended with infiltration buffer (10
mM MES pH 5.8, 10 mM MgCl2, 200 μM acetosyringone) to an OD600 of
0.4. The leaves of Thompson seedless were transiently infiltrated with
resuspended GV3101 cells via vacuum infiltration. The infiltrated
leaves were cultured in a chamber for two days, and then inoculated
with powdery mildew or sprayed with 0.5 g/L ET, 100 μM SA or MeJA.
The mock control was treated with ddH2O. After cultured for one day,
the leaves were collected for GUS staining and protein determination
according to the methods previously described [28]. In this assay,
CaMV35S-GUS was used as positive control and pC0380-GUS empty
vector was used as negative control.

2.7. Generation and characterization of transgenic lines

Full length coding sequences without the stop codons of VqERF112,
VqERF114 and VqERF072 were amplified using the cDNA of ‘Danfeng-2’
as template and cloned into the pC2300-GFP vector to be fused with
GFP reporter. The fusion construct was transferred into A. tumefaciens
strain GV3101 using electroporation. The bacterial cells were cultured
overnight, pelleted by centrifugation, and then resuspended with in-
filtration buffer (5 % sucrose solution, 0.025 % Silwet L-77) to an OD600

of 0.6-0.8. Agrobacterium cultures were incubated at 28 °C for 3 h. The
floral dip method was used for Arabidopsis transformation [29]. T3
homozygous transgenic plants were selected on MS medium containing
50 mg/L kanamycin. Three independent overexpression T3 lines were
characterized by qRT-PCR.

2.8. Disease assays

Three days after Pst DC3000 inoculation, three leaves from each

independent line were selected and two leaf discs (0.5 cm diameter)
from each leaf were harvested for bacterial titer determination. Six leaf
discs from each independent line were collected into 1.5 ml centrifuge
tubes and ground with 1 ml sterile water. The liquid was diluted 104-
106 times and 100 μl of the diluent was cultured on solid LB medium
supplemented with 50 mg/L rifampicin at 28 °C for 2–3 d. The bacteria
number (cfu/cm2) was measured for disease assays.

2.9. Detection of cell death and H2O2 accumulation

To observe cell death, the rosette leaves were harvested three days
after infiltration with Pst DC3000 bacterial suspension or inoculation
with B. cinerea conidia suspension. Leaves were boiled in trypan blue
solution (10 ml lactic acid, 10 ml phenol, 10 ml glycerol, 10 ml sterile
water, 60 ml ethanol and 0.067 g trypan blue) for 2−5 min, were
maintained at room temperature for 1 h and then transferred to 2.5 g/
ml chloral hydrate solution for destaining.

To visualize H2O2 accumulation, the rosette leaves were harvested
three days after infiltration with Pst DC3000 bacterial suspension or
inoculation with B. cinerea conidia suspension. The leaves were stained
with DAB (1 mg/ml, pH 3.8) under light condition for 8 h, then
transferred to 95 % ethanol for destaining.

2.10. Statistical analysis

Statistical significance analysis used Student’s two-tailed t test (*,
P<0.05; **, P<0.01). Results are indicated as mean values from
three biological replicates. Error bars indicate the SD.

3. Results

3.1. Homologous analysis of VqERF112, VqERF114 and VqERF072

It has been reported that there are 73 predicted ERF subfamily
proteins in grapevine and 65 in Arabidopsis [30]. The phylogenetic tree
of VqERF112, VqERF114 and VqERF072 with ERF subfamily proteins
from V. vinifera and Arabidopsis was constructed using the neighbor-
joining method. As shown in Fig. S1, VqERF112 is closely related to
VvERF112 (Gene ID: VIT_01s0150g00120) in grapevine and AtRAP2.6
L (Gene ID: AT5G13330.1) in Arabidopsis. VqERF114 is closely related
to VvERF114 (Gene ID: VIT_18s0072g00260) in grapevine and AtABR1
(Gene ID: AT5G64750.1) in Arabidopsis. VqERF072 is closely related to
VvERF072 (Gene ID: VIT_15s0021g01630) in grapevine and AtERF2
(Gene ID: AT5G47220.1) in Arabidopsis.

3.2. Expressions of ERF112, ERF114 and ERF072 respond to pathogens
under artificial inoculation

The expression profiles of ERF112, ERF114 and ERF072 in ‘Danfeng-
2’ and Thompson seedless in response to pathogen inoculation were
analyzed by qRT-PCR. Compared to the mock control, the abundance of
VqERF112 transcript increased 1.6-fold by 24 h after powdery mildew
inoculation, it peaked at 72 h and then decreased gradually. Compared
to the mock control, the abundance of VvERF112 transcript was lower
at 24 h, 72 h and 96 h but peaked 1.4-fold higher at 48 h. Compared to
the mock control, the expression of VqERF114 was lower at 12 h but
then increased rapidly at 24 h and peaked at 120 h by 89.2-fold.
Compared to the mock control, the expression of VvERF114 decreased
at 12 h, then increased from 24 h to 120 h and peaked at 48 h by 1.6-
fold. Compared to the mock control, the transcript level of VqERF072
was induced significantly at 72 h and 120 h by 2.7-fold and 13.4-fold,
respectively. Compared to the mock control, the transcript level of
VvERF072 increased from 24 h to 120 h and peaked at 24 h by 1.6-fold.
These results indicated that the expressions of ERF112, ERF114 and
ERF072 respond to powdery mildew inoculation. Moreover, the ex-
pression of VqERF112, VqERF114 and VqERF072 in ‘Danfeng-2’
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increased more significantly compared to VvERF112, VvERF114 and
VvERF072 in Thompson seedless after powdery mildew inoculation
(Fig. 1A). After Pst DC3000 inoculation, the transcript levels of
VqERF112, VqERF114 and VqERF072 in ‘Danfeng-2’ significantly in-
creased at 48 h by 2.6-fold, 15.9-fold and 2.7-fold compared to mock
control, then decreased at 72 h, respectively. Compared to the mock
control, the transcript levels of VvERF112 and VvERF114 increased,
then peaked at 48 h by 1.9-fold and at 24 h by 1.2-fold after Pst DC3000
inoculation. Compared to the mock control, the expression of VvERF072
decreased at 24 h, but then increased and peaked at 48 h by 1.9-fold.
These results demonstrated that ERF112, ERF114 and ERF072 can be
induced by Pst DC3000 and the increased multiple in ‘Danfeng-2’ was
more than in Thompson seedless (Fig. 1B). After B. cinerea inoculation,
the expression of VqERF112 increased and peaked at 48 h by 1.3-fold
compared to mock control, then decreased at 72 h. The transcript levels
of VqERF114 and VqERF072 decreased at 24 h, then significantly in-
creased at 48 h by 9.5-fold and 3.0-fold compared to mock control,
respectively. After B. cinerea inoculation, the transcript levels of
VvERF112 and VvERF114 increased, then peaked at 48 h by 1.7-fold and
at 24 h by 1.3-fold compared to mock control, respectively. The ex-
pression of VvERF072 decreased at 24 h, but then increased and peaked
at 48 h by 1.9-fold compared to mock control. These results indicate
that ERF112, ERF114 and ERF072 respond to B. cinerea inoculation and
had different expression profiles in ‘Danfeng-2’ and Thompson seedless
(Fig. 1C).

3.3. Tissue specific expression analysis of VqERF112, VqERF114 and
VqERF072 from ‘Danfeng-2’

The results of qRT-PCR analysis show that VqERF112, VqERF114
and VqERF072 are constitutively expressed in the young leaves, mature
leaves, inflorescence, young berries (25 days after anthesis), mature
berries (80 days after anthesis) and tendrils of ‘Danfeng-2’ (Fig. 2A).
The highest expression levels of VqERF112 and VqERF114 were in the
mature berries. However, the transcript level of VqERF072 was highest
in tendrils.

3.4. VqERF112, VqERF114 and VqERF072 respond to hormone treatments

The expression patterns of VqERF112, VqERF114 and VqERF072 in
response to hormone treatments were analyzed by qRT-PCR (Fig. 2B).
After ET treatment, the expression of VqERF112 increased at 0.5 h and
peaked at 6 h. The expression of VqERF114 and VqERF072 increased
rapidly and peaked at 0.5 h, then gradually decreased. After SA treat-
ment, the expression of VqERF112 increased at 0.5 h, but then de-
creased gradually until 2 h, then increased again and peaked at 6 h. The
transcript level of VqERF114 was significantly induced at 0.5, 6 and 10
h. The expression of VqERF072 decreased at 0.5 h but then increased
and peaked at 6 h. After MeJA treatment, the abundance of VqERF112
transcript increased at 2 h and peaked at 6 h. The expression of
VqERF114 was significantly induced at 1, 2 and 10 h. The transcript
level of VqERF072 increased at 0.5 h and peaked at 1 h but then gra-
dually decreased. After ABA treatment, the expression of VqERF112
increased at 1 and 10 h. The transcript level of VqERF114 decreased at 1
h, then increased at 2 h and then returned to the original level. The
expression of VqERF072 was down regulated by the treatment. After GA

treatment, the expression level of VqERF112 and VqERF072 was down
regulated. However, the transcript level of VqERF114 showed no ob-
vious change compared the mock control. These results indicate that
VqERF112, VqERF114 and VqERF072 respond to hormone treatments,
including to ET, SA, MeJA and ABA. VqERF112 and VqERF072 also
responded to GA treatment, but VqERF114 did not.

3.5. Activation of VqERF112, VqERF114 and VqERF072 promoters after
pathogen inoculation and hormone treatment

To determine the promoter activities of ERF112, ERF114 and
ERF072 in response to pathogen inoculation and hormone treatment,
the promoters of VqERF112, VqERF114 and VqERF072 from ‘Danfeng-2’
and the promoters of their homologous genes VvERF112, VvERF114 and
VvERF072 from Thompson seedless were used to predict conserved cis-
element motifs in each promoter (Fig. S2). Promoters of VqERF112 and
VvERF112 differed in TC-rich repeats (defense and stress responsive-
ness) and in one TCA-element (salicylic acid responsiveness), while
promoters of VqERF114 and VvERF114 differed in the ERE element
(ethylene-responsive element), HSE element (heat stress responsive-
ness) and TGACG-motif (involved in MeJA-responsiveness). The pro-
moters of VqERF072 and VvERF072 differed in ABRE element (abscisic
acid responsiveness), TC-rich repeats and a TCA-element. The pro-
moters of VqERF112, VqERF114, VqERF072, VvERF112, VvERF114 and
VvERF072 were cloned into the pC0380-GUS vector fused to the GUS
reporter. Each construct was transiently expressed in leaves of
Thompson seedless and tested for GUS activity after powdery mildew
inoculation and hormone treatments (ET, SA and MeJA). No GUS ac-
tivities were observed in the pC0380-GUS empty vector control. The
CaMV35S-GUS control showed no significant induction after powdery
mildew inoculation or hormone treatment. Compared to the mock
control, the GUS activities of proVqERF112, proVqERF114 and
proVqERF072 were significantly enhanced after inoculation with pow-
dery mildew. However, the GUS activities of proVvERF112,
proVvERF114 and proVvERF072 did not differ significantly between the
powdery mildew inoculation and the mock control (Fig. 3A). Similar
results were obtained with the GUS histochemical staining. Compared
to the mock control, the GUS activities of proVqERF112, proVqERF114
and proVqERF072 were significantly induced by ET, SA and MeJA
treatments. However, the GUS activities of proVvERF112, proVvERF114
and proVvERF072 were not significantly different between the ET
treatment and the mock control. The GUS activities of proVvERF112 and
proVvERF072 were induced only by the SA treatment. The GUS activity
of proVvERF114 was induced by the MeJA treatment (Fig. 3B). These
results indicate that the promoters of VqERF112, VqERF114 and
VqERF072 can be induced by powdery mildew inoculation and also by
hormone treatment, including by ET, SA and MeJA.

3.6. Characterization of lines overexpressing VqERF112, VqERF114 and
VqERF072

To further explore the putative involvement of VqERF112,
VqERF114 and VqERF072 in disease resistance, the CaMV35S promoter-
driven overexpressing (OE) lines of VqERF112, VqERF114 and
VqERF072 were generated. The transgenic VqERF112-OE, VqERF114-
OE and VqERF072-OE lines were obtained through Arabidopsis floral dip

Fig. 1. Expression profiles of ERF112, ERF114 and ERF072 in response to U. necator, Pst DC3000 and Botrytis cinerea inoculation of Chinese wild V.
quinquangularis accession ‘Danfeng-2’ and V. vinifera L. cv. Thompson seedless. (A) Expression analysis of ERF112, ERF114 and ERF072 in response to powdery
mildew determined by qRT-PCR. Leaves of ‘Danfeng-2’ and Thompson seedless were inoculated with U. necator and samples were collected at seven time points. PM,
powdery mildew inoculation. (B) Expression analysis of ERF112, ERF114 and ERF072 in response to Pst DC3000 determined by qRT-PCR. The leaves of ‘Danfeng-2’
and Thompson seedless were sprayed with Pst DC3000 bacterial suspension and samples were collected at four time points. (C) Expression analysis of ERF112,
ERF114 and ERF072 in response to B. cinerea determined by qRT-PCR. The leaves of ‘Danfeng-2’ and Thompson seedless were sprayed with B. cinerea conidia
suspension and samples were collected at four time points. Mock, control leaves sprayed with ddH2O. hpi, hours post-inoculation. The VqActin gene was used as
internal control. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s two-tailed t test (*, P<0.05; **,
P<0.01).
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transformation. Three independent homozygous T3 lines of each ERF
gene were selected for further functional studies. As shown in Fig. S3A,
there were no obvious differences in phenotype morphology among
ecotype Col-0 and transgenic lines of VqERF112, VqERF114 and
VqERF072. The transgenic lines were characterized by qRT-PCR and
semi-quantitative PCR. The heterologous expression of VqERF112,
VqERF114 and VqERF072 were detected only in the transgenic lines
(Figs. S3B and S3C).

3.7. Overexpression of VqERF112, VqERF114 and VqERF072 in transgenic
Arabidopsis improve the resistance to Pst DC3000

Col-0 plants and three independent transgenic Arabidopsis lines of
VqERF112, VqERF114 and VqERF072 were inoculated with Pst DC3000
to investigate whether these three ERF transcription factors play a role
in bacterial resistance. Three days after Pst DC3000 inoculation, ob-
vious disease symptoms of chlorosis were observed in leaves of the Col-
0 plants, while no such symptoms were apparent in VqERF112-OE,
VqERF114-OE or VqERF072-OE plants (Figs. 4 A, 5 A and 6 A).
Therefore, the bacteria numbers were measured to assess the bacterial
resistance of transgenic lines. At three days post-inoculation, the bac-
terial quantities in VqERF112-OE, VqERF114-OE and VqERF072-OE
plants were significantly lower than in Col-0 plants (Figs. 4B, 5 B and 6
B). These results indicate that overexpression of VqERF112, VqERF114
and VqERF072 in transgenic Arabidopsis improved the resistance to Pst

DC3000.

3.8. Overexpression of VqERF112, VqERF114 and VqERF072 in transgenic
Arabidopsis lines promotes cell death and H2O2 accumulation after Pst
DC3000 inoculation

To examine whether VqERF112-OE, VqERF114-OE and VqERF072-
OE plants show cell death and H2O2 accumulation, the rosette leaves of
Col-0 and transgenic plants were stained with trypan blue and DAB at
three days post-inoculation. The cell death symptoms in leaves of
VqERF112-OE, VqERF114-OE and VqERF072-OE plants were more in-
tense compared to in the Col-0 plants (Figs. 4C, 5 C and 6 C). Mean-
while, the VqERF112-OE, VqERF114-OE and VqERF072-OE plants
showed higher levels of H2O2 accumulation compared to the Col-0
plants (Figs. 4D, 5 D and 6 D). These results indicate that over-
expression of VqERF112, VqERF114 and VqERF072 in transgenic Ara-
bidopsis lines promotes cell death and H2O2 accumulation.

3.9. VqERF112, VqERF114 and VqERF072 positively regulate the
resistance to Pst DC3000 via JA/ET signaling pathway

When plants are attacked by pathogens, hormone signaling path-
ways will be activated to trigger the defense response. Hence, the ex-
pression of SA- and JA/ET-responsive genes were analyzed by qRT-PCR
after Pst DC3000 inoculation. In VqERF112-OE plants, the SA signaling-

Fig. 2. Expression profiles of VqERF112, VqERF114 and VqERF072 in different tissues of ‘Danfeng-2’ and in response to different hormone treatments. (A)
Tissue specific expression analysis of VqERF112, VqERF114 and VqERF072 from ‘Danfeng-2’. YL, young leaves; ML, mature leaves; I, inflorescence; YB, young berries
(25 days after anthesis); MB, mature berries (80 days after anthesis); T, tendril. Bar =1 cm. (B) Expression analysis of VqERF112, VqERF114 and VqERF072 from
‘Danfeng-2’ in response to different hormone treatments determined by qRT-PCR. The leaves of ‘Danfeng-2’ were treated with 0.5 g/L ethylene and 100 μM salicylic
acid, methyl jasmonate, abscisic acid or gibberellin. The leaves were sampled at 0, 0.5, 1, 2, 6 and 10 h after treatment. Mock, control leaves treated with ddH2O; ET,
treatment with ethylene; SA, treatment with salicylic acid; MeJA, treatment with methyl jasmonate; ABA, treatment with abscisic acid; GA, treatment with gib-
berellin. GAPDH was used as internal control. Results are indicated by mean values from three biological replicates. Error bars indicate SD. Statistical significance was
determined by Student’s t test (*, P<0.05; **, P<0.01).
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related genes, AtNPR1 and AtPR1, were increased at 48 hours post-in-
oculation (hpi), then decreased at 72 hpi compared to Col-0 plants.
Meanwhile, the JA/ET signaling-related gene, AtLOX3, was increased at
24 and 48 hpi, then decreased at 72 hpi in VqERF112-OE plants com-
pared to Col-0 plants. After Pst DC3000 inoculation, the expression of
the Arabidopsis SA-responsive genes, AtICS1 and AtPR5, decreased sig-
nificantly in the VqERF112-OE transgenic lines compared Col-0.
However, the JA/ET-responsive genes AtPDF1.2, AtPR3 and AtPR4 were
all significantly induced after Pst DC3000 inoculation in the VqERF112-
OE plants compared with the Col-0 plants (Fig. 4E). After Pst DC3000
inoculation, the expressions of AtNPR1, AtPR1, AtPR3 and AtPR4 in-
creased significantly in the VqERF114-OE transgenic lines, compared
with in Col-0. However, AtICS1 and AtPR5 were down-regulated in the
VqERF114-OE plants after Pst DC3000 inoculation, compared to Col-0
plants. In the VqERF114-OE plants, AtPDF1.2 expression was decreased
at 24 hpi, but then increased at 48 and 72 hpi compared to Col-0. The
expression of AtLOX3 was increased at 24 and 48 hpi, but then de-
creased at 72 hpi in VqERF114-OE plants compared to in Col-0 plants
(Fig. 5E). After Pst DC3000 inoculation, the expression of SA signaling-
related genes, AtICS1 and AtPR5, decreased significantly in VqERF072-
OE transgenic lines compared with in Col-0. However, the expression of
JA/ET signaling-related genes, AtPR3 and AtPR4, increased sig-
nificantly upon-inoculation in VqERF072-OE plants compared with Col-
0 plants. In VqERF072-OE plants, the expression of AtNPR1, AtPR1 and
AtLOX3 increased at 24 and 48 hpi, but then decreased at 72 hpi
compared to Col-0 plants. Meanwhile, AtPDF1.2 expression decreased
at 24 hpi, but then increased at 72 hpi in VqERF072-OE plants

compared with Col-0 plants (Fig. 6E). These results demonstrate that
VqERF112, VqERF114 and VqERF072 are positively involved in the
resistance to Pst DC3000 via the JA/ET signaling pathway.

3.10. Overexpression of VqERF112, VqERF114 and VqERF072 in
transgenic Arabidopsis lines enhance the resistance to B. cinerea

Col-0 plants and three OE transgenic Arabidopsis lines of VqERF112,
VqERF114 and VqERF072 were inoculated with B. cinerea to investigate
whether these three ERF transcription factors participate in resistance
to a necrotrophic pathogen. Three days after B. cinerea inoculation,
more obvious necrotic lesions were seen in Col-0 plants compared with
in transgenic Arabidopsis plants (Figs. 7A, 8 A and 9 A). The lesion
perimeters were measured to assess the resistance of transgenic lines to
B. cinerea. The lesion perimeters in leaves of VqERF112-OE, VqERF114-
OE and VqERF072-OE plants were smaller than in Col-0 plants
(Figs. 7B, 8 B and 9 B). These results indicated that overexpression of
VqERF112, VqERF114 and VqERF072 in transgenic Arabidopsis lines
enhanced the resistance to B. cinerea. When plants resist pathogen at-
tack, programmed cell death is accompanied by ROS accumulation and
a hypersensitive response. To examine cell death and H2O2 accumula-
tion, the rosette leaves of Col-0 plants and transgenic plants were
stained with trypan blue and DAB three days after B. cinerea inocula-
tion. The cell death symptoms in leaves of Col-0 plants were more in-
tense compared to VqERF112-OE, VqERF114-OE and VqERF072-OE
plants (Figs. 7C, 8 C and 9 C). Meanwhile, Col-0 plants showed a higher
degree of H2O2 accumulation compared to VqERF112-OE, VqERF114-

Fig. 3. The promoter activity analysis of ERF112, ERF114 and ERF072 in response to pathogen inoculation (A) and hormone treatment (B). The promoters
of VqERF112, VqERF114 and VqERF072 from ‘Danfeng-2’ and the promoters of their homologous genes VvERF112, VvERF114 and VvERF072 from Thompson seedless
were cloned into the pC0380-GUS vector and fused to the GUS reporter. The recombinant constructs were transiently expressed in leaves of Thompson seedless and
cultured in a chamber for two days, and then inoculated with powdery mildew or sprayed with 0.5 g/L ET, 100 μM SA or MeJA. After culturing of one day, the
infiltrated leaves were collected and tested for GUS activity. In this assay, CaMV35S-GUS was used as positive control and pC0380-GUS empty vector as negative
control. Mock control was treated with ddH2O. Statistical significance was determined by Student’s two-tailed t test (*, P<0.05; **, P<0.01).
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OE and VqERF072-OE plants (Figs. 7D, 8 D and 9 D).

3.11. VqERF112, VqERF114 and VqERF072 positively regulate the
resistance to B. cinerea via SA and JA/ET signaling pathways

The expressions of SA- and JA/ET-responsive genes were analyzed
by qRT-PCR after B. cinerea inoculation. In the VqERF112-OE plants, the
expression of the SA-responsive genes (AtNPR1, AtPR1 and AtICS1) and
the JA/ET-responsive genes (AtPDF1.2, AtLOX3, AtPR3 and AtPR4) in-
creased significantly after B. cinerea inoculation. However, the expres-
sions of the SA-responsive gene, AtPR5, decreased in the VqERF112-OE
plants compared the Col-0 plants at 24 and 72 h after B. cinerea in-
oculation (Fig. 7E). After B. cinerea inoculation, the transcript levels of
AtNPR1, AtPR1, AtICS1, AtPDF1.2, AtLOX3, AtPR3 and AtPR4 increased
in the VqERF114-OE plants compared to the Col-0 plants. However, the
expression only of AtPR5 decreased in VqERF114-OE plants (Fig. 8E). In
the VqERF072-OE plants, the expressions of AtNPR1, AtPR1, AtICS1,
AtPDF1.2, AtLOX3 and AtPR3 increased after B. cinerea inoculation. The
expression of the JA/ET signaling-related gene, AtPR4, increased at 24
and 48 h, but then decreased at 72 h after B. cinerea inoculation in the

VqERF072-OE plants compared to the Col-0 plants. However, the
transcript level of SA signaling-related gene, AtPR5, decreased in
VqERF072-OE plants after B. cinerea inoculation (Fig. 9E). These results
indicate that VqERF112, VqERF114 and VqERF072 positively regulate
the resistance to B. cinerea via the SA and JA/ET signaling pathways.

4. Discussion

The AP2/ERF superfamily exist widely in the plant kingdom and
participate in the response to a range of environmental stimuli, in-
cluding to pathogen infection [31]. Many ERF transcription factors
have been reported to play roles in the regulation of plant disease re-
sistance pathways. The first ERF transcription factor reported to parti-
cipate in the ET signaling pathway was Arabidopsis ERF1. This posi-
tively regulates resistance to B. cinerea [32]. However, rice OsERF922
negatively regulates resistance to Magnaporthe oryzae [33]. In recent
years, a number of ERF transcription factors in grapevine have been
identified to respond to biotic and abiotic stresses. In tobacco, over-
expression of VpERF2 and VpERF3 from Chinese wild grapevine V.
pseudoreticulata ‘Baihe-35-1’ showed enhanced resistance to Ralstonia

Fig. 4. Overexpression of VqERF112 in Arabidopsis thaliana demonstrates enhanced resistance to Pst DC3000 inoculation. (A) Disease symptoms on
VqERF112-OE transgenic lines and Col-0 leaves three days post-inoculation. Bars =1 cm. (B) Bacterial population assays in inoculated VqERF112-OE transgenic lines
and Col-0 leaves three days post-inoculation. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s
two-tailed t test (**, P<0.01). (C) Trypan blue straining for cell death. Bars = 1 cm (upper image). Bars = 200 μm (lower image). (D) DAB straining for H2O2

accumulation. Bars =1 cm. (E) Expression analysis of SA- and JA/ET-responsive genes determined by qRT-PCR in VqERF112-OE transgenic lines and Col-0 plants at
0, 24, 48 and 72 h after Pst DC3000 inoculation. The AtActin gene was used as internal control. Error bars indicate the SD from three independent experiments.
Statistical significance was determined by Student’s two-tailed t test (*, P<0.05; **, P<0.01).
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solanacearum and Phytophtora parasitica var. nicotianae Tucker. How-
ever, transgenic tobacco overexpressing VpERF1 became more suscep-
tible to these two pathogens [27]. In Arabidopsis, overexpression of V.
amurensis VaERF20 enhanced resistance to Pst DC3000 and B. cinerea
[34]. It has been reported that RAP2.6 L can respond to JA, ET, SA and
ABA treatments [35]. Overexpression of RAP2.6 L in Arabidopsis im-
proved tolerance to salt and drought stresses [36]. Furthermore,
RAP2.6 L overexpression can increase stomatal closure and delay pre-
mature senescence induced by waterlogging [37]. In this study, phy-
logenetic analysis demonstrated that VqERF112 is closely related to
AtRAP2.6 L (Fig. S1). As with RAP2.6 L, our qRT-PCR analysis results
indicate that VqERF112 can also be induced by ET, SA, MeJA, ABA and
GA treatments (Fig. 2B). Arabidopsis AtABR1 (ABA REPRESSOR1) was
identified as the repressor in response to ABA and is involved in reg-
ulating the ABA mediated stress response. Mutations in AtABR1 result
in hypersensibility to ABA during seed germination [38–40].
VqERF114, the gene homologous to AtABR1 in grapevine, can respond
to ABA treatment (Figs. S1 and 2B). Arabidopsis AtERF2 positively
regulates the expression of JA-responsive defense genes and the re-
sistance to Fusarium oxysporum [41,42]. In this study, VqERF072 is

identified as the gene homologous to AtERF2 and it can be induced by
MeJA treatment (Figs. S1 and 2B).

The Chinese wild V. quinquangularis accession ‘Danfeng-2’ is highly
resistant to pathogens, such as powdery mildew [16]. However, V. vi-
nifera L. cv. Thompson seedless is susceptible to pathogens. In this
study, the expression profiles of ERF112, ERF114 and ERF072 in
‘Danfeng-2’ and Thompson seedless were analyzed by qRT-PCR. All
these three ERF transcription factors can respond to powdery mildew,
to Pst DC3000 and to B. cinerea. Moreover, the expressions of
VqERF112, VqERF114 and VqERF072 increased more significantly than
of VvERF112, VvERF114 or VvERF072 (Fig. 1). Powdery mildew and B.
cinerea are major fungal diseases of grapevine, infecting the leaves,
inflorescences and berries [43]. The results of tissue-specific expression
analysis demonstrate that VqERF112, VqERF114 and VqERF072 are
constitutively expressed in these tissues (Fig. 2A). The results indicate
that VqERF112, VqERF114 and VqERF072 play a role in the high re-
sistance to disease of ‘Danfeng-2’.

The transcriptional expression of a gene is associated with its pro-
moter activity. Therefore, a functional study of the promoter has high
relevance to a functional study of a gene. China has abundant wild

Fig. 5. Overexpression of VqERF114 in Arabidopsis thaliana demonstrates enhanced resistance to Pst DC3000 inoculation. (A) The disease symptoms on
VqERF114-OE transgenic lines and Col-0 leaves three days post-inoculation. Bars =1 cm. (B) Bacterial population assays in inoculated VqERF114-OE transgenic lines
and Col-0 leaves three days post-inoculation. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s
two-tailed t test (**, P<0.01). (C) Trypan blue straining for cell death. Bars = 1 cm (upper image). Bars = 200 μm (lower image). (D) DAB straining for H2O2

accumulation. Bars =1 cm. (E) Expression analysis of SA- and JA/ET-responsive genes determined by qRT-PCR in VqERF114-OE transgenic lines and Col-0 plants at
0, 24, 48 and 72 h after Pst DC3000 inoculation. The AtActin gene was used as internal control. Error bars indicate the SD from three independent experiments.
Statistical significance was determined by Student’s two-tailed t test (*, P<0.05; **, P<0.01).
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grapevine germplasm resources, including V. pseudoreticulata ‘Baihe-35-
1’, which is highly resistant to powdery mildew [44]. In our previous
study, functional studies of disease-resistance related genes (the ubi-
quitin ligase gene and the stilbene synthase gene) and their promoters
were carried out. The promoter of the ubiquitin ligase gene VpRFP1
from ‘Baihe-35-1’ can be induced by SA, MeJA and powdery mildew.
However, the promoter of VvRFP1 from V. vinifera cv. Carignane (the
gene homologous to VpRFP1) was slightly induced by powdery mildew
inoculation. The core functional region of VpRFP1 promoter was the
-148 bp region, which contains one TGACG-motif, one TC-rich repeats
and one HSE element. The core functional region of VpRFP1 promoter
results in differential expression between VpRFP1 and VvRFP1, and
plays an important role in the differing resistance phenotypes of these
two grapevines [45]. The promoter of the stilbene synthase gene VpSTS
can respond to SA, U. necator and Alternaria alternata [28]. Cis-element
motifs were predicted in the promoters of VpSTS from ‘Baihe-35-1’,
VvcSTS from Carignane and VvtSTS from Thompson seedless. The pro-
moter of VpSTS contained one W-box (fungal elictior-responsive ele-
ment) and one TC-rich repeats. The promoters of VvcSTS and VvtSTS
contained two W-box, but no TC-rich repeats. The difference in cis-

element motifs resulted in differential expression patterns of STS be-
tween ‘Baihe-35-1’ and the two V. vinifera genotypes [46]. In this study,
the promoters of VqERF112, VqERF114 and VqERF072 from ‘Danfeng-2’
and their homologous genes VvERF112, VvERF114 and VvERF072 from
Thompson seedless were cloned. The cis-element analysis demonstrates
that the main differences in these two grapevine genotypes included
defense- and stress-responsive TC-rich repeats, ET-responsive ERE, SA-
responsive TCA-element and MeJA-responsive TGACG-motif (Fig. S2).
Therefore, GUS activity analysis of promoters in response to powdery
mildew inoculation and hormone treatments (ET, SA and MeJA) were
carried out. As shown in Fig. 3A, the promoters of VqERF112,
VqERF114 and VqERF072 significantly responded to powdery mildew
inoculation. However, the promoters of VvERF112, VvERF114 and
VvERF072 were not significantly induced by powdery mildew. The
promoter activity of VqERF112, VqERF114 and VqERF072 was sig-
nificantly enhanced by ET, SA and MeJA treatments. However, the
promoters of VvERF112 and VvERF072 responded exclusively to SA
treatment and VvERF114 promoter responded only to MeJA treatment
(Fig. 3B). These results indicate that the promoter activity of these three
ERF transcription factors was different between ‘Danfeng-2’ and

Fig. 6. Overexpression of VqERF072 in Arabidopsis thaliana demonstrates enhanced resistance to Pst DC3000 inoculation. (A) The disease symptoms on
VqERF072-OE transgenic lines and Col-0 leaves three days post-inoculation. Bars =1 cm. (B) Bacterial population assays in inoculated VqERF072-OE transgenic lines
and Col-0 leaves three days post-inoculation. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s
two-tailed t test (**, P<0.01). (C) Trypan blue straining for cell death. Bars = 1 cm (upper image). Bars = 200 μm (lower image). (D) DAB straining for H2O2

accumulation. Bars =1 cm. (E) Expression analysis of SA- and JA/ET-responsive genes determined by qRT-PCR in VqERF072-OE transgenic lines and Col-0 plants at
0, 24, 48 and 72 h after Pst DC3000 inoculation. The AtActin gene was used as internal control. Error bars indicate the SD from three independent experiments.
Statistical significance was determined by Student’s two-tailed t test (*, P<0.05; **, P<0.01).
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Thompson seedless. VqERF112, VqERF114 and VqERF072 plays an
important role in pathogen resistance in ‘Danfeng-2’.

To explore the anti-disease function of the three ERF transcription
factors, transgenic Arabidopsis lines overexpressing VqERF112,
VqERF114 and VqERF072 were generated and inoculated with Pst
DC3000 and B. cinerea. VqERF112-OE, VqERF114-OE and VqERF072-OE
plants enhanced the resistance to Pst DC3000 compared to Col-0 plants
(Figs. 4A, 4B, 5A, 5B, 6A and 6B). The immune responses were ac-
companied by PCD and ROS accumulation in the plants. Therefore,
more intense cell death and a higher degree of H2O2 accumulation were
observed in leaves of transgenic Arabidopsis lines (Figs. 4C,D, 5 C,D, 6
C,D). After Pst DC3000 inoculation, the expressions of two SA signaling-
related genes (AtNPR1 and AtPR1) and four JA/ET signaling-related
genes (AtPDF1.2, AtLOX3, AtPR3 and AtPR4) increased significantly in
the transgenic Arabidopsis lines compared to the Col-0 plants (Figs. 4E,
5 E and 6 E). These results indicate that overexpression of VqERF112,
VqERF114 and VqERF072 improve the resistance to Pst DC3000 via the
JA/ET signaling pathway. When Arabidopsis leaves were inoculated
with a B. cinerea conidial suspension, necrotic lesions could be ob-
served. Transgenic Arabidopsis lines overexpressing VqERF112,

VqERF114 and VqERF072 enhanced the resistance to B. cinerea
(Figs. 7A,B, 8 A,B, 9 A,B). Therefore, we observed less intense cell death
and lower H2O2 accumulation in leaves of VqERF112-OE, VqERF114-OE
and VqERF072-OE plants than in Col-0 plants (Figs. 7C,D, 8 C,D, 9 C,D).
After B. cinerea inoculation, the expression of three SA signaling-related
genes (AtNPR1, AtPR1 and AtICS1) and four JA/ET signaling-related
genes (AtPDF1.2, AtLOX3, AtPR3 and AtPR4) increased significantly in
transgenic Arabidopsis lines compared to Col-0 plants (Figs. 7E, 8 E and
9 E). These results indicate that overexpression of VqERF112, VqERF114
and VqERF072 enhances the resistance to B. cinerea via the SA and JA/
ET signaling pathways. Studies on ERF transcription factors regulating
disease resistance have been widely reported in Arabidopsis. Many ERF
transcription factors, including ERF1, ORA59, ERF6 and ERF96, have
recently been identified as participating in the immune response to
pathogens [42]. Overexpression of ERF1, ORA59 and ERF6 enhanced
the resistance to B. cinerea in Arabidopsis. Furthermore, ERF96 posi-
tively regulates the resistance to necrotrophic pathogens by promoting
the expression of JA/ET signaling-related PR genes, such as PDF1.2,
PR3 and PR4 [47]. Transgenic Arabidopsis overexpressing AtERF15
showed improved resistance to Pst DC3000 and B. cinerea and increased

Fig. 7. Overexpression of VqERF112 in Arabidopsis thaliana demonstrates enhanced resistance to B. cinerea inoculation. (A) The disease symptoms on
VqERF112-OE transgenic lines and Col-0 leaves three days post-inoculation. Bars =1 cm. (B) Lesion perimeter of inoculated VqERF112-OE transgenic lines and Col-0
leaves three days post-inoculation. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s two-tailed t
test (*, P<0.05). (C) Trypan blue straining for cell death. Bars = 1 cm. (D) DAB straining for H2O2 accumulation. Bars =1 cm. (E) Expression analysis of SA- and
JA/ET-responsive genes determined by qRT-PCR in VqERF112-OE transgenic lines and Col-0 plants at 0, 24, 48 and 72 h after B. cinerea inoculation. The AtActin gene
was used as internal control. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s two-tailed t test (*,
P<0.05; **, P<0.01).
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expression of the defense genes. However, ROS accumulation decreased
in transgenic Arabidopsis overexpressing AtERF15 after B. cinerea in-
oculation [48]. In Arabidopsis, BT proteins regulate transcription, in
which BT4 enhances resistance to Pst DC3000. ERF11 can activate the
expression of BT4 by binding to its promoter and enhance SA/ET sig-
naling mediated resistance to Pst DC3000 [49]. Overexpression of
AtERF014 improved the resistance to Pst DC3000 and the expressions of
AtPR1 and AtPR5 [50]. Meanwhile, overexpression of RAP2.2 enhanced
the resistance to B. cinerea [51]. In addition to Arabidopsis, ERF tran-
scription factors have also been reported to participate in pathogen
resistance in other plants. When tomato SlERF.A1, SlERF.A3, SlERF.B4
and SlERF.C3 were silenced, resistance to B. cinerea and the expression
of JA/ET signaling-related genes were decreased, but H2O2 accumula-
tion was increased. Furthermore, resistance to Pst DC3000 also de-
creased when SlERF.A3 was silenced [52]. Overexpression of Atriplex
canescens AcERF2 in Arabidopsis increased the expression of defense-
related genes (PR1, PR2, PR5, ERF1 and ERF3) and the resistance to Pst
DC3000 and B. cinerea [53]. Expression analysis of ERF subfamily genes
in response to B. cinerea inoculation was carried out in grapevine and
ERF subfamily genes were found to be induced by B. cinerea [54].

Transgenic Arabidopsis overexpressing V. amurensis VaERF20 showed
enhanced resistances against Pst DC3000 and B. cinerea [34]. Similar to
these results, the three ERF transcription factors in this study positively
regulated resistance to Pst DC3000 and B. cinerea (Figs. 4–9). In con-
trast, some ERF transcription factors in Arabidopsis negatively regulate
the resistance to Pst DC3000 and B. cinerea. For example, mutation in
RAP2.6 L (the homologous gene to VqERF112) increased resistance to
Pst DC3000 [55]. Knockout mutants of ERF9 enhanced resistance to B.
cinerea [56]. Overexpression of AtERF014 decreased the resistance to B.
cinerea and the expressions of AtPR1 and AtPR5 [50]. During Arabi-
dopsis PTI, ERF19 negatively regulated the resistances to B. cinerea and
Pst DC3000 [57].

In conclusion, VqERF112, VqERF114 and VqERF072 enhance the
resistance to Pst DC3000 and B. cinerea in Arabidopsis via the SA and
JA/ET signaling pathways (Fig. 10). The functional study on these three
ERF transcription factors provides new insights into the dynamic reg-
ulation of plant resistance to pathogen inoculation and novel evidence
for grapevine breeding for disease resistance using Chinese wild V.
quinquangularis accession ‘Danfeng-2’. The disease resistance of V. vi-
nifera can be increased by genetic transformation.

Fig. 8. Overexpression of VqERF114 in Arabidopsis thaliana demonstrates enhanced resistance to B. cinerea inoculation. (A) The disease symptoms on
VqERF114-OE transgenic lines and Col-0 leaves three days post-inoculation. Bars =1 cm. (B) Lesion perimeter of inoculated VqERF114-OE transgenic lines and Col-0
leaves three days post-inoculation. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s two-tailed t
test (*, P<0.05). (C) Trypan blue straining for cell death. Bars = 1 cm. (D) DAB straining for H2O2 accumulation. Bars =1 cm. (E) Expression analysis of SA- and
JA/ET-responsive genes determined by qRT-PCR in VqERF114-OE transgenic lines and Col-0 plants at 0, 24, 48 and 72 h after B. cinerea inoculation. The AtActin gene
was used as internal control. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s two-tailed t test (*,
P<0.05; **, P<0.01).
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Fig. 9. Overexpression of VqERF072 in Arabidopsis thaliana demonstrates enhanced resistance to B. cinerea inoculation. (A) The disease symptoms on
VqERF072-OE transgenic lines and Col-0 leaves three days post-inoculation. Bars =1 cm. (B) Lesion perimeter of inoculated VqERF072-OE transgenic lines and Col-0
leaves three days post-inoculation. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s two-tailed t
test (*, P<0.05). (C) Trypan blue straining for cell death. Bars = 1 cm. (D) DAB straining for H2O2 accumulation. Bars =1 cm. (E) Expression analysis of SA- and
JA/ET-responsive genes determined by qRT-PCR in VqERF072-OE transgenic lines and Col-0 plants at 0, 24, 48 and 72 h after B. cinerea inoculation. The AtActin gene
was used as internal control. Error bars indicate the SD from three independent experiments. Statistical significance was determined by Student’s two-tailed t test (*,
P<0.05; **, P<0.01).

Fig. 10. Hypothetical model for disease-re-
sistance regulation by the ERF transcription
factors VqERF112, VqERF114 and
VqERF072. VqERF112, VqERF114 and
VqERF072 respond to pathogen inoculation and
hormone treatments. The promoters of
VqERF112, VqERF114 and VqERF072 could be
induced by powdery mildew inoculation and
hormone treatments, including ET, SA and
MeJA. Overexpression of VqERF112, VqERF114
and VqERF072 in transgenic Arabidopsis en-
hanced the resistance to Pst DC3000 and B. ci-
nerea, and increased the expression of SA sig-
naling-related genes AtNPR1 and AtPR1 and of
JA/ET signaling-related genes AtPDF1.2,
AtLOX3, AtPR3 and AtPR4. Compared to Col-0
plants, the H2O2 accumulation in transgenic
Arabidopsis increased after Pst DC3000 in-
oculation but decreased after B. cinerea in-
oculation. VqERF112, VqERF114 and VqERF072
positively regulate the resistance to Pst DC3000
and B. cinerea.
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