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Summary

Grapes, as one of the world's oldest economic crops, are severely affected by grape powdery
mildew, causing significant economic losses. As a phytoalexin against powdery mildew, stilbenes
and their key synthetic gene, stilbene synthase (STS), are highly sought after by researchers. In
our previous research, a new gene, VQNSTS2, was identified from Vitis quinquangularis accession
'Danfeng-2’ through transcriptomic analysis. However, the function and molecular mechanism
of VQNSTS2 gene remain unknown. Here, by characterization and transient overexpression of
VQNSTS2, we demonstrated that its expression product, stilbenes, can be detected in the model
plant tobacco, which does not inherently contain STSs. After artificially inoculating transgenic
Arabidopsis lines overexpressing VQNSTS2 with Golovinomyces cichoracearum, it was found that
VQNSTS2 actively moved to the pathogen’s haustorium after responding to the pathogen,
recognized and enveloped the haustorium, blocking the pathogen’s infection and invasion and
exhibited disease resistance. Furthermore, Agrobacterium-mediated stable overexpression of
VQNSTS2 promoted stilbene accumulation and enhanced resistance of the V. vinifera susceptible
cultivar ‘'Thompson Seedless’ to E. necator. Additionally, through screening and identification, a
transcription factor, VQERF062, was found to directly bind to the DRE and RAA motifs on
ProVgNSTS2, positively regulating VQNSTS2 expression. Moreover, VQERFO62 directly interacted
with VQERF1B to promote the transcription of VgNSTS2 in addition to forming a homodimer with
itself. Taken together, our findings reveal that the VQERF1B-VgERFO62- module is required for
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biosynthesis. [Correction added on 22 March 2025, after first online publication: The 7th
sentence in summary is updated in this version.].

Introduction

Grapevine (Vitis vinifera L.) is an agriculturally and economically
important fruit crop and is widely cultivated for its excellent
flavour of the berries, but it is very susceptible to powdery
mildew (PM) caused by Erysiphe necator (previously Uncinula
necator) (Qiu et al.,, 2015). When plants suffering from
pathogens, a two-tiered immune system: PAMP-Triggered
Immunity (PTI) and Effector-Triggered Immunity (ETI) was
stimulated as a unified system (Jones and Dangl, 2006; Pruitt
etal., 2021). For grapevine, it is manifested as the deposition of
callose, the accumulation of reactive oxygen species (ROS) and
stilbenes and the hypersensitive reaction (HR)-like cell death (Hu
et al., 2021; Li et al, 2025; Qiu et al.,, 2015; Ramming
etal., 2010; Yin et al., 2022).

Stilbenes, an important phenolic plant secondary metabolites,
are a kind of naturally occurring phytoalexin that protect plants
from PM (Xu et al., 2019a). Resveratrol (3,5,4’-trihydroxystilbene),
is the basic unit of stilbenes in grapevine, which usually functions
as an antimicrobial compound in plants (Schnee et al., 2008). In
addition, resveratrol has pharmacological properties, which is
beneficial to human health, such as anti-cancer, anti-tumour,

anti-oxidative and anti-inflammatory (Jang et al., 1997). Stilbene
synthase (STS; EC2.3.1.95) catalyses the biosynthesis of resvera-
trol from three molecules of malonyl CoA and one molecule of
hydroxycinnamoyl CoA via the phenylalanine/polymalonates
pathway (Chong et al., 2009). The first enzymes of phenylala-
nine/polymalonates pathway is phenylalanine ammonia lyase
(PAL). STS and chalcone synthase (CHS; EC 2.3.1.74) share highly
conserved sequence and compete the same substrates in the last
step (Schoppner and Kindl, 1984). In 2007, the grape genome of
'PN40024" was published (Jaillon et al., 2007). STS gene family
was identified to contain 48 members and located on two
chromosomes, 10 and 16 (Parage et al., 2012; Vannozzi
et al., 2012). A large number of studies have demonstrated that
the homologous or heterologous overexpression of STS gene can
promote stilbenes accumulation and enhance disease resistance,
including E. necator (Dai et al., 2015; Huang et al., 2016; Liu
et al., 2019; Wang et al., 2017), Botrytis cinerea (Coutos-
Thévenot et al., 2001; Hain et al., 1993; Huang et al., 2018;
Leckband and Lorz, 1998; Vishnevetsky et al., 2011; Wang
et al., 2017), Pyricularia oryzae (Stark-Lorenzen et al., 1997),
Puccinia recondita and Septoria nodorum (Coutos-Thévenot
et al., 2001).
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Stilbene synthases responses to E. necator have been well
studied; however, the transcriptional regulation of STSs is more
elusive and complex. At present, the research on transcription
regulation of STSs mainly focuses on MYB and WRKY transcrip-
tion factor families. VWMYB14 and VWMYB15 were reported to
specifically activate the promoters of STSs by transient gene
reporter assays (Holl et al.,, 2013). Then MYB14 was demon-
strated to directly bind to the Box-L5 motif in the promoters of
STSs (Fang et al., 2014). VwiMYB13 also played a crucial role in
regulating stilbene accumulation because it shares common
co-expressed STSs with WiMYB14 and WiMYB15 (Wong
et al., 2016). VgMYB35 could activate the expressions of VqSTSs
by binding directly to the MBS elements in STS promoters (Wang
and Wang 2019b). VgMYB154 was confirmed to activate the
VqSTSs by directly binding to their promoters (Jiang et al., 2021).
Besides, a study showed that MYB14, MYB15 and MYB13 bind to
30 out of 47 STS genes (Orduna et al., 2022). VQWRKY31 could
activate the expression of STS9 and STS48 by directly bind to their
promoters (Yin et al., 2022). Furthermore, MYB and WRKY can
also form protein complexes to coordinate the regulation of STS
expression. For instance, Vannozzi et al. (2018) found that WRKY
were the top TF family correlated with STSs; and suggested that
WIWRKY24 could activate the WiSTS29 promoter as a singular
effector, while WIWRKYO03 acts through a combinatorial effect
with WiMYB14. VgWRKY53 could activate the expression of
STSs; and the regulatory functions to STSs showed stronger when
co-expressed with VgMYB14 and VgMYB15 (Wang et al., 2020a).
In addition, VWMYB14-VWWWRKY8-VWMYB30 complex was dem-
onstrated to produce stilbenes and prevent excessive accumula-
tion of stilbenes to balance metabolic costs (Jiang et al., 2019; Mu
et al., 2023). Additionally, other transcription factors have also
been reported to be involved in transcriptional regulation of STSs.
For instance, VgbZIP1 interacts with VgSnRK2.4 or VqSnRK2.6
exhibiting higher activation efficiency to the STS promoters
(Wang and Wang, 2019a). VqAL4 can directly bind to the G-rich
element (CACCTC) in the VgNSTS4 promoter and activate its
expression (Yan et al., 2023). However, there are few reports that
other transcription factors regulate STSs expression.

The APETALA2/E thylene Responsive Factor (AP2/ERF) family is
one of the most important TF superfamilys in plant and play key
roles in plant growth and development, biotic and abiotic stresses,
such as root growth, fruit ripening, low temperature, drought, high
salt, B. cinerea (Chen et al.,, 2022; Hong et al., 2022; Wang
etal., 2021; Xiang et al., 2025; Zhuang et al., 2021). In addition, a
large number of studies have demonstrated that AP2/ERF subfamily
is involved in regulating metabolites biosynthesis, including
artemisinin, E-geraniol, lignan/lignin, tanshinone, flavonoid and
carotenoid (Li et al., 2017; Ma et al., 2017; Tan et al., 2015; Zhao
etal., 2021; Zheng et al., 2021; Zhu et al., 2021). However, there
are only one report that VQERF114 increased VgSTS expression and
stilbene accumulation by interacting with VgMYB35 (Wang and
Wang 2019b). The potential role of AP2/ERF in transcriptional
regulation of STSs is largely unexplored.

China is one of origin centres of grapevine, and it possesses
abundant wild grape germplasm resources (Atak, 2024). The
Chinese wild V. quinquangularis accession ‘Danfeng-2’ has
received extensive attention due to its high resistance to PM and
high levels of stilbenes (Shi et al., 2014; Zhou et al., 2015).
Recently, six novel STS transcripts (named VQNSTST-6) were
identified  through the transcriptome (PRINA306731) of
‘Danfeng-2’ (Li, 2019). Furthermore, VgNSTS3 and VQNSTS4 have

been shown to enhance grape disease resistance by regulating
different disease-resistance pathways, particularly VgNSTS3, which
prevents pathogen invasion in model plant Arabidopsis by
encapsulating the pathogen’s haustoria (Liu et al., 2023; Yan
et al., 2023). Here, we demonstrated that VgNSTS2 promotes the
accumulation of stilbenes and increases resistance to PM in
susceptible grapevines. Moreover, VQERFO62 activates VgNSTS2
by directly binding to its promoter and forms the VQERF1B-
VQERF062 complex to further promote VQNSTS2 expression, which
results in the resistance to PM in grapevines. The aim of this study
was to reveal the molecular regulatory mechanism of VgNSTS2 and
to provide basis for grape breeding against PM in the future.

Results

VQNSTS2 has conserved motifs of the stilbene synthase
gene family and exhibits induced expression after
artificial inoculation with E. necator

In our previous study, we identified six new STS members from
Chinses wild V. quinquangularis accession 'Danfeng-2’, which
play important roles in the synthesis of stilbenes and the E.
necator response (Figure S1 and Table S1) (Yan et al., 2023). The
full-length coding sequence (CDS) of VgNSTS2 (GenBank
accession No. OL589477) is 1179 bp and encoded a protein
with 392 amino acids (aa) (Figure 1a); and showed 98.73%
similarity to WSTS46 from V. vinifera 'PN40024 (Figure 1b).
Protein sequence analysis revealed that VgNSTS2 contains the
conserved STS family domains and showed 99.49% aa sequence
identity with VgSTS37 (Figure 1c,d), indicating that VgNSTS2
belongs to STS family. Subcellular localization analysis in
Arabidopsis protoplast showed that the green fluorescence signal
of VgNSTS2-GFP was existed in the cytoplasm (Figure 1e). To test
whether VgNSTS2 has enzymatic activity, it was overexpressed in
tobacco, which is a model plant without STS gene. The results
found that the transient overexpression of VQNSTS2 in tobacco
leaves can lead to the production of stilbenes, indicating that
VQNSTS2 has stilbenes synthase activity (Figure 1f). Under artificial
inoculation with E. necator, the expression of VQNSTS2 was
rapidly and significantly up-regulated and then gradually
down-regulated (Figure 1g), suggesting that it may function in
the early stage of the PM response.

VQNSTS2 transgenic Arabidopsis thaliana lines enhance
resistance to Golovinomyces cichoracearum through
expression VgNSTS2 encapsulating the fungus haustoria
to prevent pathogen invasion

A. thaliana is a model plant without STS gene inherently, so it is
suitable to studying the function of STS gene. To investigate the
contribution of VQNSTS2 to powdery mildew, we generated
transgenic A. thaliana lines for ProVQNSTS2::VgNSTS2-GFP
through Agrobacterium-mediated transformation (Figure 2a,b).
As shown in Figure 2¢, the leaves of ProVQNSTS2::VgNSTS2-GFP
transgenic lines were only observed limited whitish fungal mass
after artificially inoculated with G. cichoracearum. As the control,
the leaves of Col-0 lines were covered with white mycelia after
artificially inoculated with G. cichoracearum (Figure 2c). Trypan
blue, DAB and NBT staining of infected leaves at 7 days post
inoculation (dpi) revealed that most epidermal cells containing
haustoria of G. cichoracearum underwent HR cell death as
evidenced by massive H,O, accumulation and dark blue stains
indicative of cell death, respectively (Figure 2d). By contrast, there
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Figure 1 Cloning and expression analysis of VQNSTS2 under Erysiphe necator artificial inoculation in grapevine. (a) Amplification of VgNSTS2 from
Chinese wild V. quinquangularis accession ‘Danfeng-2'. (b) DNA sequence alignment between VgNSTS2 and WSTS46 (XM_002263686). (c) Sequences
alignment of conserved domain of VgNSTS2 and other VgSTS proteins in ‘Danfeng-2’. The red boxes indicate the STS family conserved domains. (d)
Phylogenetic analysis of VgNSTS2 and part of VgSTSs from ‘Danfeng-2’. VGNSTS2 is highlighted in red. (e) Subcellular localization of VgNSTS2-GFP in
Arabidopsis protoplast. Bars = 10 um. (f) The content of stilbenes after transient overexpression of VGNSTS2 in tobacco. (g) Expression analysis of VgNSTS2
in ‘Danfeng-2’ leaves under artificial inoculation with E. necator. dpi: days post inoculated with E. necator. The standard deviation (SD) was calculated from
three biological replicates. Asterisks indicate significant differences (**P < 0.01, Student’s t test).
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Figure 2 Functional characterization of VgNSTS2 in regulating powdery mildew tolerance in transgenic Arabidopsis. (a) Schematic diagram of
ProVQNSTS2::VqNSTS2-GFP vector. (b) Expression analysis of VQNSTS2 in ProVQNSTS2::VgNSTS2-GFP transgenic Arabidopsis lines. (c) Representative

ProVgNSTS2::VgNSTS2-GFP transgenic Arabidopsis lines and Col-0 at 7-days post inoculated (dpi) with Golovinomyces cichoracearum. (d) Histochemical
staining of ProVQNSTS2::VgNSTS2-GFP transgenic Arabidopsis lines and Col-0 leaves at 7 dpi stained with trypan blue, diaminobenzidine staining (DAB) and
nitroblue tetrazolium chloride (NBT). Upper and middle figures bars = 100 um and lower figures bars = 1 cm. (e) Quantification of spores per mg fresh
leaves from ProVqNSTS2::VgNSTS2-GFP transgenic Arabidopsis lines and Col-0 at 7 dpi. (f) Stilbenes contents in the leaves of ProVgNSTS2::VgNSTS2-GFP
transgenic Arabidopsis lines and Col-0 at 7 dpi. One-way ANOVA (Tukey's test) was performed and asterisks indicate significant differences at **P < 0.01.

(g) Confocal microscope images from single optical sections of Arabidopsis leaf epidermal cells expressing ProVgNSTS2::VgNSTS2-GFP infected by

G. cichoracearum. The middle column shows ProVQNSTS2::VgNSTS2-GFP fluorescence and the right column shows the merged field images. hpi: hours

post inoculation; he, haustorial encasement; C, conidium. Bars = 5 pm.
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Table 1 Content of stilbenes of VGNSTS2 transgenic Arabidopsis
after artificial inoculation with Golovinomyces cichoracearum by HPLC
analysis

Trans-resveratrol Trans-piceid
Lines (ng/9) (no/9)
Col 0-7 dpi Null Null
ProVQNSTS2::VQNSTS2 #1-7 dpi 31.50 + 1.21 85.27 £ 2.92
ProVQNSTS2::VQNSTS2 #2-7 dpi 29.95 + 0.84 95.29 + 2.49
ProVgNSTS2::VgNSTS2 #3-7 dpi 46.78 + 1.91 107.37 + 3.70

was less HR cell death and H,0, accumulation in the infected
leaves of Col-0 plants (Figure 2d). Spore quantification of
infected mature leaves at 7 dpi showed that plants of
ProVgNSTS2::VgNSTS2-GFP transgenic lines produced much less
(~30%) spores compared to those of the Col-0 plants (Figure 2e).
In addition, trans-resveratrol and piceid were detected in
ProVgNSTS2::VgNSTS2-GFP transgenic lines at 7 dpi (Figure 2f
and Table 1). In order to further found the direct evidence of
VQNSTS2 resistance to powdery mildew, we used laser confocal
microscopy to observe the accumulation of green fluorescence in
ProVVgNSTS2::VgNSTS2-GFP transgenic lines after artificially inoc-
ulated with G. cichoracearum. As shown in Figure 2g, the green
fluorescence of ProVgNSTS2::VgNSTS2-GFP started to accumu-
late at the invasion site of G. cichoracearum. In addition, with the
invasion time increased the haustorium was formed and
the green fluorescence was observed accumulated around the
haustorium and a cup-shaped encasement begin to form around
the haustorium (24-72 hpi). Then, the green fluorescence
completely encrusted the haustorium to form the encasement
after artificially inoculated with G. cichoracearum. At 72—120 hpi
green fluorescence accumulation was observed around the
secondary haustorium (Figure 2g). The above results proved that
stilbene synthase could directly respond and interact with fungi to
form the physical barrier to inhibit the germination and invasion
of spores.

VgNSTS2 transgenic grapevine lines show enhanced
resistance to E. necator and activation of
resistance-related genes

To investigate the contribution of VQNSTS2 to E. necator, we
generated transgenic grapevine plants for 35S-VQNSTS2-GFP
through  Agrobacterium-mediated  transformation of  pro-
embryogenic masses derived from ‘Thompson Seedless’ (Figure S2).
Western blot assays showed that the VgNSTS2-GFP fusion protein
were expressed in six transgenic grapevine plants (Figure S2C).
Among these transgenic grapevine plants, we selected two
high-expressed overexpression transgenic lines (OE#2 and OE#4) to
conducted the further study (Figure S2E,F). To test the effect of
VQNSTS2 overexpression on the phenylalanine/polymalonates path-
way, we quantified the transcriptional level of these three genes
including PAL, STS and CHS. As shown in Figure S2E, compared with
the wild type plants (WT), the expression levels of three genes in
VQNSTS2 transgenic plants all increased significantly, and the increase
of STS transcription level was obviously higher than that of CHS
transcription level. As the downstream products of STS, stilbenes
were detected by HPLC in transgenic plants and WT. The results
showed that the content of stilbenes in two transgenic lines increased
significantly (Figure S2F and Table 2).

VQERF1B-VQERF062-VgNSTS2 resistant to disease 2069

Table 2 Content of stilbenes of VgNSTS2 transgenic mutants under
natural conditions and after artificial inoculation with Erysiphe necator
by HPLC

Trans-resveratrol  Trans-piceid e-viniferin
Lines (ng/g) (ng/g) (ng/g)
WT 37.52 £ 9.01 129.78 £ 9.51 16.95 + 3.25
OEVQNSTS2 OE#2 105.33 + 16.74 32398 + 34.77 36.55 + 7.19

OEVQNSTS2 OE#4 120.62 4+ 13.25  400.46 + 30.04 37.46 + 8.34

WT-7 dpi 533 + 7.16 146.9 £ 12.01 24.11 £ 4.81
OEVgQNSTS2 OE#2-7 131.36 + 16.43  447.65 + 23.59 51.64 + 5.26
dpi

OEVQNSTS2 OE#4-7 182.45 + 11.39 49792 + 26.93 63.38 + 6.36
dpi

EV 130.99 + 1.60 313.73 £2.28 2422 £0.74
RNAIVQNSTS2/STS37 74.41 £ 20.95 133.10 + 58.43 9.39 + 3.88

To assess the resistance to E. necator, OE lines and WT were
inoculated with grapevine E. necator. As shown in Figure 3b, the
leaves of OE lines appeared fewer fungal spores colonies at 7 dpi.
Trypan blue, scanning electron micrographs and quantification of
the number of spores revealed the relatively slow hypha growth
on the leaves of OE lines (Figure 3c,d,f). At the same time,
massive H,0,, callose deposition and HR-like cell death was also
observed in OE lines but not WT (Figure 3d,e,q). Stilbenes content
and transcriptional levels of resistance-related genes in the two
OE lines increased more times than that in WT (Figure 3h,i and
Table 2). In addition, we conducted an RNA interference (RNAi)
approach to investigate the resistance to E. necator in transiently
transformed Danfeng-2 leaves (Figure 3j-I). Because of the high
sequences similarity of VQNSTS2 and VgSTS37, we can only
interfere with VgNSTS2 and VqSTS37 at the same time. However,
RNAI-VgNSTS2/ST537 in 'Danfeng-2’ showed the opposite results
compared with OE plants (Figure 3m-p and Table 2). Taken
together, the above results indicated that VQNSTS2 could
positively regulate resistance to PM in grapevine by accumulating
more stilbenes and activating various resistance genes.

VQERF062 upregulates the expression of VgNSTS2 and
the accumulation of stilbenes and enhances the
resistance to PM

Co-expression analysis was carried out using the RNA-seq data
(PRINA306731) of 'Danfeng-2’ to find the potential regulation
factorsinvolved in the transcription of VQNSTS2. Pearson’s correlation
coefficient (PCC) represented the degree of co-expression relation-
ship (Sedgwick, 2012). Eight potential regulation factors were
obtained with PCC >0.89 (Figure S3A and Table S2). Dual Luciferase
assay was used to compare the activation effect on the promoter of
VGNSTS2 of eight potential regulation factors. Finally, an ERF
transcription factor, VQERF062 (VIT_05500299g00140), was identified
as a stronger regulation factor (Figure S3B,C). VQERFO62 was
predicted to be located on chromosome 5 and contained a AP2
domain (residues 265-328 aa) (Figure S4A,B). Cluster analysis of
VQERF062 and its homologous proteins from other species showed
that VQERFO62 shows high homology with VWERF062 and VrERFO62
(Figure S4C). VQERFO62 which is located in the nucleus, responded to
PM and peaked at 4 dpi (Figure S4D,E).

To determine the regulation between VQERF062 and VQNSTS2,
dual luciferase assay were carried out. The fusion vectors,
ProVgNSTS2-Luc, containing the reporter gene luciferase were
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indicate significant differences at *P < 0.05, **P < 0.01. (j) Schematic diagram of the RNAi-VgNSTS2/STS37-GFP construct. (k) Relative transcript levels of
VQNSTS2 in RNAIVQNSTS2/STS37 lines and empty vector (EV) grapevine leaves. (1) Stilbenes contents in the leaves of RNAIVQNSTS2/STS37 lines and EV
grapevine leaves. (m) Photograph of leaves of RNAIVGNSTS2/STS37 lines and EV grapevine at 7 dpi. (n) Histochemical staining of RNAIVGNSTS2/STS37 lines
and EV grapevine leaves at 7 dpi stained with trypan blue. Bars = 100 pm. (o) Quantification of spores per mg fresh leaves from RNAiVgNSTS2/STS37 lines
and EV grapevine at 7 dpi. (p) gRT-PCR analysis of resistance-related genes in RNAIVQNSTS2/STS37 lines and EV grapevine after £. necator inoculation.
Asterisks indicate significant differences (*P < 0.05, **P < 0.01, Student's t test).

combined with the Pro35S-VQERF062 vector for co-infiltration
into tobacco leaves. The co-expression of VQERFO62 and
VQNSTS2 exhibited significantly higher luminescence signals and
LUC/REN ratio than the controls did, indicating that VQERF062
positively regulates the expression of VgNSTS2 (Figure 4a). The
above results prompted us to identify the binding sites of
VQERF062 on VgNSTS2 promoter. Previous research showed that
AP2/ERF recognize the motifs of GCC-box (GCCGCC), DRE
(ACCCAC) and RAA (CAACA) (Cai et al., 2014; Ma et al., 2017,
Wang et al., 2019). However, the GCC-box was not found in
VQNSTS2 promoter, but DRE and RAA motifs were found
(Figure 4b). Therefore, yeast one-hybrid (Y1H) assays and
electrophoretic mobility shift (EMSA) assays were carried out to
determine the specific binding motif. As shown in Figure 4b-e,
VQERF062 could bind to DRE and RAA motifs in the promoter of
VGNSTS2.

To further investigate whether VQERFO62 can influence the
expression of VgNSTS2 and stilbene accumulation, the transient

overexpression assay was performed in ‘Danfeng-2’ leaves.
Immunoblotting analysis indicated that the band of the
VQERF062-GFP fusion proteins were detected in two groups of
leaves overexpressing VQERFO62 (Figure 4f). The much higher
transcript abundances of VQERF062 and VQNSTS2 were detected
in two groups of leaves overexpressing VQERFO62 (Figure 4q).
HPLC analysis showed that the content of stilbenes increased in
both two groups of leaves overexpressing VQERF062, especially
the content of piceid, which was 1.4 times that of WT (Figure 4h).
The above results indicated that VQERF062 could directly bind to
VgNSTS2 promoter resulted in the accumulation of more
stilbenes.

VQERF062 enhance resistance to E. necator and also
activation of resistance-related genes in grapevine

To evaluate the role of VQERFO62 in the resistance to PM, we
created 35S5- VQERFO62-GFP overexpression plants and
WERF062-RNAI plants using pro-embryogenic masses derived
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Figure 4 VQERFO62 promotes the expression of VgNSTS2 by binding to its promoter. (a) ProVqSTS2-Luc and Pro35S-VQERF062 were co-infiltrated into
tobacco leaves to detect the LUC/RNE ratio. The combinations of Luc and Pro35S, Luc and Pro355-VQERFO62 and ProV/qSTS2-Luc and Pro35S were co-
injected as the controls. (b) Yeast one-hybrid (Y 1H) assays showing that VQERFO62 binds to DRE and RAA elements in the VgNSTS2 promoter. p53-pAbAi
co-transformed with pGADT7-p53 was used as the positive control. (c-e) Electrophoretic mobility shift assay (EMSA) analysis revealing VQERFO62 binding to
DRE and RAA elements in the VgNSTS2 promoter. The VQERFO62-His protein was incubated with the biotin-labelled hot probe (ACCCAC and CAACA) or
mutant probe (TTTTTT, CCCCC and AAAAAAAAAAA), along with or without 10-fold and 20-fold excess of unlabelled cold probe as a competitor. The
shifted probes and free DNA probes are indicated by black arrows. —, absence; +, presence. (f) Western blot detection for VQERFO62-GFP in transient
overexpression and wild type Danfeng-2 leaves. (g) gRT-PCR analyse the expression of VQERF062 and VQNSTS2 in transient overexpression and wild type
‘Danfeng-2’ leaves. (h) Stilbenes contents in the leaves of transient overexpression and wild type Danfeng-2 leaves. One-way ANOVA (Tukey's test) was
performed and asterisks indicate significant differences at *P < 0.05, **P < 0.01.
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from ‘Thompson Seedless’ (Figure 5a-—f). Intriguingly, qRT-PCR
showed that the expression levels of PAL and CHS in OE lines and
RNAI lines all increased significantly, but STS was up-regulated
expression in OE lines and down-regulated expression in RNAI
lines (Figure 5g,h). Additionally, stilbenes content was signif-
icantly increased in OE lines, but almost unchanged in RNA lines
(Figure 5m and Table 3).

To validate the function of VQERF062 in the resistance to PM,
the OE lines, RNAi lines and WT were inoculated with PM.
Compared with WT, there were fewer fungal spores colonies
were observed in the leaves of OE lines, but more in that of RNAI

lines at 7 dpi (Figure 5i). Trypan blue and DAB staining, scanning
electron micrographs and quantification of the number of spores
revealed the slower hypha growth, more H,0, and HR-like cell
death in the leaves of OE lines, but RNAI lines were the opposite
(Figure 5j-1). HPLC results showed that the stilbenes content in
the OE lines increased more times than that in WT (Figure 5n and
Table 3). Compared to WT, gRT-PCR results showed that
resistance-related genes exhibited higher transcript levels in OE
lines, but not in RNAI lines (Figure 50-r). These results indicated
that VQERF062 is a positive regulator in response to E. necator in
grapevine.
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Figure 5 VQERF062 enhanced resistance to Erysiphe necator in grapevine. (a) Schematic diagram of overexpression and RNAi vectors. (b) Photograph of
plants showed transgenic plants and WT, Bars = 2 cm. (c, d) Relative transcript levels of VGERF062 in OE and RNAi plants. (e, f) Western blot detection for
VQERF062-GFP (76.5 KDa) in OE and RNAI plants. (g, h) The relative transcript levels of phenylalanine pathway-associated genes in OE and RNAI plants. (i)
Leaves showed OE and RNAI plants at 7 dpi. Bar = 1 cm. (j) Histochemical staining of leaves of OE and RNAi plants at 1, 4 and 7 dpi stained with trypan
blue and DAB. Bar = 50 um. (k) Scanning electron micrographs of the hyphae of E. necator in OE and RNAI plants. Upper figures bars = 100 um, middle
figures bars = 200 um and lower figures bars = 500 um. (I) Quantification of spores per mg fresh leaves from OE and RNAI plants at 7 dpi. One-way
ANOVA (Tukey's test) was performed and asterisks indicate significant differences at *P < 0.05, **P < 0.01. (m, n) Stilbenes content in the leaves of OE
and RNAI plants at 0 dpi and 7 dpi. (o-r) gRT-PCR analysis of resistance-related genes in OE and RNAI plants. One-way ANOVA (Tukey's test) was performed
and asterisks indicate significant differences at *P < 0.05, **P < 0.01.
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Table 3 Content of stilbenes of VGERFO62 transgenic mutants under
natural conditions and after artificial inoculation with Erysiphe necator
by HPLC

Lines Trans-resveratrol (ug/g)  Trans-piceid (ng/g)
WT 40.28 + 4.37 118.45 + 8.30
OEVQERFO62 OE#14 47.9 £ 6.91 212.79 £ 11.24
OEVQERF062 OE#21 40.34 + 5.09 204.31 £+ 10.08
OEVQERF062 RNAI#23 38.27 £ 4.16 130.35 + 14.01
OEVQERF062 RNAIi#24 40.95 + 6.22 141.53 + 10.99
WT-7 dpi 59.94 + 6.73 151.09 + 13.59
OEVQERF062 OE#14-7 dpi 85.09 + 7.34 230.98 £+ 15.54
OEVQERF062 OE#21-7 dpi 57.71 + 5.93 323.12 £+ 20.81
OEVQERF062 RNAi#23-7 dpi 36.69 + 6.19 125.79 + 10.30
OEVQERF062 RNAi#24-7 dpi 39.12 + 6.02 154.45 + 13.76

The interaction of VQERF062 with VQERF1B promotes
the expression of VgNSTS2 enhanced resistance to
E. necator

To further understand the molecular network of VQERF062, we
predicted its interacting proteins using the online analysis tool
VTCdb (Table S3). The truncated VQERF06243°>442 that con-
tained the AP2 domain and lacked self-activation activity was
used to further screen the interacting proteins of VQERFO62
(Figure S5). Yeast two-hybrid (Y2H) showed that an ERF
transcription factor, ERF1B (VIT_05s0049g00510), interacted with
VQERFO62 in yeast (Figure 6a). Subsequently, the bimolecular
fluorescence complementation (BiFC) experiment was used to
verify the interaction between VQERFO62 and VQERF1B, and YFP
fluorescence was detected in the combinations of VQERFO62-
CE/VQERF1B-NE and VQERFO062-NE/VQERF1B-CE, but not in the
control combination (Figure 6b). Also, pull-down assays showed
that recombinant protein VQERF1B-His was bond by
VQERFO62-GST but not GST (Figure 6c). Furthermore, the
fluorescence resonance energy transfer-acceptor photobleaching
(FRET-AB) analysis was confirmed the interaction between
VQERF062 and VQERF1B (Figure 6d). As shown in Figure 6e,
there were no FRET occurred between GFP and mCherry
combination, yielding only background levels of FRET efficiency
(2%). In contrast to the control, VQERF062-GFP and VQERF1B-
mCherry combination yielded substantially high levels of FRET
efficiency, reaching approximately 32% on average. Taken
together, these results verified that VQERFO62 interacts with
VQERF1B in vivo and in vitro. To further investigate the function of
protein complex, VQERFO62 and VQERF1B, in VgNSTS2 expression
and stilbene accumulation, dual-luciferase assays was carried out.
As shown in Figure 6f, transient overexpression of VQERFO62
activated VQNSTS2 promoter. The co-overexpression of
VQERF062 and VQERF1B induced higher promoter activity of
VQNSTS2 compared with the overexpression of VQERFO62 alone.
The above results indicate that the interaction between VQERF062
and VQERF1B promoted the expression of VQNSTS2. In addition,
we were excited to discover that VQERFO62 can interact with itself
to form homodimers and exert regulatory functions (Figure S6).

To further explore the regulation mechanism between
VQERF062 with VQERF1B, the promoter of VQERF1B was cloned.
Fortunately, the ERF transcription factor binding site, GCC-box,
was found in VQERF1B promoter (Figure 6g). Y1H and EMSA
assays confirmed the binding of VQERF062 to the promoter of

VQERF1B-VQERF062-VgNSTS2 resistant to disease 2073

VQERF1B and revealed that the binding site was GCC-box
(Figure 6g,h). To verify that VQERF062 activates the expression
of VQERF1B, the fusion vectors, ProVQERF1B-Luc and Pro35S-
VQERF062, were co-infiltration into tobacco leave. Luc and
Pro35S, Luc and Pro35S-VQERFO62 and ProVQERF1B-Luc
and Pro35S were as the controls. As shown in Figure 6i, higher
luminescence signals were observed in the co-expression of
ProVQERF1B-Luc and Pro35S-VQERF062 than the controls. In
addition, LUC/REN rates were calculated by the dual-luciferase
assays. As a result, we found that the LUC/REN relative activity of
co-expression of ProVQERF1B-Luc and Pro35S-VQERF062 was
significantly higher than the controls (Figure 6j). These results
demonstrated that VQERF062 binds specifically to the GCC-box
within the promoter of VQERF1B and promotes its expression.

VQERF1B is also a positive regulator of enhancing
resistance to E. necator in grapevine

To explore the function of VQERF1B, we first constructed the
overexpression and RNA interference vectors (Figure 7a). Subse-
quently, a transient overexpression and interference assay was
carried out in ‘Danfeng-2’ leaves using Agrobacterium-mediated
infiltration (Figure 7b). As shown in Figure 7¢, the transcript level
of VQERF1B was more elevated in OEVQERF1B leaves than in
those containing OE empty vector (OE-EV), with 2.3-fold higher
expression. However, the transcript level of VQERF1B in RNAIiV-
qERF1B leaves was 50% lower than that in RNAi empty vector
(RNAI-EV). Consistent with the expression of VQERF1B, the
content of stilbenes was increased in OEVQERF1B leaves and
decreased in RNAIVQERFIB leaves (Figure 7d and Table 4).
Furthermore, we performed trypan blue staining on OEVQERF1B
leaves and RNAIVQERF1B leaves after inoculated with E. necator.
As shown in Figure 7b, while many whitish mildew colonies were
seen on the infected RNAIVQERFTB leaves, only scattered and
sparse mildew colonies were observed on OEVQERF1B leaves at 7
dpi. Trypan blue staining and quantification of the number of
spores showed that hyphal growth and sporulation were
significantly restricted in OEVQERF1B leaves (Figure 7e,f). These
results suggested that VQERF1B enhance the resistance to PM in
grapevine.

Discussion

Specific expression of VgNSTS2 in the model plant
A. thaliana and its resistance to G. cichoracearum
showed an immune response

After powdery mildew infects the plant, it forms haustorium at
the invasion site, and the production of haustorium is also the
manifestation of the successful colonization of the fungus on
the plant (Micali et al., 2008). Haustorium mainly absorbs
nutrients and water from plants, while releasing effector factors
to inhibit plant immunity. In order to resist the infection of
powdery mildew, plants wrap haustorium to form the extra-
haustorial matrix (EHMXx) (Koh et al., 2005; Meyer et al., 2009;
Micali et al., 2011). After the invasion of pathogen, plants can
prevent the invasion of pathogenic bacteria by guiding mem-
brane trafficing to form papillae, which is a large amount of
callose and other antibacterial substances deposited in the
extracellular space between the plasma membrane and the cell
wall (Lipka et al., 2008; Wen et al., 2011). After the fungus
successfully penetrates the epidermal cells, the host cell forms a
second post-invasion defence barrier called the haustorial
encasement. The haustorial encasement is a structure that

© 2025 The Author(s). Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 23, 2065-2082



2074 Chaohui Yan et al.

peoblesch __jpost bleach P bledch__pos blcoch (h) Hotprobe: TGACCTGGCCGCCGTCCCCC

Cold probe: TGACCTGGCCGCCGTCCCCC
Mutant probe: TGACCTGAAAAAAGTCCCCC

(@)

Acceptor

VqERF062-His * * &
pGBKT7-53+pGADTI-T
Hot Probe - + +
Z H £ Cold Probe - - 100x
pGBKT7-Lam+pGADT7-T 8 &
Mutant probe +
—- GFP —8— \VGERF62-GI H .
—— akheny -V uum B

pGBKT7-VqERF062475542
+pGADT7-VqERFIB .
,.40 Bindi
3 inding —
PGBKT7-VqERF062435-42 g s
S
+pGADT7 230 B
2
=
pGBKT7 2 50
~ o RE -
+pGADT7-VqERFIB &
®
(b) 10
PUC-SPYCEQMNGERF0G21 0 e e—
PUC-SPYNER)I73VGERFIB GFP+mCherry VqERF062-GFP+
VqERF1B-mCherry (l)
PUC-SPYCE(M)VGERF 1B+ ¢ = Pro3ss |
PUC-SPYNE(R) I73VQERF062 ) 3: P + H:
z ] ProVqERF1B::Luc ProVqERF
= Kk N
PUC-SPYCE(M)VQERFOG2+ g *k 2
PUC-SPYNER)I73 %4 2
Z 2
PUC-SPYCE(M) + E =
PpUC-SPYNE(R) 173V GERFOR2 2 3
7z -]
g2 g
PUC-SPYCE(M) /VQERFIB + 3
PUC-SPYNER)173 D =
= 5
PUC-SPYCE(M)+ =
PUC-SPYNERIIT3NGERFIB
1 2 3 4 z : Pro3ss: \4|I~RMI6’+ 1: Pro3sS+
et 1: SKALUC 3: VQERFU62+ProVaNSTS2 8 Luc Luc
ﬂ:i:{:i’.ﬂ;’.’,u 2: SK+ProVQNSTS2 4 VQERFO62+VQERF1B+ProVqNSTS2 (]) .
” © N
Input Elution Jel %L ' ' GCC
_— ProVQERF1B sk | & L.
VQERF062-GST + - + - -1200 -800 400 -1 £
GST » + - + 107 w0 100 10t 0100 b5 61 Kk
«
o
N [m 0 =
< N
7z 5
2..
s 0+
VQERFIB-His | s — — Anti-His SD/-Leu SD/-LeurAbA 1 2 3 4

Figure 6 VQERF062 interacts with VQERF1B, which promotes the expression of VgNSTS2. (a) Yeast two-hybrid assay. pGBKT7 or pGADT7 plasmid
containing VQERF06243%5-442 and VQERF1B were transformed into Y2HGold. pGADT7-T/pGBKT7-Lam, negative control; pGADT7-T/pGBKT7-53, positive
control. (b) Bimolecular fluorescence complementation (BiFC) assays showing that VQERFO62 interact with VQERF1B in mesophyll protoplast of Arabidopsis.
YFP: yellow fluorescent. Chloroplast: chloroplast auto-fluorescence. Bar = 10 um. (c) Pull-down assay. The presence or absence of each protein in the
mixture is indicated as + or —, respectively. (d, e) Fluorescence resonance energy transfer (FRET) results showing that VQERF062 interact with VQERF1B.
Asterisks indicate significant differences (**P < 0.01, Student’s t test). (f) VQERF062-VQERF1B complex enhances the activations to VQNSTS2 in dual-
luciferase assays. The empty vector represented the co-expression of 62-SK and 0800-LUC and the LUC/REN value was set as 1, as a calibrator. One-way
ANOVA (Tukey's test) was performed and asterisks indicate significant differences at **P < 0.01. (g) Y1H assays showing that VQERF062 binds to the
promoter of VQERF1B and GCC-box. The positive control is pGADT7-p53 + p53-pAbAi. (h) Electrophoretic mobility shift assay (EMSA) analysis revealing
VQERF062 binding to GCCGCC element in the VQERF1B promoter. The VQERF062-His protein was incubated with the biotin-labelled hot probe (GCCGCQC)
or mutant probe (AAAAAA), along with or without a 100-fold excess of unlabelled cold probe as a competitor. The shifted probes and free DNA probes are
indicated by black arrows. —, absence; +, presence. (i) Images of tobacco leaves 3 days after co-infiltration. proVQERF1B-Luc and pro35S-VQERF062 were
co-infiltrated into tobacco leaves to detect the LUC/RNE ratio. The combinations of Luc and pro35S, Luc and pro35S-VqQERFO62 and proVQERF1B-Luc and
pro35S were co-injected as the controls. (j) The LUC/RNE relative activity assays for VQERF062 activation of the VgERF1B promoter. The value for
luminescence intensity of Luc and Pro35S was set to 1. 1: Pro35S + Luc; 2: Pro35S::VQERF062 + Luc; 3: Pro35S + ProVQERF1B::Luc; 4: Pro35S::VqQERF062
+ ProVQERF1B::Luc. One-way ANOVA (Tukey's test) was performed and asterisks indicate significant differences at **P < 0.01.

extends from the papillae and isolates the haustorium from the into grape protoplasts, it was observed that green fluorescence
host cells, thus limiting fungal proliferation by preventing the was mainly located in cytoplasm and endoplasmic reticulum
absorption of nutrients. The haustorial encasement is rich in through laser scanning confocal microscopy. At the same time,
callose, phytoalexin and other antibacterial components (Rubiato VpSTS29-GFP is also present in the tiny organelle — the oil body
et al., 2022). Many previous studies have shown that STS genes in and can be transported to the vacuole at a specific stage of plant

grapes are located in different positions at different stages of development (Ma et al., 2018; Xu et al. 2019b). In grape berries,
plant growth and development. After transforming VpSTS29-GFP STSs exist in the exocarp of the berry at various stages of fruit
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Figure 7 VQERF1B is a positive regulator of powdery mildew resistance in grapevine. (a) Schematic diagram of OE and RNAi vectors. (b) Photograph of
leaves of OEVQERF1B lines, RNAIVQERF1B lines and EV grapevine. dpi, days post inoculated with E. necator. (c) The transcription level of VQERF1B in
OEVQERF1B lines, RNAIVQERF1B lines and EV grapevine at O dpi. (d) Stilbenes contents in the leaves of OEVQERF1B lines, RNAIVQERF1B lines and EV
grapevine leaves at 0 dpi. One-way ANOVA (Tukey's test) was performed and asterisks indicate significant differences at **P < 0.01. (e) Histochemical
staining of OEVQERF1B lines, RNAIVQERF1B lines and EV grapevine leaves at 7 dpi stained with trypan blue. Bars = 100 um. (f) Quantification of spores per
mg fresh leaves from OEVQERF1B lines, RNAIVQERF1B lines and EV grapevine at 7 dpi.

Table 4 Content of stilbenes in grapevine leaves development (Fornara et al., 2008). Pan’s study found that STS
transiently expressing the transcription factor VQERF1B by HPLC was mainly located on the cell wall, secondary cell wall and
analysis chloroplast during the development of berries (Pan et al., 2009).
To figure out where VgNSTS2 positioned when it interacts with

Trans-resveratrol Trans-piceid e-viniferin powdery mildew, we transferred VgNSTS2 with its own promoter

Lines (ng/9) (ng/g) (ng/g) in A. thaliana, which was STS absent and inoculated the plants

with G. cichoracearum (Figure 2). It was found that with the

OE-EV 120.18 + 7.20 317.12 + 10.76 18.67 + 0.65 .
spore germination the green fluorescence of VgNSTS2 was
OEVQERF1B 157.41 + 5.89 389.00 + 7.10 33.05 + 1.85 : L . )
) gathered at the invasion site of G. cichoracearum (Figure 2). And
RNAJ-EV 119.53 + 7.26 317.11 + 14.89 18.97 + 1.31 . . . . . '
i with the invasion time increased the haustorium was totally
RNAIVQERF1B 87.98 + 4.07 271.24 £ 15.01 8.79 + 0.41

sealed by VgNSTS2-GFP and formed the haustorial encasements
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to prevent the invasion of fungus and play a disease-resistant
immune response. To sum up, VgNSTS2-GFP actively accumu-
lated at the infection sites of G. cichoracearum and then wrapped
the haustorium to form the encasement to prevent the invasion
of G. cichoracearum in A. thaliana.

Role of VgNSTS2 in metabolic pathway and its resistance
to powdery mildew

Stilbenes exhibit broad-spectrum resistance to a variety of
pathogens (Hain et al, 1993; Khattab et al., 2021; Pezet
et al., 2004; Xu et al., 2019a). A large number of studies have
proved that transforming STS into various plants can improve the
disease resistance of transgenic plants by producing stilbenes. The
first report of increased disease resistance in STS transgenic plants
was conducted by Hain et al. (1993). They transferred a WSTS
into tobacco resulted in the more resistant to B. cinerea.
Subsequently, this team stably integrated WSTS into the tomato
genome and the transgenic tomato exhibited significant increase
in the resistance to Phytophthora infestans (Thomzik et al., 1997).
It has been reported that VWSTS transgenic rice, barley or papaya
can increase resistance to P. oryzae, B. cinerea or P. palmivora,
respectively  (Leckband and Lorz, 1998; Stark-Lorenzen
et al., 1997; Zhu et al., 2004). There are also many reports on
the function of STSs in Chinese wild grape germplasm resources.
VpSTSgDNA2 cloned from Chinese wild V. pseudoreticulata
accession ‘Baihe-35-1" was transferred in V. vinifera L. cv.
‘Chardonnay’, resulting in increased resistance to PM, manifested
more stilbenes and H,0, and the reduced growth of PM (Dai
et al., 2015). The heterologous overexpression of VqSTS21 or
VqSTS36 cloned from Chinese wild V. quinquangularis accession
'Shang-24' in Arabidopsis increased the resistance to PM (Huang
et al., 2016, 2018). VqSTS6, from Chinese wild V. quinquangu-
laris accession ‘Danfeng-2’, increases the content of stilbenes and
the resistance to PM of transgenic plants of ‘Thompson Seedless’
(Cheng et al., 2016). In our study, VQNSTS2, a novel STS isolated
from 'Danfeng-2’, significantly increased the resistance to PM in
transgenic ‘Thompson Seedless’ by activating immune signalling
pathways, including the production of more stilbenes, callose
deposition and H,0, (Figure 3). However, unlike previous reports
(Liu et al., 2019), PM-resistant plants overexpressing VQNSTS2
exhibited HR-like cell death, a typical symptom of ETI (Figure 3d).

SA and JA are the most studied defence pathways, which form
the backbone of the hormone-regulated part of the immune
system (Aerts et al., 2021). In this study, SA and JA signalling-
related genes were activated in responding to PM in
35S5-VgNSTS2-GFP overexpression plants (Figure 3i). Likewise,
the overexpression of VpSTS29/STS2 from ‘Baihe-35-1" increased
resistance to PM in V. vinifera L. cv. 'Thompson Seedless’ and
Arabidopsis by producing more stilbenes and activating SA
signalling (Xu et al., 2019a). Therefore, we speculated that STS
function as the positive regulator against to PM by activating
multiple signalling pathway.

The complex mechanism of transcriptional cascade
VQERF062-VqERF1B regulation and its enhanced
resistance to powdery mildew

The AP2/ERF TFs family play key roles in regulating biosynthesis of
primary and secondary metabolism. For example, CitERF71
directly bound to ACCCGCC and GGCGGG motifs in the
promoter of CitTPS16 resulted in production of E-geraniol in
Citrus fruit (Li et al., 2017). ORCA3 and ORCA4 played key roles
in the biosynthesis of terpenoid indole alkaloids in Catharanthus

roseus (Paul et al., 2017). NaERF1B-like transcription factor, as a
key node, plays an important role in plant defence against
Alternaria alternate by integrating various signals such as plant
hormones and WRKY-type transcription factors to regulate the
synthesis of phytoalexins scopoletin and solavetivone (Ma
et al., 2024). In Isatis indigotica, the AP2/ERF, 1i049, bound to
the CE1, RAA and CBF2 motifs of key structural genes, iPAL and
liCCR, in the lignan/lignin pathway (Ma et al., 2017). SmERF73
and SmERF128 enhanced tanshinone accumulation by binding to
GCC-box, CBF2 and RAA motifs on the promoters of tanshinone-
associated genes such as DXR1, CPS1, KSL1, CYP76AH1 and
CYP76AH3 (Zhang et al., 2019; Zheng et al., 2021). The
MdERF109 protein promoted coloration by directly binding to
GCC-box on the promoters of anthocyanin-related genes,
including MdCHS, MdUFGT and MdbHLH3 (Ma et al., 2021).
Another AP2/ERF, MdAP2-34, promoted carotenoid accumula-
tion by binding to ACCGAC motif in the MdPSY2-1 promoter
(Dang et al., 2021). CsERFO61 recognized ERE motif or GCC-box
on the promoters of nine key carotenoid pathway genes (PSYT,
PDS, CRTISO, LCYb1, BCH, ZEP, NCED3, CCD1 and CCD4) and
enhanced carotenoid accumulation (Zhu et al., 2021). Stilbenes is
kind of phenolic secondary metabolism existed in many plant. In
this study, VQERF062 could regulate the expression of VQNSTS2
by directly binding DRE and RAA motifs resulted in the
accumulation of stilbenes (Figure 4). This is consistent with a
previous study of Artemisia annua TART, which reported that
AP2/ERF could control the accumulation of artemisinin by
recognizing GCC-box, CBF2 (GTCGAC) and RAA (CAACA) motifs
to regulate two enzyme genes, CYP71AVT and ADS, in the
biosynthesis of artemisinin (Tan et al., 2015). There were reports
indicated that AP2/ERF also involved in the biosynthesis of other
kinds of metabolites, such as camptothecin (Hu et al., 2020),
capsaicinoid (Song et al., 2020), notoginsenoside (Lin et al., 2020)
and gypenoside (Xu et al., 2020).

AP2/ERF paly vital roles in the defence to biotic stresses, and
many reports have revealed that ERF from several species
enhance the immunity against fungal and bacterial diseases. A
tomato ERF, ERF68, positively regulated HR-like cell death and
Xanthomonas spp. by activating multiple signalling pathways
including ET, SA and JA (Liu and Cheng, 2017). ZmERF105
enhanced the defence against Exserohilum turcicum by prompt-
ing the expression of five pathogenesis-related (PR) genes (Zang
et al., 2020). ZmERFO61 involved in the resistance to E. turcicum
by regulating the expression of PRs, SA- and JA-related genes
(Zang et al., 2021). MdERF11 was found to act as a positive
regulator against Botryosphaeria dothidea by increasing SA
synthesis (Wang et al., 2020b). CmERF27 regulates red light-
induced ethylene biosynthesis to resist Podosphaera xanthii
infection, which is the agent of PM in melons (Wu
et al., 2024). In the present study, VQERF062 could enhance
the resistance to PM by activating multiple signalling pathways
including SA and JA, and promoting HR-like cell death and callose
deposition (Figure 5). Similarly, VaERF20 elevated resistance to
B. cinerea and Pseudomonas syringae by increasing the expres-
sion of PTI genes and SA- and JA-related genes, and the
accumulation of callose and reactive oxygen species (ROS) (Wang
etal., 2018). These results are consistent with the previous studies
demonstrating that ERFs act as positive regulators against various
diseases (Hong et al., 2022; Pillai et al., 2020). However, there
were also several reports demonstrated that ERF transcription
factors were the negative regulator against diseases. For example,
AtERF19 negatively regulated the resistance to B. cinerea,
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Figure 8 Proposed model of VQNSTS2 in the phenylalanine metabolism pathway in participating in powdery mildew resistance. When plants are exposed
to powdery mildew, VQNSTS2 was activated rapidly and wrapped the haustorium of spores to inhibit the invading of powdery mildew. Further, the
overexpression of VgNSTS2 enhance resistance to powdery mildew by promoting the accumulation of stilbenes, H,0,, callose and HR-like cell death and
the expression of resistance-related genes. Besides, VQERF062, in the form of a complex, VQERFO62-VQERF1B, activates the expression of VQNSTS2 via

directly bind to DRE and RAA motifs on the VQNSTS2 promoter.

Pseudomonas syringae and Phytophthora parasitica by repressed
MAMP-induced PTI outputs (Huang et al., 2019; Lu et al., 2020).
Overexpressing GmAP2 transgenic soybean hairy roots exhibited
hypersensitivity to Phytophthora sojae, whereas roots of GmAP2-
RNAI transgenic soybean exhibited enhanced resistance (Zhang
et al., 2021).

TFs bind to DNA and control the expression of corresponding
genes in the form of single protein or protein complexes formed
by physical interaction with other TFs (Bemer et al., 2017). In this
study, VQERFO62 formed protein complexes by physical interac-
tion with VQERF1B, which enhanced the regulation to VqQNSTS2
(Figure 6). This is consistent with a previous study, CitERF32 and
CitERF33 activated the transcription of CitCHIL1, while CitRAV1
formed a transcription complex with CitERF33 that strongly
enhanced the activation efficiency and flavonoid accumulation
(Zhao et al., 2021). However, this protein—protein interaction
sometimes also weakens the regulatory role of one or the other.
For example, MdERF2 and MdERF3 proteins directly interact and
this interaction suppresses the binding of MdERF3 to the
MdACS1 promoter (Li et al., 2016). Furthermore, VQERF062
could directly bind to GCC-box on the promoter of VQERFI1B
promoting the expression of VQERF1B (Figure 6G-J). Therefore,
we demonstrated that VQERF062 and VQERF1B protein com-
plexes participated in the transcriptional regulation of VQNSTS2 in
a positive feedback loop.

In conclusion, the results demonstrated and characterized the
new STS family member, VgNSTS2, from 'Danfeng-2’ based on
our previous research. VgNSTS2 actively accumulated at the
invasion sites of G. cichoracearum and then wrapped
the haustorium of spores to form the physical barrier and
prevented them from invading the plants showed an immune
response. Furthermore, we observed that VQNSTS2 enhanced

resistance to PM not only by producing a large amount of
stilbenes, H,0,, callose deposition and HR-like cell death, but also
by promoting the expression of resistance-related genes. In
addition, VQERF062, in the form of a complex, VQERF062-
VQERF1B, directly banded to DRE and RAA motifs on the
VQNSTS2 promoter to promote the expression of VQNSTS2
(Figure 8). The results of this study provide insights that will aid
future studies of the mechanisms underlying the STS-mediated
powdery mildew response as well as grape disease resistance
breeding.

Experimental procedure
Plant materials and growth conditions

The Chinese wild grapevines V. quinquangularis accession
‘Danfeng-2' was cultivated in the Grape Germplasm Resource
Nursery of Northwest A&F University, Yangling, Shaanxi, China.
Tobacco plants (Nicotiana benthamiana) used for dual-luciferase
assays and FRET-AB assays were grown in the phytotron (25 °C;
photoperiod 16/8 h). A. thaliana ecotype Col-0 used for
subcellular localization, BiFC and function analysis were grown
in a chamber at 23 °C under a light/dark cycle of 16/8 h. The pro-
embryogenic masses of ‘Thompson Seedless’ used for generation
of transgenic grapevine were cultured on X6 medium (4.43 g/L
MS, 60 g/L sucrose, 3 g/L phytagel, 1.5 g/L activated carbon, PH:
5.8-6.2) in darkness at 25 °C (Zhou et al., 2014).

Gene cloning and sequence analysis

Full-length coding sequences (CDSs) of VgNSTS2, VQERF062 and
VQERF1B were cloned from the cDNA of '‘Danfeng-2’ leaves,
and the promoters of STSs and VQERF1B were obtained from the
gDNA of ‘Danfeng-2’ leaves. Primers were listed in Table S4.
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Amino acid sequence alignment was carried out using DNAMAN
software (Version 5.2.2, Lynnon Biosoft, USA). The multiple
alignment was performed using Clustal X, and the phylogenetic
tree was conducted using FigTree v1.4.4.

Generation and detection of transgenic grapevine

To obtain overexpression vector, the CDS of VQNSTS2, VQERF062
and VQERF1B without termination codon were separately cloned
into pCAMBIA2300-GFP vector to generate the fusion vectors
VQNSTS2-GFP and VQERFO62-GFP. In order to generate RNAI
vector, a 200-bp fragment of VgNSTS2 and a 207-bp fragment of
VQERF062 were inserted into pK7GWIWG2 (ll) vector, respec-
tively. All recombinant vectors were separately introduced into
Agrobacterium  tumefaciens strain  GV3101. Using pro-
embryogenic masses of ‘Thompson Seedless’ as material,
Agrobacterium-mediated transformation method was adopted
to transformation using a previously described method (Zhou
et al., 2014). To verify the integration and expression of
exogenous fusion genes in transgene plants, Quantitative Real-
Time PCR (gRT-PCR) and western blot assays were performed
according to the previous report (Xu et al., 2019a). WT plants was
the negative control.

RNA extraction and gqRT-PCR reactions

Total RNA extraction of samples from grape was performed
according to the protocols of Omega Plant RNA Kit (Omega). The
concentration and purity of total RNA were detected using
NanoDrop One (Thermo Fisher Scientific, USA). The synthesis of
the first strand of cDNA was carried out using the FastKing RT Kit
(Tiangen, Beijing, China). gRT-PCR were performed using the
NovoStart® SYBR qPCR SuperMix Plus (Novoprotein, Shanghai,
China) on Applied Biosystems QuantStudio 6 Flex (Thermo Fisher
Scientific, USA). Reactions were run under the following
amplification program: 95 °C for 1 min, then 95 °C for 20 s,
50-60 °C for 20 s and 72 °C for 30 s, for 45 cycles. Primers were
designed with Primer Premier 5 and assessed by the Primer-BLAST
online  program  (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/index.cgi?LINK_LOC=BlastHome). The grapevine Actin gene
(GenBank No. AY680701) and the Arabidopsis Actin
gene (GenBank No. AT3G18780) were employed as the internal
control gene (Table S4). The 272 method (Livak and
Schmittgen, 2001) was used to calculate relative gene expression
levels. Data are means (+SD) of three biological replicates.

Extraction and determination of stilbenes

Transient overexpressed ‘Danfeng-2’ leaves and leaves collected
from transgenic grapevine lines and WT plants were vacuum
freeze-dried for 24 h. Methanol was added according to the dry
weight of samples and extracted for 12 h at 4 °C in darkness.
Then the extracts were filtered with the 0.22 um membrane film
and collected for High Performance Liquid Chromatography
(HPLC) analysis. The determination of stilbenes was performed on
liquid chromatography AcQuity® Arc system (Waters, USA) as
previously described (Cheng et al., 2016). The different retention
times of stilbenes (Sigma-Aldrich, St Louis, MO, USA) were
calibrated with standard samples. Stilbenes content was calcu-
lated from the average of three biological replicates.

E. necator infection and histochemical staining

E. necator was collected from the leaves of susceptible V. vinifera
cultivars. The transgenic grapevines and WT plants were
inoculated with E. necator according to the previously described

(Wang et al, 1995). The numbers of fungal spores were
quantified as previously reported (WeBling and Panstruga, 2012).
In brief, inoculated leaves were collected at 7 dpi and cut into
pieces into 5 mL sterile water containing 0.01% Tween-20.
Shaking for 30 min at 500 rpm and then the blood cell counting
plate was used for counting the spores numbers using
microscope.

Trypan blue and 3,3’-diaminobenzidine (DAB) were conducted to
visualize hypha and H,0, accumulation, and NBT staining was used
to visualize O, levels (Koch and Slusarenko, 1990; Thordal-
Christensen et al., 1997). The H,0, contents were measured using
Hydrogen Peroxide Assay Kit (Solarbio) by fluorescence spectro-
photometry. All samples were made in triplicate. Aniline blue
staining were performed to quantify the PM-induced callose
deposition.

Y1H assays

The promoters of VgNSTS2 and VQERF1B were cloned into the
PADbAI vector to build pAbAI-ProVgNSTS2 and
PAbAI-ProVQERF1B. The three tandem repeats of GCCGCC
(GCC-box) was also inserted into pAbAi vector. The pAbAi-baits
were integrated separately into the genome of the Y1HGold yeast
strain according to the instruction of the Yeastmaker
Yeast Transformation System 2 User Manual (Clontech). The
minimal inhibitory concentrations of Aureobasidin A (AbA) for the
bait strains were confirmed according to the system user manual.
The CDS of VQERF062 was inserted into pGADT7 (AD) (Clontech)
to generate the AD-prey vector. AD-VQERFO62 was transformed
into different bait strains and cultured on the medium SD/Leu/
AbA. The positive control is pGADT7-p53 + p53-pAbAi. The
primers are listed in Table S4.

ChIP-gPCR

For ChIP-gPCR analysis, 3 g young leaves of 355-VqQERFO62-GFP
transgenic plants were crosslinked in 0.5% formaldehyde by
vacuum infiltration for 10 min. Chromatin was isolated using the
EpiQuik Plant ChIP Kit (Epigentek, Santiago, USA) and immuno-
precipitated by anti-GFP. The immunoprecipitated and input DNA
samples were used for gPCR analysis. The primers are listed in
Table S4. The ChIP-gPCR results are presented as percentages of
the input DNA.

EMSA assays

To obtain the purified recombinant protein, CDS of VQERF062
was cloned into pET-32a (+) vector (Novagen, Madison, WI) and
transformed into Escherichia coli BL21 (DE3). The VQERF062-His
recombinant protein  was induced by 0.1 mM B-D-
thiogalactopyranoside (IPTG) (Solarbio Beijing, China) in E. coli
and purified by using Ni-tagged protein purification kit (CWBIO).
The probes were synthesized by Sangon Biotech Co., Ltd
(Shanghai, China) and listed in Table S4. EMSA was performed
as previously described (Xie et al, 2018) using a LightShift®
Chemiluminescent EMSA Kit (20 148, Thermo Scientific, USA).

Transient Dual-Luciferase assay

The CDS of TFs were inserted into pGreen Il 62-SK vector to
generate the effectors, and the promoters of VQNSTS2 and
VQERF1B were cloned into pGreen Il 0800-LUC vector to generate
the luciferase reporters, respectively. All recombinant vectors
were, respectively, transformed into Agrobacterium strain
GV3101 containing pSoup-p19. The transient expression assays
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were performed in tobacco leaves. The strains ODgqg of different
combines were adjusted to 0.4 and infiltrated into tobacco leaves.
The leaves were collected 3 days later for capturing the
fluorescence images with the living imaging apparatus (Luma-
zone Pylon 2048B) and assessing the ratio of enzyme activities of
Firefly luciferase (LUC) and Renilla luciferase (REN) using the Dual
Luciferase Reporter Gene Assay Kit (YEASEN, China). The primers
are listed in Table S4.

Subcellular localization analysis

The recombinant vector VQNSTS2-GFP and a plasma membrane-
localized marker PM-RK-mCherry fusion vector (Nelson
et al., 2007) were co-injected into 4-week-old tobacco leaves.
In addition, the recombinant vector VQERF062-GFP and a nuclear
localization marker fusion vector, 35S-AtHY5-mCherry (Yao
et al., 2017), were co-transformed into Arabidopsis protoplasts
via polyethylene glycol (PEG) and Ca%*-mediated transformation
(Zhao et al., 2016). Empty pCAMBIA2300 was used as control.
The tobacco plants and Arabidopsis protoplasts were cultured at
25 °C for 72 h and 20 h, respectively. The green fluorescent
protein (GFP) signal and mCherry signal were observed under
488 nm and 552 nm, respectively, using the confocal laser
scanning microscope (Leica TCS SP8, Germany).

Y2H assays

The full-length or truncated CDS of VQERF062 were inserted into
the vector pGBKT7 (BD) (Clontech, Mountain View, CA, USA),
forming BD-VQERF062. The CDS of VQERF1B was separately
inserted into the vector AD to generate AD-VQERF1B. Primers
were listed in Table S4. The fusion plasmid BD-VQERFO62 was co-
transformed with AD-VQERF1B into the Y2HGold yeast strain
(Clontech) according to the instruction of the Yeastmaker Yeast
Transformation System 2 User Manual. pGBKT7-53/pGADT7-T
and pGBKT7-Lam/pGADT7-T acted as positive control and
negative control, respectively. Transformed Y2HGold strains were
cultured on the medium SD/-Leu/-Trp and SD/-Trp/-Leu/-Ade/-His
containing aureobasidin A (AbA) (200 ng/mL) and X-o-gal
(40 pg/mL).

BiFC assays

The CDS sequences of VQERF062 and VQERF1B were subcloned
into pSPYNE (R) 173 vector or pSPYCE (M) vector (Waadt
et al., 2010). The recombinant vectors were transformed into
Arabidopsis protoplasts for further analysis via PEG and Ca®*-
mediated transformation (Zhao et al., 2016). The protoplasts after
plasmids transformation were cultured 25 °C for 20 h, and then
the yellow fluorescent protein (YFP) signal was observed using a
confocal laser scanning microscope (Leica TCS SP8, Germany).
Primers were listed in Table S4.

FRET-AB assays

FRET-acceptor photobleaching analysis was conducted according
to previously reported (Mehlhorn et al., 2018). The FRET-AB
efficiency between VQERFO062-GFP with its interaction proteins,
VQERF1B-mCherry, was measured in tobacco leaves. Scanned
nuclei images for free or fused GFP and mCherry protein were
collected under 488 nm and 552 nm. The region of interest (ROI)
was photobleached by continuously scanning with the 552 nm
laser (mCherry) line at 100% intensity for 6 s. The mean FRET
efficiency calculated from three different biological replicates and
measurements of up to 6 nuclei each replicate. Primers were
listed in Table S4.

VQERF1B-VQERF062-VgNSTS2 resistant to disease 2079

Pull-down assays

To obtain the fusion proteins VQERFO62-GST and VQERF1B-His,
the CDS sequences of VQERF062 and VQERF1B were subcloned
into pGEX-4T-1 vector or pET-32a vector. The fusion proteins was
induced by IPTG in E. coli. VQERFO062-GST protein was mixed with
VQERF1B-His and the mixture was incubated at 4 °C for 12 h.
And then the mixture was purified by using Ni-tagged protein
purification kit (CWBIO). The purified proteins were then detected
by anti-GST antibody and anti-His antibody.
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