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Abstract

Key message VqERF114 regulates stilbene synthesis by interacting with VqMYB35.

Abstract Resveratrol is a stilbene, an important class of secondary metabolites that accumulates in some plant species,
including grapevine. In the plant, these are involved in the response to attack by plant pathogens and, as a component of the
human diet, they offer a range of significant health benefits. Stilbene synthase (STS), the key enzyme responsible for resvera-
trol synthesis, has been characterised in a small number of plant species. However, the regulatory mechanisms for stilbene
synthesis are uncertain. Here, an ERF family transcription factor from Chinese wild Vitis quinquangularis, VQERF114,
was characterised as an indirect regulator of stilbene synthesis. A transient overexpression assay of VgERF114 in grapevine
leaves led to increased STS expression and stilbene accumulation. However, VQERF114 did not bind to the promoters of
VgSTSs but the MYB transcription factor, VqM YB35, did interact with VqQERF114. This interaction was confirmed by a
yeast two-hybrid assay and bimolecular fluorescence complementation. Furthermore, VqM YB35 showed activation effects on
the expressions of VgSTS15, VgSTS28, VqSTS42 and VgSTS46 by binding directly to the MBS elements in their promoters.
Co-overexpression of VgERF114 and VgMYB35 resulted in higher VgSTSs expression and more stilbene synthesis. These
results demonstrate that VqQERF114 regulates stilbene synthesis by interacting with VqMYB35.
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Introduction

Resveratrol is one of a number of natural polyphenols pro-
duced by secondary metabolism in some plant species. Res-
veratrol has so far been found in approximately 72 species,
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phytoalexin that plays a role as an antimicrobial metabolite
in plants (Hart 1981). In human nutrition, resveratrol offers
a range of health benefits, having properties that include:
anti-inflammatory, anticancer and anti-oxidative (Jang et al.
1997). Increasing attention is recently being paid to resvera-
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the stilbenes in grapevine (Chen et al. 2006). The full phe-
nylpropanoid pathway contains two branches, the flavonoid
branch and the stilbene branch. These two branches have
three same upstream enzymes—phenylalanine ammonia-
lyase (PAL), cinnamate 4-hydroxylase (C4H) and 4-cou-
marate: CoA ligase (4CL). They are distinguished by the
last step catalytic enzymes, chalcone synthases (CHSs) and
stilbene synthases (STSs) (Vannozzi et al. 2012). For the
CHSs, the substrates are p-coumaroyl-CoA and malonyl-
CoA which result in the synthesis of the flavonoids, while
STSs catalyse the same substrates to synthesise resveratrol.
The key enzyme responsible for the synthesis of resveratrol
is STS, which belongs to the chalcone synthase superfam-
ily of type III polyketide synthases (Chong et al. 2009). In
grapevine, an exhaustive characterisation of the S7'S mul-
tigenic family has been carried out with the PN40024 and
PN ENTAV 115 genomes (Jaillon et al. 2007; Velasco et al.
2007), resulting in the identification of 48 putative STS gene
sequences (Vannozzi et al. 2012). Of the two geometric iso-
mers of resveratrol, trans-resveratrol is thought to be the
more biologically active (Orallo 2006). In addition to res-
veratrol, more complex derivatives have also been found in
grapevine, including frans-piceid (Waterhouse and Lamuela-
Ravent6s 1994; Teguo et al. 1996; Romero-Pérez et al. 2001;
Gatto et al. 2008), viniferins, pterostilbene (Langcake 1981),
and piceatannol (Bavaresco et al. 2002). Resveratrol gluco-
syltransferase (RSGT) is the enzyme that synthesises stilbe-
noid glucoside from resveratrol (Hall and De Luca 2010).

China is one of the worlds” major biodiversity centres for
Vitis, so Chinese wild grapevines are very important germ-
plasm resources. They also exhibit high levels of resistance
to a number of key pathogens. The Chinese wild species
Vitis quinquangularis, accession ‘Danfeng-2’ has attracted
considerable interest because of its high resistance to patho-
gen invasion and the high levels of resveratrol found in its
ripe berries (Wan et al. 2007; Shi et al. 2014; Zhou et al.
2015).

The AP2/ERF superfamily is a large group of transcrip-
tion factors (TFs) in plants (Wessler 2005). This superfamily
is identified by the existence of the AP2/ERF domain, which
is composed of about 60—70 conserved amino acid residues
and participates in DNA binding (Jofuku et al. 1994; Ohme-
Takagi and Shinshi 1995). Based on the number of AP2
domains and on the presence of other domains, such as the
B3 DNA-binding domain, the AP2/ERF superfamily is clas-
sified into three families: AP2, ERF and RAV (Sakuma et al.
2002). Thus, the AP2 family contains proteins with a tan-
dem repetition of two AP2 domains (Okamuro et al. 1997),
the ERF family proteins contain one AP2 domain (Nakano
et al. 2006) and the RAV family proteins possess a single
AP2 domain and an additional B3 domain (Kagaya et al.
1999). Within the ERF family, the AP2/ERF DNA-binding
domain can be divided into DREB and ERF domains, based
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on the identity of residues at specific positions (Sakuma
et al. 2002). The DREB subfamily (group A) proteins inter-
act with an A/GCCGAC element (Stockinger et al. 1997),
while the proteins of the ERF subfamily (group B) typi-
cally bind to an AGCCGCC element, called the GCC-box.
GCC-box element is usually found in the promoters of genes
in response to ethylene, pathogens and wounding (Ohme-
Takagi and Shinshi 1995). These two subfamilies are further
subdivided into six groups, respectively. Members of the
ERF family are characterised and involved in many different
functions, including the regulation of metabolism, response
to biotic and abiotic stresses, hormonal signal transduction
and developmental processes in numerous plant species
(Nakano et al. 2006). The ERF transcription factor regulat-
ing the expression of STS has not yet been identified.

The MYB proteins are key factors in regulatory networks
participating in metabolism, in development and in response
to biotic and abiotic stresses (Dubos et al. 2010). The R2R3-
MYB family members from different species possess DNA-
binding specificities, with three main MYB binding types
so far identified—type I: CNGTTR, type II: TNGTTR and
type IIG/AC-elements: CCWAMC (Romero et al. 2010;
Prouse and Campbell 2012). Several other variants have
also been reported (Kelemen et al. 2015). In grapevine, the
first survey of the R2ZR3-MYB family proteins character-
ised 108 genes in the X 8.4 genome draft sequence (Matus
et al. 2008). Subsequently, a total of 134 MYB sequences
have been retrieved in the CRIBI 12 X vl genome accession
(Wong et al. 2016). Recently, R2R3-MYB TFs have been
reported to be involved in the regulation of the STS pathway
in grapevine. VVMYB14 and VVMYBI15 can enhance pro-
moter activity of VvSTS29 and VvSTS41 (Holl et al. 2013),
and VVMYB14 can bind to the VvSTS48 promoter (Fang
et al. 2014). Moreover, another MYB transcription factor,
VvMYBI13, is characterised as playing a key role in regulat-
ing stilbene accumulation (Wong et al. 2016).

In our previous study, transcriptome analysis was per-
formed on ‘Danfeng-2’ during the various stages of berry
development to obtain specific TFs involved in stilbene syn-
thetic pathway (PRINA306731; GEO: GSE76256). Eighteen
ERF TFs were found to be strongly co-expressed with STS
genes. Expression analyses of 18 ERF genes co-expressed
with stilbene synthases in V. quinquangularis accession
‘Danfeng-2’ in response to Uncinula necator were car-
ried out, of which, VgERF114 (VIT_18s0072g00260) was
found to be strongly co-expressed with STS genes and in
response to U. necator. The functional study of VgERF114
involved in disease resistance will be explored in our further
study. In this study, VqQERF114 is identified as an activa-
tor of STS expression. However, it cannot directly bind to
the promoters of VgSTSs. A yeast two-hybrid assay and a
BiFC assay demonstrate that VQERF1 14 interacts physically
with VqMYB35. VqMYB35 can promote the expressions
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of VgSTS15, VgSTS28, VgSTS42 and VgSTS46 by directly
binding to their promoters. Furthermore, VgERF114 co-
expresses with VgMYB35, resulting in higher expression
of VgSTSs and in the enhanced accumulation of stilbene.
These results demonstrate that VqQERF114 is an indirect
positive regulator of stilbene synthesis by interacting with
V@MYB35 in grapevine.

Materials and methods
Plant materials

The Chinese wild grapevine species V. quinquangularis
accession ‘Danfeng-2’ used in this study was cultivated in
the grape germplasm collection at Northwest A&F Univer-
sity, Yangling, Shaanxi, China. The tobacco plants (Nico-
tiana benthamiana) used for subcellular localisation analysis
and dual-luciferase assays were grown in the phytotron with
a light/dark cycle of 16/8 h at 25 °C.

Gene isolation and sequence analysis

Total RNA was extracted from grape berries or leaves
using a Plant RNA Kit (OMEGA). The PrimeScript™
RT reagent Kit (TaKaRa) was used to reverse transcribe
the purified RNA into complementary DNA (cDNA) fol-
lowing the manufacture’s protocol. Full-length coding
sequences (CDSs) of VgERF114, VgqMYB35, VgqMYBI14
and VgMYB15 were cloned using the special primers listed
in Table S1, using the V. vinifera cv. ‘Pinot Noir’ genome
database P40024 as a reference. DNAMAN software was
used to carry out amino-acid sequence alignment analyses
of three ERF proteins, including VqERF114, VVERF114
(Gene ID: VIT_18s0072g00260) and AtABR1 (Gene ID:
AT5G64750). The phylogenetic tree was constructed using
MEGA 5.0 software to analyse the evolutionary relation-
ships among the ERF subfamily proteins from grapevine
and Arabidopsis.

Subcellular localisation

The VqERF 114 and VgMYB35 CDSs without the stop codon
were amplified and cloned into the Kpnl-Xbal sites of the
CaMV35S-GFP vector. The fusion construct was mobilised
into the GV3101 strain of Agrobacterium tumefaciens and
then transferred into tobacco leaves. Overnight grown bacte-
rial cells were pelleted by centrifugation, resuspended with
infiltration buffer (10 mM MES pH 5.8, 10 mM MgCl,,
200 pM acetosyringone) and incubated at 28 °C for 3 h.
Tobacco leaves were transiently infiltrated with GV3101 car-
rying either the fusion construct or the control (CaMV35S-
GFP), and then cultured in a growth chamber for 48 h. GFP

fluorescence was visualised under a Zeiss confocal micro-
scope LSM510 (Xie and Wang 2016).

Transcriptional activation assay in yeast

The full length of VqQERF114 was amplified and inserted
into the pGBKT?7 vector (Clontech). The recombinant vector
and the empty control vector (pGBKT7) were transferred
into the yeast strain Y2HGold. In this assay, pPGBKT7-53
vector co-transformed with pGADT7-T vector acted as
positive control and pGBKT7-Lam vector co-transformed
with pGADT7-T vector acted as negative control. The
transformants were grown on SD/-Trp medium at 30 °C for
3-5 days. The yeast transformants were spotted on plates
containing two media types: SD/-Trp + X-a-Gal and SD/-
Trp + X-a-Gal 4+ Aureobasidin A (200 ng mL™"). The trans-
activation activity was assessed by observing the growth of
the yeast cells 2 days later.

Transient overexpression assay of VqERF114
and VgMYB35 in grapevine leaves

The A. tumefaciens GV3101-containing vector expressing
VgERF114-GFP and VgMYB35-GFP fusion genes under
the CaM V35S promoter was applied in the Agrobacterium-
mediated transient assay. This assay was carried out as previ-
ously described by Xu et al. (2010) with minor modification.
Leaves of V. quinquangularis accession ‘Danfeng-2’ were
harvested 2 days after the treatment for quantitative RT-PCR
and HPLC analysis.

gRT-PCR analysis

Agro-infiltrated leaves were collected to extract total RNA
and 1 pg purified RNA was reversely transcribed into cDNA.
Synthetic cDNA was diluted tenfold and used as template
for qRT-PCR analysis. The PCR mix (20 pL) contained 10
pL of SYBR (novoprotein), 10 pM each primer, 1 pL of
cDNA and sterile water. Three-step qRT-PCRs were car-
ried out using the following procedure: 95 °C for 3 min,
followed by 45 cycles of denaturation at 95 °C for 10 s,
annealing at 60 °C for 15 s, extension at 72 °C for 15 s and
a melt cycle with 0.5 °C increments (5 s) from 60 to 95 °C.
Each experiment was carried out with three biological rep-
licates, and three technical replicates were analysed for each
biological sample. The expression of grapevine GAPDH
was used to normalise gene transcript levels. The qRT-
PCR primers of VgERF114, VgqMYB35, PAL, STS, RSGT,
VgSTS15, VgSTS28, VgSTS42/46 and GAPDH are described
in Table S1.
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Analysis of stilbene in grapevine leaves using HPLC

HPLC analysis of stilbene was carried out on an HPLC
device (Waters) equipped with an Agilent Zorbax SB-C
column (5 pm, 4.6 X250 mm). Grapevine leaves harvested
from transient expression assay were dried under vacuum for
24 h and then extracted by adding methanol (HPLC grade,
50 mL g~!) at 4 °C overnight. The extracts were filtered
through a 0.22 pm membrane filter and analysed in an HPLC
system. Chromatographic separation was carried out using
a solvent system of ultrapure water and acetonitrile accord-
ing to the procedure described in Xu et al. (2011). Stilbene
level, expressed as pug g~ dry weight, is the average of three
replicates for each independent sample.

GUS activity assay

Three tandem copies of GCC-box were inserted into
pC0380-GUS vector and fused with GUS reporter. pGCC-
GUS was co-expressed with CaMV35S-VqERF114 in
leaves of V. vinifera L. cv. Thompson seedless using Agro-
bacterium-mediated transient transformation. pMini35S-
GUS, pGCC-GUS and pMini35S-GUS co-expressed with
CaMV35S-VqERF114 served as controls. Grapevine leaves
were collected for GUS staining and protein determination
after culture for 2 days. The GUS activity assay was carried
out according to the method described in Xu et al. (2010).

Yeast two-hybrid assay

The interaction between VqQERF114 and VqMYB35 was
investigated using the Matchmaker™ Gold Yeast Two-
Hybrid System (Clontech). The VgERF114 sequence was
cloned into the pGBKT7 (BD) vector and the VgMYB35
sequence was cloned into the pGADT7 (AD) vector. BD
and AD vectors were co-transferred into the yeast strain
Y2HGold. Transformed cells were spread onto the follow-
ing plates: SD/-Leu/-Trp medium and SD/-Ade/-His/-Leu/-
Trp + X-a-Gal + AbA (400 ng mL~") medium. The positive
control and the negative control were the same as in the
transcriptional activation assay.

Bimolecular fluorescence complementation assays

For the bimolecular fluorescence complementation (BiFC)
assays, the coding sequences of VgERF114 and VgMYB35
without the stop codon were cloned into the pSPYNE and
pSPYCE vectors, respectively. Tobacco protoplasts were
co-transformed with the various plasmids using the poly-
ethylene glycol (PEG) method (Yu et al. 2013). Protoplasts
were cultured at room temperature for 24 h in the dark and
observed using a Zeiss confocal microscope LSM510.
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Promoter analysis

Genomic DNA of grape berries or leaves was isolated using
the method of Xu et al. (2010). The promoters of the stil-
bene synthase genes (VgSTSs) were amplified using prim-
ers (Table S1) according to the homologous sequences.
The Plant-CARE database was used to predict conserved
cis-element motifs presented in each promoter (http://bioin
formatics.psb.ugent.be/webtools/plantcare/html/).

Dual-luciferase assays

Dual-luciferase assays were carried out to measure transacti-
vation activities of VqQERF114 and VqgM YB35 on the target
promoter. The full-length cDNA of VgERF114 or VgMYB35
was inserted into pGreenll 62-SK vector and the promoters
of VgSTSs were cloned into pGreenll 0800-LUC vector. All
constructs were individually electroporated into Agrobacte-
rium GV3101 and expressed transiently in tobacco leaves by
A. tumefaciens-mediated infiltration. Agrobacterium cultures
were resuspended with infiltration buffer to an ODg, of 0.4.
The binding activity of the TFs on the promoter was assayed
3 days after infiltration and assessed by the ratio of enzyme
activities of Firefly luciferase (LUC) and Renilla luciferase
(REN) using Dual Luciferase Reporter Gene Assay Kit
(Beyotime). The A. tumefaciens culture of TF (900 pL) was
mixed with promoter (100 pL) to test the activity of a special
TF on the promoter. The LUC/REN value of the empty vec-
tor 62-SK on the promoter was set as 1, as a calibrator. To
determine the combined effect of two TFs on the promoter,
450 pL of each TF was mixed with 100 pL of promoter. The
effect of the mixtures which contained each TF (450 pL)
and empty vector 62-SK (450 pL) was also tested on the
promoter as control. For each interaction between TF and
promoter, three independent experiments were carried out,
with three replicates in each experiment.

Yeast one-hybrid assay

The Matchmaker™ Gold Yeast One-Hybrid System (Clon-
tech) was used to carry out the Y1H assay. Three tan-
dem copies of GCC-box and the promoters of VgSTS15,
VqSTS28, VgSTS42 and VgSTS46 were inserted into pAbAi
vector to build the pAbAi-bait and the constructs were inte-
grated separately into the genome of the Y1HGold yeast
strain. The core sequence of MBS element in the promoters
of VgSTS15, VgSTS28, VgSTS42 and VgSTS46 was mutated
from CAGTTA to AAAAAA. The full length of VqMYB35
was cloned into pGADT?7 to build the AD-prey vector. The
minimal inhibitory concentrations of Aureobasidin A (AbA)
for the bait strains were tested according to the system user
manual. The AD-prey vectors were transferred into the bait
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strain and grown on SD/-Leu/AbA plate to confirm the inter-
action between TF and promoter.
Results

Identification and molecular characterisation
of VqERF114

The cDNA clone of VqQERF114 consists of a 1266 bp
OREF predicted to encode a protein of 421 amino acids. Its
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Fig.1 Sequence alignment analysis, phylogenetic analysis and
molecular characterisation of VqERF114. a Sequence alignment
of the deduced VqERF114 protein with other ERF proteins includ-
ing VVERF114 (Gene ID: VIT_18s0072g00260) and AtABR1 (Gene
ID: AT5G64750). The consensus sequence is shown in black and
the solid black line indicates the conserved AP2/ERF DNA-binding
domain. Dashes show gaps in the alignment. b The phylogenetic anal-
ysis of VQERF114 and ERF subfamily proteins from Vitis vinifera
and Arabidopsis thaliana. Multiple sequence alignment was carried
out using ClustalW and the phylogenetic tree was constructed with
MEGA 5.0 using a bootstrap test of phylogeny with the neighbour-
joining method. ¢ Subcellular localisation of VqQERF114 in tobacco

predicted molecular weight and isoelectric point (pl) are
44.48 kDa and 6.526, respectively. There are 73 predicted
ERF subfamily proteins in grapevine and 65 in Arabidop-
sis (Zhuang et al. 2009). Amino acid alignments show that
VqERF114 contains a single AP2 DNA-binding domain,
containing 58 amino acids from 201 to 258 aa. VqERF114
shows very high similarity to VVERF114 in V. vinifera
(99% identity) (Fig. 1a). To determine the classification
of VqQERF114, a phylogenetic tree was built using the
neighbour-joining method. This shows that VqQERF114 is
closely related to VVERF114 and that both belong to the
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with a confocal microscope. Bars 50 pm. d Transcriptional activation
of V@QERF114 in yeast cells. The coding region of VqQERF114 was
cloned into the pGBKT7 (BD) vector to build the BD-VqERF114
construct. BD-VqERF114 together with the positive control
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3-5 days. Transcription activation was monitored according to the
growth status of yeast cells and the X-a-Gal assay
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ERF subfamily group B-4 (Fig. 1b). VQERF114 and green
fluorescent protein (GFP) fusion construct were transiently
expressed in tobacco leaves to determine the subcellular
localisation of VqQERF114. The signal of VqERF114-GFP
was found exclusively in the nuclei of the epidermal cells
whereas the GFP fluorescence in the control was observed
throughout the cells (Fig. 1c). To test the transcriptional
activity of VqQERF114, pGBKT7-VqERF114 construct was
produced and transferred into Y2HGold yeast cells. As with
the positive control, yeast cells expressing VqERF114 grew
well on SD/-Trp plates and showed AbA resistance (Fig. 1d),
indicating that VQERF114 possesses transactivation ability
in yeast cells. These results demonstrate that VqQERF114
protein is nuclear localised, consistent with its putative role
as a transcription factor.

Transient overexpression of VgERF114 in grapevine
leaves

The expression of VgERF114 in infiltrated leaves was ana-
lysed using qRT-PCR 2 days after infiltration. The results
show that the transcript levels were very much higher (8.9-
fold) in VqERF114 overexpressed leaves than in the empty
vector (EV) controls (Fig. 2a), confirming that VgERF114
was successfully overexpressed. The expressions of PAL and
STSs were examined in the same leaves, and the transcript
abundances were also increased by 5.6-fold and 10.9-fold,
respectively (Fig. 2a). However, the transcript level of RSGT
in the VgERF I 14-overexpressing leaves showed no signifi-
cant difference from in the control EV (Fig. 2a). The stilbene
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Fig.2 Transient overexpression of VgERFI114 in grapevine leaves.
a Relative expressions of VgERFI114, PAL, STSs and RSGT in
VgERF114 overexpressed grapevine leaves 2 days after infiltration.
The expression was calculated relative to the average value in empty
vector (EV) control leaves (set as 1). EV represents grapevine leaves
treated with bacterial suspension carrying empty vector (CaMV35S-
GFP). The GAPDH gene was used as internal control. Error bars indi-
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RSGT

levels in the transformed grapevine leaves were measured
by HPLC. As shown in Fig. 2b, the contents of trans-res-
veratrol and frans-piceid increased after VgERF114 was
overexpressed. Taken together, these results indicate that
VqERF114 promotes the transcription of S7'Ss and stilbene
synthesis.

VqERF114 binds to GCC-box element

Proteins of the ERF subfamily specifically bind to an
AGCCGCC element, called GCC-box, present in the pro-
moters of genes (Ohme-Takagi and Shinshi 1995). Three
tandem copies of GCC-box were inserted into pC0380-
GUS vector and fused with GUS reporter. pGCC-GUS
was co-expressed with CaMV35S-VqERF114 in grape-
vine leaves using Agrobacterium-mediated transient
transformation. In GUS histochemical staining, no GUS
activity was observed in pMini35S-GUS, pGCC-GUS or
in pMini35S-GUS + CaMV35S-VqERF114. However,
obvious GUS activity was observed in leaves co-infil-
trated with pGCC-GUS and CaMV35S-GUS. The same
result was obtained in the GUS protein determination
assay. GUS activity appeared higher when pGCC-GUS
co-expressed with CaMV35S-VqERF114 than in the
control (Fig. 3a). Three tandem copies of GCC-box were
inserted into pAbAi vector and transferred into Y 1HGold.
A yeast one-hybrid assay was carried out to confirm that
VqERF114 binds specifically to the GCC-box element
(Fig. 3b). It has been reported that the STS multigenic
family contains 48 members and 33 members encoding
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cate the SD from three independent experiments. b Concentrations of
trans-resveratrol and trans-piceid in VgERF 114 overexpressed grape-
vine leaves. The stilbene level, expressed as pg ¢! dry weight, is the
average of three replicates for each independent sample. Statistical
significance was determined by Student’s two-tailed ¢ test (*P <0.05;
**P<0.01)



Plant Cell Reports (2019) 38:1347-1360

1353

pMini35S-GUS

pGCC-GUS

mg™ protein)

o
PMini3SS-GUS  pMini3SS-GUS  pGCC-GUS

CaMV3SS-VQERF114

pMini35S-GUS
+
CaMV35S-VqERF114

pGCC-GUS
+

CaMV35S-VqERF114

PGCC-GUS

CaMV3SS-VQERF114

+3 X GCC-box-pAbAi

provqSTS9
provqSTS15

provqSTS27

-1481bp —@ ATG

-1520bp @ ATG

921 bp d—— ATG

b 3 X GCC-box

-pADbAi pGADT7 VqERFI114
EFl | A |
SD/-Ura SD/-Leu | i i
ERGT SRR
SD/-Ura SD/-Leu L‘{;’:{‘x ]
B |
+AbA +AbA L%_ Ea, j

Fig.3 Transcription factor VqQERF114 binds directly to GCC-box
element. a GUS activity assay in transiently transformed grape-
vine leaves. Three tandem copies of GCC-box were inserted into
pC0380-GUS vector and fused with GUS reporter. pPGCC-GUS was
co-expressed with CaMV35S-VqERF114 using Agrobacterium-
mediated transient transformation. pMini35S-GUS, pGCC-GUS and
pMini35S-GUS co-expressed with CaMV35S-VqERF114 served as
controls. Grapevine leaves were collected for GUS staining and pro-
tein determination after culture for 2 days. Statistical significance was

complete ORFs (Vannozzi et al. 2012). Promoters of 13
full-length coding VgSTSs were amplified based on the
homologous sequences, and the Plant-CARE database
was used to predict the conserved cis-element motifs in
each promoter. However, analysis of cis-element motifs
indicates that promoters of these 13 VgSTSs had no GCC-
box, but contained the MRE or MBS element, which can
be recognised by MYB TFs (Fig. 3¢). This led us to spec-
ulate that VQERF114 activates the expression of STSs
which may occur via a transcription complex involving
an additional (as yet unknown) regulator that can bind
directly to the promoters of VgSTSs, such as MYB TFs.

provqSTS28 1270 bp 4p————— ATG
provqSTS29 -920 bp —l— ATG
provqSTS31 -930bp —————4pA ATG
provqSTS35 -942 bp —.— ATG
provqSTS37 -1137bp —‘—’—’—l- ATG
provqSTS39 -1342bp —‘— ATG
provqSTS42  -1530bp 4 ATG
provVqSTS43 -1044bp ———JF ATG
provqSTS46  -1520bp —@ ATG
provqSTS48 -1020bp ———J} ATG
. MRE element MBS element
(AACCTAA) (CAGTTA)

A MBS element . MBS element
(CAACTG) (TGACCG)

determined by Student’s two-tailed ¢ test (**P<0.01). b Yeast one-
hybrid assay of the interaction between VqQERF114 and GCC-box.
Three tandem copies of GCC-box were inserted into pAbAi vector.
3x GCC-box-pAbAi vector was transferred into yeast Y1HGold
strain and interaction was confirmed on an SD/-Leu+ AbA medium.
¢ Cis-element motifs presented in each STS promoter are showed by
different shapes. None of the promoters of VgSTSs contain the GCC-
box element and 13 S7S promoters contain MRE or MBS element
which can be recognised by the MYB transcription factor

Identification of VqMYB35 as a VqERF114
interacting protein

It has been reported that the R2R3-MYB TFs VvMYB14
and VVMYBI1S5 can regulate the expression of ST in grape-
vine (Holl et al. 2013). All MYB TFs co-expressed with
STS according to our previous study were amplified and
cloned into pGADT?7 vector. The yeast two-hybrid sys-
tem was carried out to confirm the potential interactions
between VqQERF114 and VgMYBs co-expressed with STS
(data not shown). Among all VqMYBs, one MYB was
found to interact with VqQERF114, showing 98% amino acid
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Fig.4 VqERF114 interacts with the R2R3-MYB transcription fac-
tor VgMYB35 and positively regulates its expression. a Interaction
of VqQERF114 with VgMYB35 in yeast two-hybrid assay. pPGADT7-
VgMYB35 and pGBKT7-VqERF114 plasmids were co-transferred
into yeast Y2H Gold cells. The empty pGADT7 vector co-trans-
formed with pGBKT7-VqERF114 was used as control. Transformed
cells were spread onto the SD/-Ade/-His/-Leu/-Trp + X-a-Gal + AbA
medium for the confirmation assay. b BiFC assays were carried out
to confirm the interaction between VqERF114 and VqQMYB35 in

identity with VVMYB35 (Gene ID: VIT_14s0066g02180).
This was designated VqMYB35. However, VqQERF114
could not interact with VqMYB14 or VqMYBI15 (Fig. 4a).
A BiFC assay was carried out using a tobacco protoplast
transient expression system to further confirm the interac-
tion between VQERF114 and VqMYB35. Fluorescence was
observed in the nuclei only when pSPYNE-VqERF114 was
co-expressed with pSPYCE-VgM YB35, while negative con-
trols produced no detectable fluorescence (Fig. 4b). Over-
expression of VgERF 114 could enhance the transcription
of VgMYB35 as it has been proven via qRT-PCR analysis
(Fig. 4c). These results suggest that VqERF114 interacts
with VgQMYB35 in planta and positively regulates the tran-
scription of VgMYB35.

VgMYB35 activates the expressions of VqSTSs
by directly targeting their promoters

Analysis of cis-element motifs indicates that there were 13
promoters of VgSTSs containing MRE or MBS elements,
which can be recognised by MYB transcription factor
(Fig. 3¢c). Dual-luciferase assays were carried out in tobacco
leaves to detect the effects of VgMYB35 on the promoter
expression of 13 VgSTSs. VgSTSs promoters were inserted
into the pGreenll 0800-LUC vector and co-infiltrated into
tobacco leaves with VqMYB35 (Fig. 5a). As illustrated in
Fig. 5b, VQMYB35 showed a significant activation effect
on the VgSTS15, VgSTS28, VqSTS42 and VgSTS46 pro-
moters, while the remaining members showed very limited
effects. In qRT-PCR analyses, the transcripts of VgMYB35,
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tobacco protoplasts. Plasmids carrying pSPYNE-VQERF114 and
pSPYCE-VqMYB35 were transferred into protoplasts with the com-
binations indicated. Bars 10 pm. ¢ Overexpression of VgERFI14
increased the transcript of VgMYB35. The expression of VgMYB35
was calculated using qRT-PCR. The GAPDH gene was used as inter-
nal control. Error bars indicate the SD from three independent experi-
ments. Statistical significance was determined by Student’s two-tailed
t test (*P <0.05)

VGERF114, VqSTSs, VgSTS15, VgSTS28 and VgSTS42/46
were increased in VgMYB35-overexpressing grapevine
leaves compared with the EV control (Fig. 5c). This con-
firms that VgMYB35 positively regulates the transcription
of VqERF114. Subcellular localisation analysis revealed that
VgMYB35 is also localised in the nuclei (Fig. 5d). Analy-
sis of conserved cis-element motifs demonstrates that these
four promoters contain single MBS element (Fig. 6a). The
yeast one-hybrid assay confirmed that VqM YB35 can bind
directly to the VgSTS15, VgSTS28, VqSTS42 and VgSTS46
promoters (Fig. 6b). However, the binding activity disap-
peared when the MBS core sequence CAGTTA was mutated
to AAAAAA (mMBS) (Fig. 6¢). These results illustrate
that the MBS element in the VgSTS15, VgSTS28, VgSTS42
and VgSTS46 promoters can be recognised by VqMYB35.
This indicates that VqMYB35 activates the expressions of
VgSTSs by directly targeting their promoters via the MBS
element.

VqERF114 is an indirect regulator of VqSTSs
by cooperating with VqMYB35

When the combined effects of VqQERF114 and VqM YB35
were analysed in the dual-luciferase assays, at least a syn-
ergistic 3.5-fold activation of the VgSTSI5, VgSTS28,
VqSTS42 and VgSTS46 promoters was observed, compared
with the activation by either VQERF114 or VqMYB35,
which alone promoted trans-activation at most 1.3- and
2-fold, respectively (Fig. 7a). Additionally, transient overex-
pression of both genes (VGERF114/VgMYB35) in grapevine
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Fig.5 VgMYB35 is localised in the nucleus and activates the
expressions of VgSTS15, VgSTS28, VgSTS42 and VgSTS46. a Dia-
grams of the reporter and effector vectors used in dual-luciferase
assays. b VqQMYB35 activates the promoters of VgSTS15, VgSTS28,
VqSTS42 and VgSTS46 in dual-luciferase assays. The LUC/REN
value of the empty vector 62-SK on each promoter was set as 1, as
a calibrator. Each value represents the mean+SD of three inde-
pendent experiments, with three replicates in each experiment. Sta-
tistical significance was determined by Student’s two-tailed ¢ test
(*P<0.05). ¢ Overexpression of VgMYB35 promotes the expres-
sions of VgERF114, VgSTSs, VqSTS15, VqSTS28 and VqSTS42/46.

leaves resulted in higher expressions of VgSTSs, VgSTS15,
VgSTS28 and VgqSTS42/46 transcripts (Fig. 7b) and higher
stilbene synthesis (Fig. 7c) than overexpression of either
VgqERF114 or VgqMYB35. These results indicate that the
VqERF114-Vg@MYB35 transcription complex regulates
stilbene synthesis by activating the expressions of VgSTS15,
VgSTS28, VgSTS42 and VgSTS46.

Discussion

AP2/ERF TFs exist widely in the plant kingdom. These pro-
teins play role in the regulation of primary and secondary
metabolism, responses to environmental stimuli and in the
processes of growth and development. The participation of
ERF TFs in the control of secondary metabolism derives
mostly from plants producing metabolites for pharmaceutical

CaMV term

prolgSTSs-LUC I| C-Mv35s>| REN | ]| pml}/.\"l'.\‘.\>-D|
RB

b SK
N VMYB3S

Relative value of LUC/REN

VqMYB35 3
-GFP

The expression was calculated relative to the average value in empty
vector (EV) control leaves (set as 1). EV represents grapevine leaves
treated with bacterial suspension carrying empty vector (CaMV35S-
GFP). The GAPDH gene was used as internal control. Error bars
indicate the SD from three independent experiments. Statistical sig-
nificance was determined by Student’s two-tailed ¢ test (*P <0.05;
*#P<0.01). d Subcellular localisation of VgQMYB35 in tobacco
leaves. The fusion protein (VqQMYB35-GFP) and GFP control were
transiently expressed in Nicotiana benthamiana leaves by Agrobac-
terium tumefaciens strain GV3101. GFP fluorescence was observed
with a confocal microscope. Bars 50 pm

application (Licausi et al. 2013). For example, ORCA?2 and
ORCA3 in Catharanthus roseus regulate the expression of
strictosidine synthase, and participate in the synthesis of ter-
penoid indole alkaloids (Van Der Fits and Memelink 2001).
In tobacco, the AP2/ERF factor ORC1 is characterised as
regulating the nicotine synthesis (De Boer et al. 2011). The
expression of artemisin synthetic genes is controlled by
AaERF1 and AaERF2 in Artemisia annua (Yu et al. 2012).
Moreover, TcERF12 and TcERF15 regulate taxol synthe-
sis in Taxus chinensis, by acting as repressor and activa-
tor, respectively, of the tasy gene (Zhang et al. 2015). In
Newhall sweet orange (Citrus sinensis Osbeck), CitERF71
can regulate the synthesis of E-geraniol by binding directly
with the CitTPS16 promoter (Li et al. 2017). The production
of phenolic acids is positively regulated by SmERF115 in
Salvia miltiorrhiza (Sun et al. 2019), while MAERF1B con-
trols anthocyanin and proanthocyanidin synthesis in apple
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Fig.6 VgMYB35 directly targets the promoters of VgSTSI5,
VgSTS28, VgSTS42 and VgSTS46 by binding to the MBS element.
a Schematic representation of promoter structure of four ST'S genes.
Black diamonds indicate MBS element (CAGTTA) and white dia-
monds indicate mutant MBS element (AAAAAA). b Yeast one-
hybrid assay of the interaction between VqgMYB35 and four STS

(Zhang et al. 2018a). In grapevine, resveratrol is a major
secondary metabolite that plays important role in pathogen
resistance. To identify new regulators of secondary metabo-
lism in grapevine, multi-omics studies incorporating systems
biological approaches have been carried out by Wong and
Matus (2017). The phenylpropanoid regulatory network
in the grape berry was generated, and positive co-expres-
sion correlations between AP2/ERF TFs and STS genes
were demonstrated (Wong and Matus 2017). Furthermore,
VVERF114, the homologue of VqQERF114 in V. vinifera, is
identified as part of the grapevine STS regulatory network
(Wong et al. 2016). Vannozzi et al. (2018) integrated two
subnetworks built from RNA-Seq data and microarray, and
obtained the gene co-expression network (GCN) of grape-
vine TFs and STS. In this GCN, VvVERF114 was also highly
represented in the microarray interaction module (Vannozzi
et al. 2018). As shown in Fig. 2, VqQERF114 positively co-
expressed with STS and facilitated the accumulation of
stilbene. Our own experimental results further confirm the
GCN of grapevine STS and VqERF114. Proteins of the ERF
subfamily specifically bind to the GCC-box element, which
is often found in the promoters of genes (Ohme-Takagi and
Shinshi 1995). However, none of the promoters of VgSTSs
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promoters. ¢ Yeast one-hybrid assay of the interaction between
VgMYB35 and four mutant STS promoters. The minimal inhibitory
concentrations of Aureobasidin A (AbA) for the bait strains were
tested on SD/-Ura medium in the presence of AbA and interaction
was confirmed on SD/-Leu medium in the presence of AbA

contain the GCC-box element (Fig. 3c). This result led us
to speculate that VQERF114 may regulate the expression of
VgSTSs in an indirect manner, rather than directly binding
to the promoters of VgSTSs.

Recently, an increasing number of TFs have been iden-
tified as being involved in the regulation of STS expres-
sion in grapevine. Members of R2ZR3-MYB TFs, such as
VvMYB13, VVMYB14 and VVMYB15, have been charac-
terised as regulators of stilbene synthesis (H6ll et al. 2013;
Fang et al. 2014; Wong et al. 2016). Besides MYB TFs,
some WRKY TFs have been identified as involved in control
of the stilbene synthetic pathway. For example, VVWRKY24
seems to be the sole activator of the VvSTS29 promoter
and VVWRKY3 functions through a combined effect with
VvMYB14 (Vannozzi et al. 2018). Moreover, VVWRKY8
represses the expressions of VvSTS15 and VvSTS21 through
direct interaction with VVMYB14 (Jiang et al. 2018). With
the increasing numbers of TFs identified as regulators of ST'S
genes, the regulatory network of stilbene synthesis in the
grapevine is becoming increasingly clear. Here, VqMYB35
is demonstrated to activate the expressions of VgSTS15,
VgSTS28, VgSTS42 and VgSTS46 by directly targeting the
MBS element in their promoters (Figs. 5, 6). In Arabidopsis,
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Fig.7 Combined effects of VqQERF114/VgMYB35 on the promoter
activation of VgSTSs, the STS expression and stilbene synthesis. a
VqERF114 co-expressed with VQMYB35 in dual-luciferase assays
shows more significant activation of four STS promoters. The LUC/
REN value of the empty vector 62-SK on each promoter was set as
1, as a calibrator. Each value represents the mean =+ SD of three inde-
pendent experiments, with three replicates in each experiment. b
qRT-PCR analysis of combined effects of VqERF114/VqMYB35

AtMYB35 (TDF1) is identified as playing a key role in anther
development and in tapetal function for microspore mat-
uration (Dubos et al. 2010; Zhu et al. 2010). Meanwhile,
AoMYB35 is a candidate for the sex-determining genes
in Asparagus officinalis (Tsugama et al. 2017). Our study
discovers a novel function for VqMYB35 in regulating the
expression of STS genes in grapevine.

Transcriptional regulation by TFs is a complex process
and most plant TFs play a role in a combined manner. The
TFs can bind to DNA and regulate the expression of the
corresponding gene or cooperate by protein—protein inter-
actions by forming protein complexes (Bemer et al. 2017).
A meaningful number of interfamily TF interactions have
recently been recognised. These help us to explore specific
and dynamic gene expression. Cross-family TF interac-
tions between AP2/ERF and MYB have been identified
by employing the publicly available BioGRID database
(Bemer et al. 2017). In Chinese wild V. quinquangularis

T

trans-resveratrol trans-piceid

on the STS expression. The GAPDH gene was used as internal con-
trol. Error bars indicate the SD from three independent experiments.
¢ Combined effects of VqQERF114/VgMYB35 on the synthesis of
trans-resveratrol and trans-piceid. The stilbene level, expressed as
pg g~! dry weight, was the average of three replicates for each inde-
pendent sample. Statistical significance was determined by Student’s
two-tailed ¢ test (¥*P <0.05; **P <0.01; ***P <0.001)

accession ‘Danfeng-2’, the interaction between VqERF114
and VqMYB35 was confirmed using the yeast two-hybrid
assay and the BiFC assay (Fig. 4). Moreover, VqERF114
and VgMYB35 can positively regulate the transcription
of one another (Figs. 4c, 5¢). Recent research has pro-
vided evidence for interactions between ERF and MYB
TFs in regulating secondary metabolism. In pear, PyYERF3
is reported to interact with PyMYB114 to regulate fruit
anthocyanin synthesis (Yao et al. 2017), while Pp4ERF24
and Pp12ERF96 can interact with PpMYB114 to control
fruit coloration (Ni et al. 2019). Besides fruit colour, the
ERF-MYB transcription complex can also affect fruit
fragrance by controlling the synthesis of volatile com-
pounds. For example, FAERF9 and FaMYB98 can form
transcription complex to activate the expression of qui-
none oxidoreductase and enhance furaneol synthesis in
strawberry (Zhang et al. 2018b). It has been demonstrated
that VqQERF114 can interact with VqMYB35 (Fig. 4a, b)
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Fig. 8 Hypothetical model for
resveratrol synthesis regulated
by VqERF114/VgMYB35 tran-
scription complex. VqQERF114
interacts with VqMYB35 and
activates VgMYB35 transcrip-
tion. Meanwhile, VM YB35
increases the expression of
VgERF114. VgQMYB35 also
promotes the expressions of
VqSTS15, VqSTS28, VqSTS42

vamvess | N

and VgSTS46 by binding to the VqERF114
MBS element in their promot-
ers and increases resveratrol VqMYB35

synthesis. Hence, VqQERF114
indirectly regulates STS
expression and resveratrol
synthesis by interacting with
VgMYB35. Co-overexpression
of VgERF114 and VgMYB35
results in much higher accumu-
lations of ST transcripts and
stilbene

and V@QMYB35 can activate the expressions of VgSTS15,
VgSTS28, VgSTS42 and VgSTS46 by directly binding to
the MBS element in their promoters (Figs. 5, 6). These
findings allow us to speculate a regulatory mechanism
in which VqERF114 regulates STS expression and res-
veratrol production as part of a complex with VqMYB35.
As shown in Fig. 7, co-overexpression of VgERF114 and
VgMYB35 resulted in much higher accumulations of STS
transcripts and stilbene. These results provide evidence
that VQERF114 controls the expression of STS indirectly
by interacting with VqMYB35.

All the results presented here indicate that VQERF114
participates indirectly in stilbene synthesis by interact-
ing with VqMYB35, and VqMYB35 then enhances the
expressions of VgSTS15, VgSTS28, VqSTS42 and VgSTS46
by targeting their promoters. These results confirm this,
previously uncharacterised, regulatory model of STS
expression which is regulated by ERF transcription factor
(Fig. 8). This work offers new ideas regarding the complex
regulatory network controlling the synthesis of stilbene.
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