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Abstract

Main conclusion Stilbene synthase (STS) and its metabolic products are accumulated in senescing grapevine leaves.
Ectopic expression of VpSTS29 in Arabidopsis shows the presence of VpSTS29 in oil bodies and increases trans-piceid
in developing leaves.

Stilbenes are the natural antimicrobial phytoalexins that are synthesised via the phenylpropanoid pathway. STS is the key
enzyme catalysing the production of stilbenes. We have previously reported that the VpSTS29 gene plays an important role
in powdery mildew resistance in Vitis pseudoreticulata. However, the synthesis and accumulation of these stilbene products
in plant cells remain unclear. Here, we demonstrate that VpSTS29 is present in cytosolic oil bodies and can be transported
into the vacuole at particular plant-developmental stages. Western blot and high-performance liquid chromatography showed
that STS and frans-piceid accumulated in senescent grape leaves and in pVpSTS29::VpSTS29-expressing Arabidopsis during
age-dependent leaf senescence. Subcellular localisation analyses indicated VpSTS29-GFP was present in the cytoplasm and
in STS-containing bodies in Arabidopsis. Nile red staining, co-localisation and immunohistochemistry analyses of leaves
confirmed that the STS-containing bodies were oil bodies and that these moved randomly in the cytoplasm and vacuole.
Detection of protein profiles revealed that no free GFP was detected in the pVpSTS29::VpSTS29-GFP-expressing protoplasts
or in Arabidopsis during the dark-light cycle, demonstrating that GFP fluorescence distributed in the STS-containing bodies
and vacuole was the VpSTS29-GFP fusion protein. Intriguingly, in comparison to the controls, over-expression of VpSTS29
in Arabidopsis resulted in relatively high levels of trans-piceid, chlorophyll content and of photochemical efficiency accom-
panied by delayed leaf senescence. These results provide exciting new insights into the subcellular localisation of STS in
plant cells and information about stilbene synthesis and storage.
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metabolites to strengthen their defences against various
stresses (Dixon 2001). Stilbene phytoalexins are second-
ary metabolites that are rapidly accumulated in response to
biotic and abiotic stresses, such as pathogen infection and
UV irradiation (Dercks and Creasy 1989; Hammerbacher
et al. 2011; Suzuki et al. 2015; Hain et al. 1993). Resveratrol
and its derivatives, which are synthesised via the phenyl-
propanoid pathway, were first extracted and identified from
the Vitaceae by Langcake and Pryce (1976). However, lit-
tle information is available on their synthesis and potential
functions in plant growth and development.

L-Phenylalanine, the entry point from the shikimate
pathway to the phenylpropanoid pathway, was previously
reported to be synthesised in chloroplasts (Jung and Jensen
1986; Rippert et al. 2009). Studies on subcellular localiza-
tions have also documented that the downstream products
in this metabolic channelling seem to shift from the chloro-
plasts to the endoplasmic reticulum (ER) (Jgrgensen et al.
2005). Phenylalanine ammonia lyase isoform 1 (PALI) is
localised to the ER but another isoform PAL?2 is recruited
from the cytosol to the ER when co-localised with the ER-
localised cinnamate 4-hydroxylase (C4H) in transgenic
tobacco (Ro et al. 2001; Achnine et al. 2004). Next, 4-cou-
marate: CoA ligases (4CLs), catalyse the third step of the
phenylpropanoid pathway, showing distinct roles in the
downstream branch pathways; especially 4CLI which is
localised near to the ER and contributes to the total enzy-
matic activity (Bassard and Werck-Reichhart 2012). These
previous findings support the model that ER-associated
multi-enzyme complexes comprising the first three enzymes
of the phenylpropanoid pathway, coordinate the metabolic
channelling (Winkel 2004) and different metabolons are
organised by different 4-coumarate: CoA Ligase isoforms
(Ehlting et al. 1999; Li et al. 2015).

The forth step is catalysed either by stilbene synthase
(STS) or chalcone synthase (CHS), which are two related
polyketide synthases using one p-coumaroyl-CoA and
three malonyl-CoA as substrates (Ferrer et al. 1999; Fritz
and Klaus 1975; Tropf et al. 1994). STSs, the key enzymes
catalysing the production of the stilbene backbone, belong
to a multigene family, which was previously reported to
possess 48 members in Vitis vinifera (Parage et al. 2012;
Vannozzi et al. 2012). At least nine S7S members have been
experimentally identified with functional enzymatic activi-
ties (Parage et al. 2012). Although these functional members
were reported, the dynamic subcellular distributions of the
STSs in response to environmental stimulus are still unclear.

Immune-histochemical and immunogold electron-micro-
scope techniques have been used to determine the distribu-
tion of STSs in vivo (Fornara et al. 2008). The STS signal
was found to be present in the five selected organs of V.
vinifera cv. Cabernet Sauvignon, and immunogold particles
labelled in the cytoplasm and cell walls with special cases
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that some particles are also located in the vacuoles of the
roots, the chloroplasts of the stem and the nuclei and chlo-
roplasts of the leaf (Wang et al. 2010). The STS protein is
also present throughout the development of the grape berry
(Pan et al. 2009) and predominantly enriched in the exocarp
(Fornara et al. 2008). Further studies demonstrated that STS
resides mainly in the cell wall and cytoplasm of the fruit skin
(Fornara et al. 2008; Pan et al. 2009). These multiple subcel-
lular locations of STS prompt us to explore the flow of STS
after their formation to their final destinations.

China is one of the centres of origin of Vitis plants with
plentiful wild germplasm resources (Wang et al. 1995).
Observation from several decades of field trails demon-
strated V. pseudoreticulata accession Baihe-35-1 is a germ-
plasm with a high degree of resistance to powdery mildew
(caused by the fungus Erysiphe necator). Several disease
resistance-related genes, including STS genes, have been iso-
lated and functionally validated, demonstrating that these
respond functionally to E. necator, salicylic acid, methyl
jasmonate, wounding and UV-C radiation (Jiao et al. 2016;
Yin et al. 2016; Xu et al. 2011). In particular, a STS gene
VpSTS29 (GenBank Accession: MF498770) from V. pseu-
doreticulata with a sequence variation (Ser-to-Phe) in the
conserved motif IPNSAGAIAGN had been shown to accu-
mulate stilbene compounds in response to stresses (Xu et al.
2010, 2011). In this study, we investigated the expression
profiles and subcellular distributions of VpSTS29 both in
grapevines and in transgenic Arabidopsis plants during age-
dependent and dark-induced senescence. Monitored by green
fluorescence protein, VpSTS29 was co-localised with orga-
nelle marker gene fused at the C-terminal of mCherry by the
Arabidopsis mesophyll protoplast transient gene expression
system. A time course confocal microscopy observation was
carried out to record the behaviour of VpSTS29 after its
location into STS-containing bodies. The final destination of
VpSTS29 was analysed by transmission electron microscopy
and immunohistochemistry during dark-promoted senes-
cence. We also investigated the delay of leaf senescence in
transgenic Arabidopsis over-expressing VpSTS29. The study
provides useful insight into the localisation of STS into oil
bodies and the potential destination for stilbene storage.

Materials and methods
Plant materials and growth conditions

One-year-old V. Vinifera cv. Thompson Seedless were trans-
planted to an environmental growth chamber and cultured
until each plant had 15 fully expanded leaves. For the dark
treatment, the plantlets were incubated for 8 days under dark
conditions starting from the end of an 8 h dark cycle. The
control was kept for 8 days at 25 °C under a 16/8 h light/
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dark photoperiod with illumination of 100 pmol m—2s~!. T3
transgenic Arabidopsis (CaMV35S-GFP, VpSTS29-OE and
pVpSTS29::VpSTS29-GFP) and Columbia ecotype Col-0
seeds were placed on wet filter paper and vernalised for
3 days at 4 °C in the dark. After incubation in the light for
2 days at 22 °C, seedlings were transferred to a soil mix at
22 °C under a 16/8 h light/dark photoperiod.

Expression of $TS29 in developing and senescing
leaves and generation of VpSTS29-OE
and pVpSTS529::VpSTS29-GFP transgenic Arabidopsis

Expression profiles of MYB13, MYBI4, MYB15 and STS29
in developing and senescing grapevine leaves were analysed
according to the datasets of Gene Expression Omnibus (no.
GSE36128). The primers STS29-F/R (Holl et al. 2013)
were used to quantify the total expression levels of STS25,
STS27, and STS29 in different leaf positions and after dark-
ness had been initiated. VvGAPDH (GenBank accession
No. EF192466) was used as a control. Quantitative real-
time PCR was carried out on three replicates using a SYBR
Green method and an 1Q5 real-time PCR detection system
(Bio-Rad).

The 1179 bp Kpn I-Bam H I full-length VpSTS29 was
amplified with cDNAs from V. pseudoreticulata Baihe 35-1
using the forward primer (5'-AGAACACGGGGGACGAGC
TCATGGCTTCAGTTGAGGAAATTAGAAACGATC-3')
and reverse primer (5-ACCATGGTGTCGACTCTAGAA
TTTGTAACCATAGGAATGCTATGCAACA-3") and then
inserted into the same restriction sites of vector pCAM-
BIA2300-CaMV35S-GFP to generate VpSTS29-GFP. The
CaMV35S of the vector VpSTS29-GFP was replaced by
the 1172 bp promoter region of VpSTS29 (Xu et al. 2011)
to generate pVpSTS29::VpSTS29-GFP. The vectors carry-
ing VpSTS29-GFP and pVpSTS29::VpSTS29-GFP were
introduced into Rhizobium radiobacter strain GV3101 and
then transformed into wild-type Arabidopsis Col-0 using
the floral dip method (Clough and Bent 1998) to generate
VpSTS29-OF and pVpSTS29::VpSTS29-GFP transgenic
Arabidopsis, respectively. The transgenic Arabidopsis lines
were identified by western blot using GFP antibodies and
grape STS antibodies, respectively. Three independent T3
transgenic plants were used for function analysis.

To construct the 35S-mCherry translational fusion pro-
tein, the coding sequence of mCherry was amplified from
pmCherry-N1 vector (Clontech, USA) using the forward
primer (5'-GCTCTAGAGTCGCCACCATGGTGAGCAA-
3") and reverse primer (5'-GGAGCTCAGATCTGGATC
CCCCGGGCTTGTACAGCTCGTCCATGCC-3"). The
coding sequence of mCherry was inserted into the vec-
tor pCAMBIA2300-35S-GFP between the Sal I and Pst
I restriction sites to replace the GFP to generate pCAM-
BIA2300-35S-mCherry (35S-mCherry). The open-reading

frame of the oil body marker CLO3 (Shimada et al. 2014)
was amplified from A. thaliana using the forward primer
(5'-ACGAGCTGTACAAGCCCGGGATGGCAGGAGAGG
CAGAGG-3') and the reverse primer (5'-GATCGGGGA
AATTCGAGCTCTTAGTCTTGTTTGCGAGAATTGGCC-
3") and cloned into the C-terminal of 35S-mcherry between
the Sma I and Sac 1 restriction sites to generate mCherry-
CLO3. All the constructs were sequenced.

Determination of stilbenes by high-performance
liquid chromatography

Leaves from the age-dependent- and dark-induced senescent
leaves of grapevine and transgenic Arabidopsis were dried
in a vacuum freeze drying chamber for 48 h in the dark and
extracted in methanol for another 24 h at 4 °C. The content
of trans-resveratrol, cis-piceid and trans-piceid were deter-
mined according to the method of Cheng et al. (2016).

Arabidopsis protoplast-transient assay and cell
imaging with laser scanning confocal microscopy

Isolation of protoplasts from the young or senescent leaves
of the pVpSTS29::VpSTS29-GFP transgenic Arabidopsis was
carried out according to the protocol of Yoo et al. (2007).
Prior to the isolation, aerial parts of the 4-week-old trans-
genic Arabidopsis plants were transferred to darkness for
7 days to induce leaf senescence (Shimada et al. 2014). For
the GFP/mcherry co-localisation experiments, 20 pg of plas-
mid DNA of mCherry-tagged oil body marker CLO3 genes
was transiently co-expressed in protoplasts isolated from
the young or senescent leaves of the transgenic A. thaliana
using PEG transformation assays. The protoplasts were then
cultured either at room temperature under normal light con-
ditions for 24 h or in darkness for 24 h. Cell imaging with
laser scanning confocal microscopy (LSCM) was carried
out with the Olympus FluoView™ FV1000 system. For the
time-lapse experiment, the co-localisation of VpSTS29-GFP
was imaged every 7 s to monitor the movement of VpSTS29-
GFP-labeled bodies in the cytoplasm.

For the GFP/Nile red co-localisation experiments, proto-
plasts were stained with Nile red (MP Biomedicals, USA)
according to the manufacturer’s instructions. For GFP/Nile
red/mCherry labelling (Thazar-Poulot et al. 2015), proto-
plasts were sequentially excited at 488 and 561 nm, and
emissions were recovered between 500 and 530 nm (GFP),
between 560 and 590 nm (Nile red) and between 595 and
630 nm (mCherry). Chloroplast autofluorescence was
excited at 630 nm and collected from 670 to 730 nm. Quan-
titative analysis of the co-localisation of oil bodies stained
with Nile red and labelled with VpSTS29-GFP was counted
from five fluorescence images. A total of 80 oil bodies were
examined. Quantitative analysis of the co-localisation of
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VpSTS29-GFP and mCherry-CLO3 were carried out in pro-
toplasts isolated from young and senescent leaves. A total
of 33 oil bodies in four confocal images from young leaves
and a total of 95 oil bodies in five confocal images from
senescent leaves were counted.

Transmission electron microscopy (TEM) analysis

To observe the ultrastructure change induced by darkness
for 4 days, the leaves of grapevine were collected and cut
into 1 X2 mm rectangles to prepare for ultrathin sectioning.
TEM analysis was carried out as previously described by
Xu et al. (2014).

Western blot and immunohistochemistry (IHC)
analysis

Protein extraction and concentration measurement were car-
ried out according to the method described by Kambiranda
et al. (2014). Grape STS antibodies were obtained according
to the conserved N terminus (aa 1-184) (Shanghai Immuno-
Gen Biological Technology Co., Ltd). Samples (30 pg) of
total protein were subjected to denaturing SDS-PAGE and
immunoblot analysis carried out using antibodies against
grape STS, GFP (TransGen Biotech, China) and mCherry
(Abbkine, USA). Goat anti-Rabbit IgG (H+L) (TransGen
Biotech, China) was obtained to recognise the rabbit poly-
clonal anti-STS antibodies and goat anti-mouse IgG (H+L)
(TransGen Biotech, China) was obtained to recognise the
mouse monoclonal anti-GFP and anti-mCherry antibodies.
All the primary antibodies were diluted 1:1000 and second-
ary antibodies diluted 1:5000.

Immunocytolocalisation of STS using antibodies against
grape STS in sections of grapevine leaves were carried out
as previously described (Gomez et al. 2011). The primary
antibodies were diluted 1:200 and the secondary antibodies
(anti-rabbit IgG conjugated to the Alexa Fluor 488 fluoro-
chrome) were diluted 1:500.

The analysis of VpSTS29-GFP protein profile

For the determination of VpSTS29-GFP protein profile
when co-expressed with mCherry-CLO3, different contents
of plasmid mCherry-CLO3 were transiently expressed in
the protoplasts isolated from the pVpSTS29::VpSTS29-GFP
transgenic plants. For the determination of VpSTS29-GFP
protein profile during dark-induced senescence, the 2-week-
old pVpSTS29::VpSTS29-GFP transgenic plants were trans-
ferred to dark conditions (D) for 12, 24, 48 or 72 h and then
incubated under light conditions (L) for 1, 2, 4, 6 or 12 h.
The samples were collected at the times indicated and total
protein (20 pg) was subjected to immunoblotting with anti-
mCherry and anti-GFP antibodies, respectively.

@ Springer

Measurements of chlorophyll contents
and photochemical efficiency of PSII

For age-dependent leaf senescence, the fourth rosette leaf
of individual VpSTS29-OE transgenic plants was collected
3,4, 5 or 6 weeks after sowing and used for analyses of
stilbene content (Cheng et al. 2016), chlorophyll content (Li
et al. 2013) and photochemical efficiency of PSII (Oh et al.
1997). The results were calculated from six leaves in each
experiment and are shown as the relative percentage to the
first point value for each experiment.

Statistical analysis

The means and standard deviation (SD) were obtained from
three independent experiments. SPSS 22.0 software was
used for statistical analysis. The significant difference analy-
sis was assessed by the least significant difference (LSD) test
(*P<0.05; ¥*P<0.01).

Results

Stilbene synthase is partially expressed
in age-dependent and dark-induced senescent
leaves of grapevine

The R2R3-MYB transcription factors, MYB13, MYB14 and
MYBI15, have been reported to regulate the biosynthesis of
stilbenes (HOII et al. 2013; Dubrovina and Kiselev 2017).
Thus, the expression profiles of these transcription factors
were analysed according to the datasets of Gene Expres-
sion Omnibus (no. GSE36128). As expected, VvMYBI13
and VwvMYBI5 but not VvMYBI14 were induced in senescing
leaves (Supplemental Fig. S1a).

To gain insight into the expression of STS and the accu-
mulation of stilbenes in senescing leaves, detection of a
vertical gradient from near the base (defined as the 1% leaf)
to the apex (defined as the 12th leaf) was analysed in 1-year-
old V. Vinifera cv. Thompson Seedless plantlets (Fig. 1a).
Western blot analysis using the anti-STS antibodies indi-
cates that STS was present in all leaves from the base to the
apex but especially accumulated in the mature to senescent
basal leaves. Of interest were observations that a minimum
content of trans-resveratrol and a significant accumulation
of trans-piceid (the glycosylated resveratrol derivative) in
senescent leaves were determined by HPLC (Fig. 1b).

It has been reported that dark treatment can be used to
induce senescence in plants (Weaver and Amasino 2001).
We, therefore, tested for STS expression following 8 days
of darkness. The shoot tips were cut off to promote the ger-
mination of buds during the dark treatment. Compared with
the controls, cultured under normal light/dark conditions,
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Fig. 1 Stilbene synthase is accumulated in senescent leaves of grape-
vine. a The levels of stilbene synthase protein from different positions
on 1-year-old of Vitis vinifera var. Thompson Seedless plants with 15
leaves. Counting from near the base, the leaves are referred to as the
Ist to the 12th (apex). Extracts from leaves were subjected to west-
ern blot with a specific antibody against grape STS. b HPLC analysis
of stilbene compounds in the representative development stages of
leaves. The significant difference test was assessed by the least sig-
nificant difference (LSD) test (**P <0.01). Error bars show standard
deviation from three independent experiments. ¢ The phenotypes dur-
ing artificially induced senescence. The shoot tips were cut off before

the young leaves of dark/dark plants showed weaker growth
and chlorosis (Fig. 1c). In addition, the amounts of STS pro-
tein in both the young leaves and stems were significantly
elevated after the dark treatment (Fig. 1d). Meanwhile, the
content of trans-piceid was significantly increased after
2-4 days’ treatment but was decreased to the same level as
under normal conditions at 8 days (Fig. 1e). These results
show senescence enhances the expression of STS in young
tissues.

Ectopic expression of VpSTS29 in Arabidopsis
thaliana increases the accumulation of STS
and stilbene content in senescent leaves

STS29 is induced by biotic or abiotic stress and strongly
regulated by MYB15 (Holl et al. 2013). It is also expressed
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the dark treatment. The control was cultured under normal conditions
with 16 h light/8 h dark at 25 °C. The dark treatment was continuous
for eight days at 25 °C. d The change in stilbene synthase protein in
leaves and stems after the dark treatment. Leaves and stems were col-
lected for western blot analysis using grape STS antibodies. e HPLC
analysis of stilbene compounds in leaves incubated under dark condi-
tions. Samples were collected at 1, 2, 4 and 8 days after dark treat-
ment. Leaves incubated under normal conditions were used as the
control. The significant difference test was assessed by the least sig-
nificant difference (LSD) test (**P <0.01). Error bars show SD from
three independent experiments

in senescent leaves and dark-induced leaves on day 4 (Sup-
plemental Fig. S1b—d). Therefore, STS29 was selected
as the representative member to explore the function of
STS during leaf senescence. To determine the ubiqui-
tous response of STS in different Vitis species, VpSTS29
(homologous to VvSTS29) from V. pseudoreticulata acces-
sion Baihe-35-1 (Xu et al. 2011) was isolated, fused with
green fluorescent protein (GFP) in its C-terminal region
and then ectopically expressed in A. thaliana under the
control of its native promoter. CaMV35S-GFP was used
as the positive control. Western blot analysis showed the
GFP fusion protein was expressed in the T3 transgenic
Arabidopsis plants (Fig. 2a). The 2- and 5-week-old
CaMV35S-GFP and pVpSTS29::VpSTS29-GFP-express-
ing plants were used to monitor the expression of STS
and the accumulation of stilbenes during age-dependent
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Fig.2 Expression of VpSTS29 from Vitis pseudoreticulata accession
Baihe-35-1 leads to the increase of trans-piceid in Arabidopsis. a The
identification of pVpSTS29::VpSTS29-GFP expressing transgenic
Arabidopsis. Extracts (20 pg) from Arabidopsis leaves were subjected
to western blot with specific antibodies against green fluorescing pro-
tein (GFP) and grape STS, respectively. CaMV35S-GFP-expressing
transgenic Arabidopsis was used as the positive control. b The pheno-
type images of 2- and 5-week-old pVpSTS29::VpSTS29-GFP express-
ing transgenic plants. ¢ The expression of VpSTS29 protein in leaves

leaf senescence (Fig. 2b). Immunoblotting detection of
VpSTS29-GFP fusion protein using anti-GFP antibodies
showed that VpSTS29 was induced in senescent leaves of
the transgenic plants (Fig. 2¢). To investigate the activ-
ity of VpSTS29 protein in the transgenic plants, HPLC
was also carried out to determine the stilbene content in
the 2- and 5-week-old leaves. No stilbenes were detected
in leaves of the positive control (Fig. 2d). Conversely,
trans-piceid, which has previously been determined to be
the form of stilbenes in transgenic Arabidopsis (Huang
et al. 2016; Jiao et al. 2016), was identified in both 2- and
5-week-old transgenic plants and the total content in the
5-week-old plants was approximately three times higher
than that in the 2-week-old plants. Together, these results
indicate the representative STS29 gene can encode protein-
exhibiting STS activity when ectopically expressed in A.
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of transgenic plants. Extracts from leaves of 2- and 5-week-old trans-
genic plants were subjected to western blot with a specific antibody
against GFP. Three biological replicates were carried out with similar
results. d HPLC analysis of stilbene compounds in 2- and 5-week-
old transgenic plants. N indicates that no stilbene compound was
detected. The significant difference test was assessed by the least sig-
nificant difference (LSD) test (*P <0.05). Error bars show SD from
three independent experiments

thaliana, thus resulting in increased trans-piceid content
in developing leaves.

VpSTS29 is located in the cytoplasm
and translocated into STS-containing bodies
under dark-induced senescence

In the light of the findings that STS and its metabolic prod-
ucts are accumulated in senescent leaves, it was considered
worthwhile to investigate how senescence might promote
the activity of functional STS enzymes. We first detected
differences in the subcellular distribution of VpSTS29 in
young and senescent leaves. Prior to isolating the pro-
toplasts, the aerial parts of both CaMV35S-GFP and
pVpSTS29::VpSTS29-GFP transgenic plants were trans-
ferred to the dark for 7 days to generate senescent leaves.
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When driven by its native promoter, the fluorescence sig-
nal of VpSTS29-GFP in the transgenic Arabidopsis proto-
plasts isolated from leaves grown under normal conditions
was distributed in the cytoplasm between the chloroplasts
(Fig. 3a). In protoplasts isolated from senescent leaves,
VpSTS29-GFP was also located in some spherical struc-
tures (Fig. 3b). The GFP fluorescence signal of the positive
control was not changed in the protoplasts under normal
conditions nor in the dark treatment (Fig. 3c).

The VpSTS29-containing bodies observed above may
indicate the result of redistribution of STS protein in
response to dark-induced senescence. Time-lapse imaging
was used to record the behaviours of the STS-containing
bodies in the cytoplasm. Our results from Arabidopsis pro-
toplasts isolated from leaves grown under dark treatment
demonstrated that the VpSTS29-containing bodies were
initially close to GFP-tagged VpSTS29 and later exhib-
ited Brownian movement in the cytoplasm (Fig. 4, bod-
ies marked by white arrows). Together, our results show
that VpSTS29 is located in the cytoplasm under normal

VpSTS29-GFP
(Normal conditions)

VpSTS29-GFP
(Darkness)

conditions and translocated into STS-containing bodies
under dark-induced senescence.

VpSTS29-containing bodies are leaf oil bodies

Due to the presence of VpSTS29-GFP in the cytoplasm and
also in some spherical bodies, inter-organelle communi-
cation of VpSTS29-GFP may have occurred in senescent
leaves. To monitor protein transport, we determined the
nature of the STS-containing bodies. As has been reported,
ER can direct the biogenesis of certain membrane orga-
nelles such as ER bodies and autophagosomes (Bernales
et al. 2006; Herman 2008). Hence, we hypothesised that
the STS-containing bodies might be related to oil bodies
which function as subcellular sites for the synthesis of phy-
toalexin in Arabidopsis (Shimada et al. 2014). To this end,
leaf protoplasts isolated from young leaves were stained with
Nile red, a dye specially targeting lipid droplets/oil bodies
(Greenspan et al. 1985). As expected, VpSTS29-GFP was
partially localised to the Nile red-stained oil bodies (Fig. 5a,

Bright field

CaMV35S-GFP
(Normal conditions
/ Darkness)

Fig.3 Subcellular distribution of VpSTS29 in pVpSTS29::VpSTS29-
GFP expressing transgenic Arabidopsis. a Subcellular location of
VpSTS29 in leaves incubated under normal conditions. Protoplasts
were separated from the young leaves of pVpSTS29::VpSTS29-
GFP expressing transgenic Arabidopsis and observed by confocal
laser scanning microscopy. Scale bar=10 pum. b Subcellular loca-
tion of VpSTS29 in leaves incubated in darkness. The aerial parts of

pVpSTS29:: VpSTS29-GFP transgenic plants were transferred to dark
conditions for 7 days to generate senescent leaves. Protoplasts were
separated and observed by confocal laser scanning microscopy. The
white arrow indicates the STS29-positive bodies. The red arrow indi-
cates the STS29-negative bodies. Scale bar=10 pm. ¢ Subcellular
distribution of CaMV35S-GFP in leaves incubated under normal con-
ditions or in darkness. Scale bar=10 pm
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Fig.4 The VpSTS29-containing bodies moved randomly in the cyto-
plasm. A time-lapse experiment was carried out to record the move-
ment of VpSTS29-GFP-positive bodies in the cytoplasm. The time-

bodies marked by white arrows). We also observed that the
less-intense fluorescence of VpSTS29-GFP in transgenic
protoplasts connected physically with the oil bodies via
tubular structures (Fig. 5a). However, most of the Nile red-
stained oil bodies showed VpSTS29-GFP-negative patterns
(Fig. 5b).

To confirm the localisation of VpSTS29-GFP in oil bod-
ies stained with Nile red, the oil body marker caleosin 3
(CLO3) (Shimada et al. 2014) was expressed in the Arabi-
dopsis protoplasts (Fig. 5¢). The protein, CLO3 is from
Arabidopsis (AT2G33380) fused to the C-terminal region
of mCherry tag. We found the GFP-tagged spherical fluo-
rescence merged completely with that marked by mCherry-
CLO3 and moved apparently randomly in the vacuole
(Fig. 5d, bodies marked by white arrows). Furthermore, the
co-localisation rate of VpSTS29-GFP and mCherry-CLO3
in the senescent leaves was approximately twice than that
in the young leaves (Fig. 5e). These results suggest the
VpSTS29-containing bodies are indeed the leaf oil bod-
ies and the translation of VpSTS29 into these oil bodies is
induced by senescence.

STS-containing oil bodies are transported
into the vacuoles in senescent leaves of grapevine

To confirm the movement of STS-containing bodies in the

vacuole (Fig. 5Se), transmission electron microscopy (TEM)
and immunofluorescence analysis using the anti-STS
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lapse images were taken every 7 s. The STS29-containing bodies
moved to different locations from one another. Scale bars=10 pm.
Images are extracted from Supplementary Movie S1

antibodies were carried out in grapevine. The leaves of
grapevine were pre-treated in darkness for 4 days. The con-
trol was cultured under normal light conditions. Compared
with the control (Fig. 6a), the cell internal structure was
changed in the senescent leaves (Fig. 6b). We observed
electron-dense material (Fig. 6¢c, white dotted ellipse) and
oil-body-like organelles (Fig. 6d, e) wrapped in vesicle-like
structures in the vacuole. The immunofluorescence analysis
using anti-STS antibodies confirmed the STS-containing
oil bodies were transported into the vacuole (Fig. 6f, white
arrow). These changes suggest STS is transported into the
vacuole in dark-induced senescent leaves.

The stability of stilbene synthase in STS-containing
oil bodies and in the vacuole

We had already observed that VpSTS29-GFP was translo-
cated to oil bodies in senescent leaves (Fig. 5). Therefore,
we investigated the influence of over-expression of CLO3
on the stability level of VpSTS29 protein (Fig. 7a). The
150 pl of transgenic Arabidopsis protoplasts with transiently
expressed mCherry-CLO3 were incubated as above. Along
with the increase of mCherry-CLO3 plasmids, the amount
of VpSTS29-GFP protein was nearly unchanged (Fig. 7a).
In addition, free GFP was not detected.

Transferring plants from light to dark can stabilise
the GFP fluorescence in the vacuoles by abolishing the
light-dependent degradation of GFP protein (Tamura et al.
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VpSTS29-GFP Nile Red

mCherry-CLO3

Fig.5 VpSTS29-GFP was transported to the oil bodies. a Locali-
sation of VpSTS29-GFP to the oil bodies stained with Nile red in
Arabidopsis protoplasts. The VpSTS29-GFP-positive oil bodies are
marked by white arrows. The connection between oil bodies was via
a tubular structure. Scale bar=10 pm. b Quantitative analysis of the
co-localisation rate of oil bodies stained with Nile red and labelled
with VpSTS29-GFP in five fluorescence images. A total of 80 oil
bodies were examined. Data indicate average values + standard devia-
tion (n=35). ¢ The subcellular location of OB marker mCherry-CLO3.

2003). To determine the protein profile of the GFP-tagged
VpSTS29 in the vacuole, 2-week-old transgenic Arabidop-
sis seedlings were treated in the dark for 3 days and then
transferred to the light for another 12 h. As reported, the
cleaved GFP protein can be used to monitor the break-
down of substrates within plant vacuoles by western blot
(Klionsky et al. 2012). Total proteins were extracted at the
times indicated and subjected to SDS-PAGE followed by
immunoblot analysis with anti-GFP antibodies (Fig. 7b).
The 70.5-kDa fusion protein consistent with VpSTS29-
GFP was accumulated during the dark treatment. However,
in the light, the level of VpSTS29-GFP decreased rapidly
within 1 h but then increased again between 2 and 12 h.
No bands consistent with free GFP (having a molecular
mass of 27 kDa) were detected during the dark—light cycle.
These results indicate the protein located in STS-contain-
ing oil bodies and in the vacuole is VpSTS29.
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Scale bar=10 pm. d The subcellular location of VpSTS29-GFP with
mCherry-CLO3 in Arabidopsis protoplasts. Scale bar=10 pm. The
Nile red and mCherry tag show magenta. e Quantitative analysis of
the co-localisation rate of VpSTS29-GFP and mCherry-CLO3 in
protoplasts isolated from young and senescent leaves. A total of 33
oil bodies in 4 confocal images from young leaves and a total of 95
oil bodies in 5 confocal images from senescent leaves were counted.
Error bars show standard deviation. YL young leaves, SL senescent
leaves

Constitutive overexpression of VpSTS29 delays leaf
senescence in Arabidopsis

We hypothesise that STS may function in plant growth.
This is based on the expression and subcellular loca-
tion profiles of this protein, on the metabolic products
and on the phenotype in pVpSTS29::VpSTS29-expressed
Arabidopsis. To test this, we generated transgenic Arabi-
dopsis overexpressing VpSTS29 under the control of the
CaMV35S promoter (Fig. 8a). Compared with the con-
trols, differences were apparent in 4-week-old plants,
where inflorescences appeared 2 days later in the 4-week-
old VpSTS29-OEs (Fig. 8b). In addition, in 6-week-old
VpSTS29-OEs, the basal rosette leaves remained green.
While in the controls, most were yellow (Fig. 8c). HPLC
analysis showed that frans-piceid was significantly
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Fig.6 The distribution of STS-containing bodies to the vacuole in
grape. a—e Transmission electron-microscope (TEM) analysis of the
change in the internal structure in grape leaves under a 4-day dark
treatment. The leaves of the control (a) and the dark-induced trans-
genic grapes (b) were observed by TEM. The white-dotted ellipse
indicates strongly electron-dense materials (¢). White-dotted rectan-

accumulated in the 5- and 6-week-old VpSTS29-OEs
(Fig. 8d). Furthermore, two senescence parameters (Oh
et al. 1997), chlorophyll contents and photochemical effi-
ciency of PSII, were used to determine the function of STS
in delaying leaf senescence. Consistent with the above,
chlorophyll contents were higher in VpSTS29-OEs than in
the controls (Fig. 8e). In addition, the VpSTS29-OE plants
retained relatively high levels of photochemical efficiency
in the 6th week after sowing, while the photochemical effi-
ciency of PSII was greatly reduced in the control (Fig. 8f).
These results indicate that leaf senescence was delayed in
VpSTS29-OEs.
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Anti-STS

gles indicate oil-bodies-like structures (d). Black arrow indicates ves-
icle-like structures (e). Chl chloroplast, V vacuole. Scale bars =2 pm.
f The immunofluorescence assays in grape leaves under a 4-day dark
treatment using anti-STS antibodies. V vacuole. White arrows, STS-
containing OBs. Scale bar=10 pm

Discussion

Stilbene compounds are derived from the stilbene synthe-
sis pathway (Dixon 2001). Resveratrol has attracted much
interest over many years, serving as the precursor of the
stilbenes, as a phytoalexin and as a cancer chemo-preventive
agent (Baur and Sinclair 2006; Shen et al. 2009; Sirerol et al.
2016). STS is the key enzyme catalysing the production of
trihydroxystilbene resveratrol. Here, we have considered the
expression profiles of STS and its metabolic products during
plant growth and development, with a special focus on the
cytosolic oil bodies containing STS and a possible role of
VpSTS29 over-expression in leaf senescence.
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Fig.7 The protein profiles of VpSTS29-GFP in transgenic Arabi-
dopsis. a The influence of CLO3 on the protein profile of VpSTS29-
GFP. 150 pl of pVpSTS29::VpSTS29-GFP expressing protoplasts
were transformed with different contents of plasmid mCherry-CLO3.
Samples were collected after protoplasts had been cultured for 24 h.
Samples (20 pg) of total protein from protoplasts were subjected to
western blot with a specific antibody against green fluorescent protein

A global transcriptomic atlas of grapevine (V. vinif-
era) has been generated and this offers a powerful tool for
gene-functional analysis (Fasoli et al. 2012). Genome-wide
expression profiles of the grapevine STS genes show almost
all members of STSs are strongly accumulated in senesc-
ing grape leaves and berries under withering conditions
(Vannozzi et al. 2012). In this study, we report the expres-
sion of STS and also that stilbenes are accumulated in age-
dependent and in dark-induced senescent leaves of grapevine
(Fig. 1). Six standards (trans-resveratrol, cis-resveratrol,
trans-piceid, cis-piceid, pterostilbene, and e-viniferin) were
used for HPLC analysis (Supplemental Fig. S2). Accord-
ing to the retention time, trans-resveratrol, trans-piceid,
and cis-piceid were identified in different leaf positions and
trans-piceid, and cis-piceid were identified in leaves after
darkness treatment in the present investigation (Fig. 1b, e).
Furthermore, the expressions of MYBI3/MYB15 and STS
protein were closely correlated with the accumulation of stil-
bene compounds in grape leaves (Supplemental Fig. S1). It
has previously been demonstrated that MYB15 regulates the
expression of STSs and induces the accumulation of trans-
piceid in grapevine hairy roots (HoIl et al. 2013). There-
fore, the senescence process could activate the expression
of MYB15 and STSs to synthesise the stilbene compounds.

Since the first example of its purification and charac-
terisation was reported by Schoppner and Kindl (1984),
the genetic transformation of STS genes from stilbene-
producing plants has been attempted a number of times.

(GFP) and mCherry, respectively. b The protein profile of VpSTS29-
GFP in transgenic Arabidopsis during a dark-light cycle. The
2-week-old pVpSTS29::VpSTS29-GFP transgenic plants were trans-
ferred to dark conditions (D) for 12, 24, 48 or 72 h, and then incu-
bated under light conditions (L) for 1, 2, 4, 6 or 12 h. Samples (20 pg)
of total protein from seedlings were subjected to western blot with a
specific antibody against GFP

These attempts have been both intra-specific and inter-
specific. Heterologous expression of the STS gene family
members has been well-documented in model plants (Yu
et al. 2006; Giovinazzo and Degara 2005; Hain et al. 1993),
crops (Baek et al. 2012; Leckband 1998; Richter et al. 2006;
Serazetdinova et al. 2005) and also in fruit trees (Cheng
et al. 2016; Hanhineva et al. 2009; Kobayashi et al. 2000;
Rithmann et al. 2006; Zhu et al. 2005). The transgenic
plants produced displayed enhanced tolerance to various
stresses and accompanied by the accumulation of stilbene
compounds. In our work, ectopic expression of VpSTS29 in
Arabidopsis under its own promoter also induced the accu-
mulation of VpSTS29 protein and trans-piceid, especially
in senescing leaves (Fig. 2c¢, d). When over-expressed in
Arabidopsis under CaMV35S promoter, the VpSTS29-OE
plants exhibited delayed leaf senescence with high levels of
chlorophyll content and of PSII photochemical efficiency
(Fig. 8). Hence, STS and its product play a crucial role in
the process of plant senescence.

The subcellular localisations of the enzymes involved in
biosynthesis of phenylpropanoids have been explored over
many years. Evidence shows the cytosolic side of the ER is
responsible for the synthesis of lignin, isoflavonoid, flavonol,
proanthocyanidin and anthocyanin (Winkel 2004; Chanoca
et al. 2015; Gomez et al. 2011; Hrazdina et al. 1987). How-
ever, the site of resveratrol biosynthesis in grape has still to
be determined. Using the transgenic Arabidopsis ectopically
expressing VpSTS29-GFP, we have shown that VpSTS29

@ Springer



Planta

a Anti-GFP Anti-STS

@13" VpSTS29-GFP
0‘3 OE-1 OE-2 OE-3

<
wl\‘ﬁ% VpSTS29-GFP

0‘3‘z OE-1 OE-2 OE-3

VpSTS29-GFP e ——

GFP

b camv3ss-GFp

\L')~\
- e

6-week-old

CaMV35S-GFP

*QQ‘

6-week-old

6-week-old

Fig.8 Over-expression of VpSTS29 delays leaf senescence. a The
identification of CaMV35S::VpSTS29-GFP expressing transgenic
Arabidopsis by the immunoblotting assay with a specific antibody
against GFP and grape STS, respectively. b The representative pheno-
types of 4- and 6-week-old CaMV35S-GFP and VpSTS29-OE trans-
genic plants. ¢ Representative phenotypes of leaves from the rosettes
of 6-week-old CaMV35S-GFP and VpSTS29-OE transgenic plants
during age-dependent senescence. d HPLC analysis of stilbene com-
pounds in VpSTS29-OE transgenic plants at the weeks after sowing

is located in the cytoplasm or ER-like structures in proto-
plasts from young leaves (Fig. 3a). The subcellular loca-
tion of STS was in accordance with that of CHS (Hrazdina
et al. 1987; David and Brenda 2001). We note that both of
these share the highly homologous amino acid sequence of
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indicated. Significant difference was assessed by the least significant
difference (LSD) test (**P <0.01 and *P <0.05). Error bars show SD
from three independent experiments. Chlorophyll contents (e) and
photochemical efficiency (F,/F,,) of PSII (f) of CaMV35S-GFP and
VpSTS29-0OE leaves at the indicated weeks after sowing. Three bio-
logical replicates were carried out. The significant difference test was
assessed by the least significant difference (LSD) test (¥**P <0.01 and
*P <0.05). Error bars show SD from three independent experiments

stilbene-producing plants (Tropf et al. 1994). Meanwhile,
in senescent protoplasts VpSTS29 was also distributed in
unknown bodies (Fig. 3b). The localisations of enzymes
involved in the phenylpropanoid pathway to the as-yet-
unknown structures have still to be properly characterised.
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However, some enzymes are also found in as-yet-unknown
compartments or microsomes (Winkel 2004). The proper
identification of these structures should help us to under-
stand how plant cells synthesise and accumulate these phe-
nylpropanoid products (Winkel 2004).

In this study, we observed the movement of VpSTS29-
containing bodies in the cytoplasm by time-lapse imaging
(Fig. 4). Nile red staining and co-localisation with organelle
marker caleosin 3 (CLO3) confirmed these VpSTS29-con-
taining bodies were lipid droplets/oil bodies (Fig. 5a and d),
which are the lipid storage organelles of most eukaryotic
cells (Martin and Parton 2006; Farese and Walther 2009).
The inter-organelle communication of STS may be related
to the potential roles of these oil bodies in phytoalexin syn-
thesis. In Arabidopsis, CLO3 and a-dioxygenase (a-DOX1)
were co-localised to the oil body membrane and produced
phytoalexin in response to fungal infection (Shimada et al.
2014). The relationship of STS-containing bodies with path-
ogen infections in grape requires further exploration.

Moreover, the localisation of VpSTS29 into oil bod-
ies was induced in senescent protoplasts (Fig. 5d, e). The
increased rates of co-localisation may be in accordance with
increases in the numbers of oil bodies in the cotyledons of
wild-type Arabidopsis thaliana grown in darkness (Leivar
et al. 2009). These are densely packed with oil bodies (Lei-
var et al. 2009). All these findings show that the formation
of these bodies occurs at particular developmental stages of
the plant’s life cycle.

The oil bodies found in most eukaryotic cells are dynamic
organelles (Martin and Parton 2006), that play important
roles in the storage of neutral lipids, lipid metabolism, tran-
sient protein-storage and responses to pathogens (Welte
2015; Shimada and Hara-Nishimura 2015). Here, we show
that the STS-containing bodies (oil bodies) were present in
the cytoplasm or the vacuole both in transgenic Arabidopsis
(Fig. 5c¢, d) and in grapevine (Fig. 6f). No bands of free GFP
or GFP variants were detected in CLO3-VpSTS29 express-
ing protoplasts or VpSTS29 expressing seedlings during
dark-light cycles (Fig. 7). The fluorescence located in the
cytoplasm, in oil bodies and in vacuoles was the VpSTS29-
GFP fusion protein. The behaviour of STS trafficking to the
vacuole may be related with the accumulation of stilbenes.
The autofluorescence observations of stilbenes at the cell
level in grapes have been used to monitor their distribu-
tion (Poutaraud et al. 2007; Donnez et al. 2011). The blue
stilbene autofluorescence has been clearly observed in the
vacuoles of epidermal cells and spongy parenchyma, as well
as in the guard-cell walls in grapevine leaves under Plas-
mopara viticola infection (Bellow et al. 2012). In other stil-
bene-producing plants, such as the Norway spruce, stilbenes
have been localised in the phloem parenchyma cells (Li
et al. 2012), where other phenolic materials are also accu-
mulated in the vacuoles (Krokene 2015). On the other hand,

the dynamic inter-organelle communication of secondary
metabolites is well understood, such as with flavonoid (Jian
2015; Zhao and Dixon 2010). The pigment anthocyanin is
transported from the cytosolic side of the ER to the vacuole
and stored in anthocyanin vacuolar inclusions (AVIs) by the
microautophagy mechanism (Chanoca et al. 2015). This sug-
gests a link with the transport of STS and the accumulation
of resveratrol after its synthesis in stilbene-producing plants.
Our results imply that the behaviour of STS-containing oil
bodies trafficking to the vacuole is not for degradation but
for stilbene storage. Therefore, in future research, a com-
parative analysis of the transport mechanisms of STS and
its products should offer useful insights into their functions
in response to environmental stress.

In conclusion, we have addressed the expression pat-
terns of STS both in grape and in transgenic Arabidopsis by
molecular, genetic and microscopic fluorescence approaches
during age-dependent and dark-induced senescence. Our
observations highlight the behaviours of STS, giving new
insights into how the synthesis and transport of stilbenes.
The relationship between STS trafficking to the vacuole and
the storage of resveratrol, will be further explored in future
work. This information will be crucial beyond its role in
understanding stilbene accumulation, for developing better
understandings of protection against pathogen attack and of
environmental stress responses. All these will help research-
ers to exploit the STS gene resource from Chinese wild Vitis
species for improving and breeding new grapevine cultivars
both to improve berry quality and also to enhance stress
defence (Jeandet et al. 2017).
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