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Abstract Vitis vinifera L. cv. Cabernet Sauvignon cell
suspension cultures were treated with ultraviolet C (UV-C),
methyl jasmonate (MeJA) and salicylic acid (SA), alone or
in combination, to investigate the effects on stilbene
biosynthesis. The application of elicitors at the proper
dosage or concentration did not exert a negative effect on
cell growth. All treatments enhanced both stilbene produc-
tion inside the cells and trans-resveratrol accumulation in
the culture medium. UV-Cirradiation for 20 min or MeJA at
100 uM was efficient in promoting stilbene accumulation.
The combined treatment of UV-C and MeJA highly induced
total intracellular stilbene production to the maximum of
2005.05 & 63.03 ug g~' DW, and showed a synergistic
effect on extracellular frans-resveratrol accumulation to
3.96 £ 0.2 mg 17", SA at 100 pM was less efficient than
UV-C and MeJA in promoting stilbene production. How-
ever, the combined elicitation of UV-C and SA further
promoted intracellular stilbene production to the maximum
of 1630.93 & 44.17 ug g~' DW, and markedly increased
extracellular trans-resveratrol accumulation to 2.33 +
0.15 mg 17", Intracellular total phenolics and total flavo-
noids contents also significantly increased after elicitations.
Relative expression of genes involved in stilbene and fla-
vonoid biosynthesis was up-regulated, and there was a
synergistic effect of UV-C together with MeJA or SA on STS
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expression. The results suggested that the combined treat-
ment of UV-C together with MeJA or SA can be used as an
efficient method to enhance stilbene production in
V. vinifera cell cultures.
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Abbreviations

4CL 4-Coumarate:CoA ligase
C4H  Cinnamate 4-hydroxylase
CHS  Chalcone synthase

DW Dry weight

FW Fresh weight

JA Jasmonic acid

MeJA Methyl jasmonate
PAL  Phenylalanine ammonia lyase
gPCR  Quantitative real-time polymerase chain reaction

SA Salicylic acid
STS Stilbene synthase
UV-C Ultraviolet C

Introduction

Grapes and wines are main sources of polyphenols for
human diet. Phenolic compounds, including stilbenes and
flavonoids, belong to a wide range of plant secondary
metabolites. Stilbenes are a group of low molecular weight
phytoalexins produced by Vitaceae, and play an important
role in plant defense mechanisms (Jeandet et al. 2002).
Trans-resveratrol (3,4',5-trihydroxystilbene) is the basic
structure of the stilbene family. Stilbenes also exist as
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glucosylated derivatives like piceid (3-O-B-p-glucoside of
resveratrol) (Waterhouse and Lamuela-Raventds 1994) and
oligomers like e-viniferin (a cylic resveratrol dehy-
drodimer) (Langcake and Pryce 1977). In recent years,
much attention has been devoted to stilbenes because of
their biological benefits on human health (Vang et al.
2011), such as anticancer (Riha et al. 2014) and cardio-
protection (Palomer et al. 2013).

Stilbenes are synthesized by the phenylpropanoid path-
way. Phenylalanine ammonia lyase (PAL, EC 4.3.1.24),
cinnamate 4-hydroxylase (C4H, EC 1.14.13.11) and
4-coumarate: CoA ligase (4CL, EC 6.2.1.12) catalyze
phenylalanine to form 4-coumaroyl-CoA (Dixon and Paiva
1995). Stilbene synthase (STS, EC 2.3.1.95) catalyzes a
condensation reaction of 4-coumaroyl-CoA and three
molecules malonyl-CoA to synthesis resveratrol (Soleas
et al. 1997). Chalcone synthase (CHS, EC 2.3.1.74) utilizes
the same substrates as STS for the production of chalcone,
the precursor of flavonoid metabolism (Winkel-Shirley
2001). 4CL, STS and CHS constitute the branching point
of stilbene and flavonoid pathway.

Stilbenes can be induced by a number of stresses, such
as ultraviolet irradiation (Wang et al. 2010b), pathogen
attack (Pezet et al. 2004) and biotic or chemical elicitation
including methyl jasmonate, polysaccharide, hydrogen
peroxide and cyclodextrin (Belhadj et al. 2008; Cai et al.
2012; Nopo-Olazabal et al. 2014).

Plant cell suspension cultures represent a convenient
model for studying the regulation of plant secondary
mechanisms (Larronde et al. 1998). Plant cell cultures have
been used for the production of secondary metabolites such
as alkaloids and isoflavones under in vitro conditions (Zhao
et al. 2001; Sansanelli et al. 2014). Precursor feeding and
elicitor application are effective strategies for secondary
metabolites accumulation in suitable plant cell cultures (Qu
et al. 2011; Shumakova et al. 2011). Numerous studies
have focused on Vitis vinifera cell cultures to investigate
the production of stilbene (Tassoni et al. 2005) and the
expression of genes involved in stilbene biosynthesis
(Belhadj et al. 2008).

Ultraviolet C (UV-C) irradiation promotes the phenyl-
propanoid pathway and stimulates flavonoid synthesis
(Dixon and Paiva 1995). UV-C irradiation is an effective
method to enhance stilbene production in V. vinifera ber-
ries (Wang et al. 2013), V. vinifera leaves (Wang et al.
2010b) and grape calli of different genotypes (Liu et al.
2010).

Jasmonic acid (JA) is an important signal molecule of
plant in response to wound and pathogen attack (Waster-
nack and Parthier 1997). JA and its more active derivative
methyl jasmonate (MeJA) can induce the production of a
wide range of plant secondary metabolites such as ros-
marinic acid, terpenoid indole alkaloid and plumbagin in
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various cell cultures (Krzyzanowska et al. 2012; Almagro
et al. 2014; Silja et al. 2014). JA and MeJA have been used
as elicitors for stilbene biosynthesis in V. vinifera foliar
cuttings (Belhadj et al. 2006), V. vinifera cell cultures
(Tassoni et al. 2005) and V. rotundifolia hairy root cultures
(Nopo-Olazabal et al. 2014). The addition of MeJA to
V. vinifera cell cultures also promoted anthocyanin accu-
mulation (Tassoni et al. 2012).

Salicylic acid (SA) plays a central role in plant defense
mechanisms against pathogens (Durner et al. 1997). SA
infiltration into entire V. vinifera berries enhanced the ac-
cumulation of PAL mRNA, as well as and the synthesis of
new PAL protein and enzyme activities (Chen et al. 2006).
Resveratrol accumulation in Arachis hypogaea leaves in-
creased after SA treatment, and the expression levels of
STS were also up-regulated (Chung et al. 2003).

In recent years, combined elicitors have been used to
study the synergistic or antagonistic effects on stilbene
production. The combined treatment of MeJA and cy-
clodextrins enhanced more extracellular trans-resveratrol
accumulation in V. vinifera cell cultures than each elicitor
used alone, but its production was lower when the elicitors
were combined with UV-C irradiation (Belchi-Navarro et al.
2012). MeJA in combination with sucrose triggered more
extracellular trans-resveratrol accumulation in V. vinifera
cell cultures (Belhadj et al. 2008). The combined treatment
of CaCl, and UV-C irradiation significantly increased
resveratrol content in V. viniferin x V.amurensisleaves and
V. vinifera berries (Wang et al. 2013).

The aim of our present work was to investigate the ef-
fects of two biotic elicitors (MeJA and SA) and one abiotic
elicitor (UV-C), alone or in combination, on stilbene ac-
cumulation in V. vinifera cell suspension cultures. We
monitored the dynamic production of both intracellular
stilbene and trans-resveratrol release into the culture
medium over a 96-h period. We also analyzed the relative
expression of five genes (PAL, C4H, 4CL, STS and CHS)
involved in stilbene and flavonoid biosynthesis to investi-
gate the relationship between stilbene accumulation and the
regulation of gene expression.

Materials and methods

Grape cell suspension cultures and culture
conditions

Grape calli were established from V. vinifera L. cv. Cabernet
Sauvignon berries by Wang et al. (2010a) and maintained
on solid B5 medium (Gamborg et al. 1968) supplemented
with 3 g 17! phytagel, 30 g 17" sucrose, 250 mg 1~' casein
hydrolysate, 0.1 mg1~' o-naphthylacetic acid and
0.2 mg 17" kinetin, adjusted to pH 5.9. Subcultures of the
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calli were carried out every 28 days. V. vinifera cell sus-
pension cultures were established by inoculating cell ag-
gregates in 150 ml flasks containing 60 ml of liquid medium
as described above (without phytagel). Cell cultures were
maintained in a rotary shaker at 110 rpm in continuous light
(200 pmol m 2s7 1) at 26 £ 1 °C. Subcultures were per-
formed every 7 days by transferring 15 ml of cell cultures
into 45 ml of fresh medium.

Elicitor treatments on V. vinifera cell suspension
cultures

Elicitation experiments were performed using 4-day-old
V. vinifera cell cultures. A UV-C lamp (254 nm, Model
ZQJ-254, China) at 8 cm above (output 10 W m %) was
used as the UV light source. MeJA (Sigma-Aldrich, USA)
was dissolved in 50 % (v/v) ethanol at concentrations of
25,50, 75 and 100 mM. SA (Sigma-Aldrich) was dissolved
in methanol at concentrations of 25, 50, 75 and 100 mM.

Five individual sub experiments were designed. All
treatments were performed using three biological repli-
cates. (1) UV-C irradiation. Cell cultures were transferred
into petri dishes and irradiated with UV-C for durations of
10, 20 or 30 min (total exposure dosages were 6, 12 or
18 kJ m_2, respectively), and then cell cultures were
transferred back into the flasks and incubated at 110 rpm in
continuous light (200 pmol m~2 s™') at 26 + 1 °C. Cell
cultures without UV-C irradiation were used as the control
group. The most effective dosage of UV-C irradiation for
stilbene synthesis was chosen according to the results. (2)
MelJA elicitation. Filter-sterilized MeJA solution at each
concentration was added into cell cultures to obtain the
final concentration of 50, 100, 150 or 200 uM. Untreated
cell cultures and cell cultures treated with equal volumes of
filter-sterilized 50 % (v/v) ethanol (final concentration was
0.1 %, v/v) were used as the control groups. The most
effective concentration of MeJA for stilbene synthesis was
chosen according to the results. (3) SA elicitation. Filter-
sterilized SA solution at each concentration was added into
cell cultures to obtain the final concentration of 50, 100,
150 or 200 puM. Untreated cell cultures and cell cultures
treated with equal volumes of filter-sterilized methanol
(final concentration was 0.2 %, v/v) were used as the
control groups. The most effective concentration of SA for
stilbene synthesis was chosen according to the results. (4)
Combined treatment of UV-C and MeJA. Cell cultures
were incubated with MeJA (100 uM) for 30 min at
110 rpm in continuous light (200 pmol m~%s™') at
26 £ 1 °C, and then cell cultures were transferred into
petri dishes and irradiated with UV-C for 20 min. Un-
treated cell cultures and cell cultures treated with 0.1 % (v/
v) ethanol were used as the control groups. (5) Combined
treatment of UV-C and SA. Cell cultures were incubated

with SA (100 uM) for 30 min at 110 rpm in continuous
light (200 pmol m~2s™") at 26 & 1 °C, and then cell
cultures were transferred into petri dishes and irradiated
with UV-C for 20 min. Untreated cell cultures and cell
cultures treated with 0.2 % (v/v) methanol were used as the
control groups. All of the cell cultures subjected to
elicitations and control cell cultures were incubated at
110 rpm in continuous light (200 pmol m~2s™') at
26 £+ 1 °C. Samples were collected at 0, 6, 12, 24, 36, 48,
72 and 96 h after treatment. Cells were harvested by
vacuum filtration, rapidly washed, weighed to determine
fresh weight (FW), frozen in liquid nitrogen and stored at
—70 °C until analysis. The culture medium was collected,
and then centrifuged at 5,000 rpm for 10 min to remove
cell residues and stored at —40 °C until analysis.

Determination of cell growth

The growth of cell cultures was monitored by determining
dry weight (DW). About 1 g FW of filtered cells were
placed at 105 °C overnight until reaching a constant
weight, and then they were weighed to determine DW. Cell
viability was measured as described by Larkins (1976).
Briefly, 0.5 ml of cell cultures was introduced in a test
tube, and then fluorescein diacetate solution (5 mg ml~!in
acetone) was added to give a final concentration of
100 pg ml~". After 5 min at room temperature, the cells
were observed under fluorescence. The results were ex-
pressed as percentage of living cells.

Extraction and quantification of phenolic
compounds

All measurements of phenolic compounds were performed
in triplicate.

Stilbenes were extracted from the cells and culture
medium as described by Tassoni et al. (2005). Briefly, 1 g
FW of cells were ground into powder in liquid nitrogen and
homogenized with 5 ml of 95 % (v/v) methanol. The ho-
mogenate was incubated for 1 h in the dark at room tem-
perature in a rotatory shaker at 100 rpm, and then filtered
under vacuum. The extract was concentrated to an aqueous
phase under vacuum for 15 min at 40 °C. Stilbenes were
extracted from the aqueous phase by adding 5 ml of 5 %
(w/v) sodium bicarbonate, 10 ml of ethyl acetate and en-
ergic vortexing for 1 min, and then the ethyl acetate phase
was vacuum-dried at 40 °C. Stilbenes were extracted from
20 ml of culture medium after addition of 10 ml of 5 % (w/
v) sodium bicarbonate, 20 ml of ethyl acetate and energic
vortexing for 1 min, and then the ethyl acetate phase was
vacuum-dried at 40 °C. The dried samples (cells or medi-
um extractions) were re-dissolved in 1 ml of methanol and
stored at —40 °C until analysis.
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Chromatographic separation was performed using a
DIKMA column (Inertsil ODS-3, 250 x 4.6 mm, 5 pm
partical size) protected by a guard column of the same
material (DIKMA, Japan). Analysis of stilbenes was car-
ried out on a Waters 2695 HPLC system fitted with a 2996
Photodiode Array Detector (Waters, USA). Stilbenes were
quantified as described by Pezet et al. (2003). The injection
volume was 10 pl. Separation was performed at a flow rate
of 1 ml min~' with the mobile phases consisting of ace-
tonitrile (A) and ultra pure water (B). The solvent gradient
was as follows: 0—1 min with 20 % of solvent A; 1-31 min
with 20-75 % of solvent A; 31-33 min with 75-100 % of
solvent A; 33—-36 min with 100 % of solvent A; 3637 min
with 100-20 % of solvent A; and 37—41 min with 20 % of
solvent A. The column temperature was room temperature
for HPLC.

Stilbene standards, including trans-resveratrol, trans-
piceid and e-viniferin, were purchased from Sigma-Aldrich
and dissolved in methanol. Cis-resveratrol and cis-piceid
standards were obtained by UV-C irradiation (output
10 Wm™?) for 30 min (total exposure dosage was
18 kJ m~2) on the mixed solution of frans-resveratrol and
trans-piceid standards. The conversion coefficients were
37.1 % for trans-resveratrol and 42.6 % for trans-piceid,
respectively. HPLC detection of stilbenes was at 307 nm,
and calibration curves were calculated for each stilbene on
the basis of six different concentrations from 0.05 to
100 pg ml~". Total stilbene content indicates the sum of
trans-piceid, cis-piceid, trans-resveratrol, cis-resveratrol
and e-viniferin contents.

Total phenolics were measured according to the Folin-
Ciocalteu reagent method as described by Pastrana-Bonilla
et al. (2003). Briefly, 1 g FW of cells were ground into
powder in liquid nitrogen and then extracted in 2 % (v/v)
HCI in methanol for 24 h in the dark and at room tem-
perature. After centrifugation at 12,000 rpm for 20 min at
4 °C, the supernatant was diluted with the same solvent
used for extraction to a suitable concentration for analysis.
Two hundred microliters of sample extract was introduced
in a test tube, 1 ml of Folin-Ciocalteu reagent (Sigma-
Aldrich) and 0.8 ml of 7.5 % (w/v) sodium carbonate were
added, and the contents were mixed and allowed to stand
for 30 min. Absorption at 765 nm was measured in a
Shimadzu UV-Vis spectrophotometer (Shimadzu UV-
1601). Total phenolics content was expressed as gallic acid
in milligrams per gram DW of sample, using a standard
curve generated with 50, 100, 150, 200, 250, 300, 350, 400,
450 and 500 mg 17" of gallic acid (Sigma-Aldrich).

Total flavonoids content was measured using a colori-
metric method as described by Wolfe et al. (2003). Briefly,
a volume of 0.25 ml of a known dilution of total phenolics
extract was added to a test tube containing 1.25 ml of
distilled water. To the mixture was added 0.075 ml of 5 %
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(w/v) sodium nitrite solution, and this was allowed to stand
for 5 min. Then, 0.15 ml of 10 % (w/v) aluminum chloride
was added. After 6 min, 0.5 ml of 1 M sodium hydroxide
was added, and the mixture was diluted with another
0.275 ml of distilled water. Absorption at 510 nm was
measured in a Shimadzu UV-Vis spectrophotometer
(Shimadzu UV-1601). Total flavonoids content was ex-
pressed as catechin equivalent in milligrams per gram DW
of sample, using a standard curve generated with 50, 100,
150, 200, 250, 300 mg 17! of catechin (Sigma-Aldrich).

RNA isolation, cDNA preparation and quantitative
real-time polymerase chain reaction (qPCR)
analysis

Total RNA was isolated from cells using the Column Plant
RNAgyr 2.0 Kit (Tiandz, China), and cDNA was prepared
using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fischer Scientific, USA), according to the
manufacturer’s protocol. The amplification of Actinl was
used as the internal reference gene to normalize the ex-
pression of selected genes. PAL, C4H, STS, CHS and
Actinl primers sequences were designed based on
V. vinifera nucleotide sequences deposited in GenBank,
using Primer Premier 5 and Oligo 7, and 4CL primers have
been described by Wang et al. (2013). All primer pairs are
given in Table 1.

Two-step qPCR was performed using a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, USA). Each
reaction was performed in triplicate with a reaction volume
of 20 pl containing: 1 pl of template (50 ng cDNA), 1 pul
of each primer (400 nM, final concentration), 10 pl of iTaq
Universal SYBR Green Supermix (Bio-Rad, USA) and
7 W of nuclease-free sterile water (Amresco, USA). The
following thermal cycling protocol was used for each
gPCR essay: 95 °C for 5 min, followed by 40 cycles
(95 °C for 5s and 60 °C for 30 s). The melting curve
analysis was performed from 65 to 95 °C. Data were
analyzed using the CFX Manager Software 1.6 (Bio-Rad,
USA). Relative mRNA ratios were calculated using the
27AACT ethod (Livak and Schmittgen 2001). Untreated
cells (at time zero) were considered as the reference sam-
ple. For each gene, the reference sample was defined as
expression = 1, and results were expressed as the fold-
changes compared to the reference sample. Values repre-
sented the average of three biological replicates.

Statistical analysis

All experiments were performed using three biological
replicates, and all measurements were analyzed in tripli-
cate. The obtained data were expressed as mean + SE.
Graphs of the experimental data were developed using
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Table 1 Primers used for

Gene name Accession number Primer pair (5'-3') (forward/reverse)
quantitative real-time
polymerase chain reaction Actinl AY680701 CTACTGCTGAACGGGAAAT
ACTTCTGGACAACGGAATC
PAL JIN858957 AGTCATCCGAGCATCAACTAAATC
TGAGAACTGGGCAAACATAAGC
C4H XM_002266202 ACCAACGGAATCGTGCTG
GGTCTCAAAATGGGAATGAAGTCT
4CL XM_002274958 CGAAGAACCCGATGGTGGAGA
CACGAGCCGGACTTAGTAGGA
STS EU156062 TGTTTGACTCAGGCTTTTG
CCTTATGGGATTTCTTTCTC
CHS X75969 CGATAGGCATCAGCGACT
TTTTCCTCATTTCGTCCAG

OriginPro 8.1 software for Windows (OriginLab Corpora-
tion, USA). Statistical analysis was performed by analysis
of variance using Student’s ¢ test and Duncan’s multiple
range test, using SPSS version 20 (SPSS Inc, USA). Dif-
ferences at p < 0.05 were considered statistically
significant.

Results

Growth Kinetics of V. vinifera cell cultures
under elicitations

Vitis vinifera L. cv. Cabernet Sauvignon cell suspension
cultures were treated with UV-C, MeJA and SA, alone or
in combination. The effect of elicitations on cell growth
was monitored by dry weight (Fig. 1). The DW in cells
treated with UV-C for 10 or 20 min showed no significant
difference from in untreated cell cultures, but UV-C for
30 min triggered a significant DW reduction (Fig. 1a). The
cell growth was not significantly affected by the addition of
0.1 % (v/v) ethanol or 0.2 % (v/v) methanol, and the ad-
dition of MeJA or SA at lower concentrations (50 and
100 M) (Fig. 1b, c). However, MeJA or SA at higher
concentrations (150 and 200 uM) caused a significant de-
cline of DW. The optimal dosage/concentration for stilbene
induction in V. vinifera cell cultures were chosen as de-
scribed below; and UV-C (20 min) together with MeJA
(100 uM) or SA (100 uM) were applied to investigate the
effect of combined elicitation on stilbene biosynthesis. As
shown in Fig. 1d, cell cultures treated by the combined
elicitation of UV-C together with MeJA or SA showed a
similar trend of DW increase, which was not significantly
different from untreated cell cultures. As shown in Fig. 2,
treatments at the optimal dosage/concentration, alone or in
combination, did not significantly influence cell viability
(p > 0.05) with more than 80 % of living cells.

Effect of individual elicitation of UV-C, MeJA or SA
on stilbene production in V. vinifera cell cultures

Vitis vinifera cell cultures were treated with different
dosages of UV-C irradiation and different concentrations
of MeJA or SA in order to determine the optimal elicitor
dosage/concentration for the induction of stilbene pro-
duction. Trans-piceid, cis-piceid and trans-resveratrol
were observed inside all cells, and e-viniferin appeared
only after elicitations. Cis-resveratrol was undetectable
during the whole experimental period. Only trans-
resveratrol was detected in the culture medium after
elicitations.

The changes of stilbene content in V. vinifera cell cul-
tures subjected to UV-C irradiation are shown in Fig. 3.
Stilbene content of untreated cells maintained low and
constant during the experimental period. UV-C irradiation
significantly promoted intracellular stilbene accumulation.
Trans-piceid content (Fig. 3a) increased gradually from
24 h to the maximum at 96 h. Cis-piceid content (Fig. 3b)
peaked at 24 h and declined. Trans-resveratrol content
(Fig. 3c) started to increase at 12 h and peaked at 48 h,
and then declined rapidly. e-viniferin (Fig. 3d) was not
observed until 24 h, and its content increased gradually to
the maximum between 48 and 72 h. Total intracellular
stilbene content (Fig. 3e) in cell cultures treated with UV-C
for 10, 20 and 30 min reached the maximum between 72
and 96h (1171.78 &£ 37.41, 1400.32 £ 55.53 and
1365.06 + 48.25 pg g~' DW, respectively), which was
2.21-, 2.62- and 2.55-fold higher than in untreated cells,
respectively. Extracellular trans-resveratrol (Fig. 3f) ap-
peared since 24 h, and its concentration peaked at 72 h
(0.8 £0.06, 1.49 +0.09 and 1.15 £ 0.06 mg1', re-
spectively, in the culture medium subjected to UV-C irra-
diation for 10, 20 and 30 min). UV-C irradiation for 20 or
30 min induced a higher accumulation of stilbene than that
for 10 min, but 30 min irradiation caused a significant
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Fig. 1 Growth curves of V. vinifera cell cultures treated with UV-C
irradiation (a), MeJA elicitation (b), SA elicitation (¢) and the
combined elicitation of UV-C together with MeJA or SA (d).
*Statistically significant difference (Student’s 7 test, p < 0.05)
between cells under elicitation and untreated cells at each time point.
Values are mean £ SE (n = 3)

biomass reduction (Fig. 1a). Therefore, 20 min was chosen
as the optimal dosage for UV-C irradiation.

The changes of stilbene content in V. vinifera cell cul-
tures subjected to MeJA elicitation are shown in Fig. 4.
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to the maximum within 72-96h (0.53 £ 0.03,
1.74 £ 0.02, 1.63 £0.09 and 1.55 £ 0.12mg 1", re-
spectively, in the culture medium treated with MeJA at 50,
100, 150 and 200 uM). Stilbene accumulation in cell cul-
tures treated with a MeJA concentration of 100 or 150 pM
was significantly higher than other groups, but MeJA at
150 uM caused a significant biomass reduction (Fig. 1b).
Therefore, 100 pM was chosen as the optimal concentra-
tion for MeJA elicitation.

The changes of stilbene content in V. vinifera cell cul-
tures subjected to SA elicitation are shown in Fig. 5. Only
intracellular stilbene was detected, and e-viniferin was not
observed along the time course. The addition of 0.2 % (v/
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Fig. 3 Changes of stilbene content in V. vinifera cell cultures treated
with UV-C irradiation over a 96-h time course. Intracellular trans-
piceid (a), intracellular cis-piceid (b), intracellular trans-resveratrol
(¢), intracellular e-viniferin (d) and extracellular trans-resveratrol
(f) contents were determined by HPLC, and total intracellular stilbene

v) methanol did not significantly affect stilbene production
during the experimental period. Trans-piceid (Fig. 5a) and
cis-piceid (Fig. 5b) contents increased gradually to the
maximum within 72-96 h. Trans-resveratrol content
(Fig. 5c) peaked at 48 h and decreased. Total intracellular
stilbene content (Fig. 5d) in cells treated with SA at 50,
100, 150 and 200 pM reached the maximum between 72
and 96 h (617.6 + 7.86, 709.82 £+ 18.08, 711.19 £ 16.18
and 700.18 & 16.61 pg g~' DW, respectively), which was
1.15-, 1.34-, 1.33- and 1.31-fold higher than in untreated
cells, respectively. Stilbene production showed no sig-
nificant difference in cells treated with SA at 100, 150 and
200 pM, and SA at 50 pM was less effective. However, SA
at 150 or 200 uM caused a significant biomass reduction
(Fig. 1c). Therefore, 100 pM was chosen as the optimal
concentration for SA elicitation.

content (e) indicates the sum of a, b, ¢ and d. Different letters indicate
the statistically significant differences (Duncan’s multiple range test,
p < 0.05) among different treatments at each time point. Values are
mean £+ SE (n = 3)

Effect of the combined elicitation of UV-C together
with MeJA or SA on stilbene production
in V. vinifera cell cultures

The changes of stilbene content in V. vinifera cell cultures
subjected to the combined elicitation of UV-C (20 min)
together with MeJA (100 uM) or SA (100 uM) are shown
in Fig. 6. In cells treated with 0.1 % (v/v) ethanol or 0.2 %
(v/v) methanol, stilbene content maintained low and con-
stant throughout the experimental period and showed no
significant difference from untreated cells.

The combined elicitation of UV-C and MelJA triggered
more intracellular stilbene accumulation than UV-C (Fig. 3)
and MeJA (Fig. 4) individual treatments. Trans-piceid
content (Fig. 6a) increased gradually to the maximum at
96 h, and cis-piceid, trans-resveratrol and e-viniferin
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Fig. 4 Changes of stilbene content in V. vinifera cell cultures treated
with MeJA over a 96-h time course. Intracellular frans-piceid (a),
intracellular cis-piceid (b), intracellular trans-resveratrol (c), intra-
cellular e-viniferin (d) and extracellular trans-resveratrol (f) contents
were determined by HPLC, and total intracellular stilbene content

contents (Fig. 6b—d) reached the maximum within 3648 h.
Total intracellular stilbene content (Fig. 6e) increased to the
maximum at 48 h (2005.05 + 63.03 pg g~ DW), which
was 3.65-fold higher than in untreated cells. Extracellular
trans-resveratrol (Fig. 6f) appeared since 12 h, and its con-
centration accumulated to the maximum at 72h
(3.96 & 0.2 mg 1), which was 2.65- and 2.27-fold higher
than in UV-C and MeJA individual treatments, respectively.
The combined treatment of UV-C and MeJA led to a higher
extracellular frans-resveratrol accumulation than that ob-
tained for the sum of both individual treatments, so this result
can be considered as a synergistic effect.

Stilbene response in cell cultures subjected to the
combined treatment of UV-C and SA was similar to that in
the case of the combined treatment of UV-C and MeJA.

@ Springer

(e) indicates the sum of a, b, ¢ and d. Different letters indicate the
statistically significant differences (Duncan’s multiple range test,
p < 0.05) among different treatments at each time point. Values are
mean + SE (n = 3)

Total intracellular stilbene content (Fig. 6e) reached the max-
imum at 72 h (1630.93 + 44.17 pg g~' DW), which was 3.07-
fold higher than in untreated cells. Extracellular trans-resvera-
trol (Fig. 5f) appeared since 24 h, and its concentration reached
the maximum at 72 h (2.33 £ 0.15 mg 171), which was 1.56-
fold higher than in UV-C individual treatment.

Effect of UV-C, MeJA and SA, alone
or in combination, on total phenolics and total
flavonoids contents in V. vinifera cell cultures

The changes of intracellular total phenolics and total fla-
vonoids contents in cells treated with UV-C (20 min),
MeJA (100 pM) and SA (100 uM), alone or in combina-
tion, are shown in Fig. 7. The addition of 0.1 % (v/v)
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Fig. 5 Changes of stilbene content in V. vinifera cell cultures treated
with SA over a 96-h time course. Intracellular trans-piceid (a),
intracellular cis-piceid (b) and intracellular zrans-resveratrol (¢) con-
tents were determined by HPLC, and total intracellular stilbene

ethanol or 0.2 % (v/v) methanol did not significantly affect
total phenolics and flavonoids contents.

As shown in Fig. 7a, total phenolics content in cells
subjected to UV-C and MeJA individual treatments
reached the maximum at 48 h, which was 1.49- and
1.39-fold higher than in untreated cells, respectively. The
combined treatment of UV-C and MeJA highly promoted
total phenolics content to the maximum at 36 h, which
was 1.95-fold higher than in untreated cells. SA did not
significantly influence total phenolics content. The com-
bination of UV-C and SA increased total phenolics
content to the maximum at 36 h, which was 1.72-fold
higher than in untreated cells.

Total flavonoids content (Fig. 7b) was induced to the
peak at 48 h in cells subjected to UV-C and MeJA in-
dividual treatments, which was 2.1- and 2-fold higher
than in untreated cells, respectively. The combined
treatment of UV-C and MeJA enhanced total flavonoids
content to a 2.99-fold higher level than in untreated cells
at 36 h. In cells treated with SA, total flavonoid content
increased to the peak at 48 h (1.49-fold higher than in
untreated cells), and then decreased to the control levels.
Total flavonoids content in cells treated with the com-
bination of UV-C and SA reached the peak at 36 h with
a 2.56-fold increase.

content (d) indicates the sum of a, b and c¢. Different letters indicate
the statistically significant differences (Duncan’s multiple range test,
p < 0.05) among different treatments at each time point. Values are
mean £+ SE (n = 3)

Effect of UV-C, MeJA and SA, alone

or in combination, on expression of genes involved
in stilbene and flavonoid biosynthesis in V. vinifera
cell cultures

The changes of the expression levels of five genes (PAL,
C4H, 4CL, STS and CHS) encoding enzymes involved in
stilbene and flavonoid biosynthesis in cells treated with
UV-C (20 min), MeJA (100 uM) and SA (100 uM), alone
or in combination, are shown in Fig. 8. In untreated cells,
there was no significant transcript change of these genes
during the experimental period. The addition of 0.1 % (v/v)
ethanol or 0.2 % (v/v) methanol did not significantly affect
the expression patterns of these genes.

PAL, C4H and 4CL (Fig. 8a—c) are key genes encoding
enzymes involved in the phenylpropanoid pathway. There
were similar trends in the expression profiles of PAL, C4H
and 4CL after elicitations. The expression levels of these
three genes reached the maximum between 24 and 36 h in
cells subjected to UV-C and MeJA individual elicitations.
The expression levels of PAL, C4H and 4CL were induced
to a peak within 24-36 h after the combined elicitation of
UV-C and MeJA, which were 5.52-, 4.62- and 6.01-fold
higher than in untreated cells, respectively. SA induced the
expression levels of these three genes to an approximately
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Fig. 6 Changes of stilbene content in V. vinifera cell cultures treated
with the combined elicitation of UV-C together with MeJA or SA
over a 96-h time course. Intracellular trans-piceid (a), intracellular
cis-piceid (b), intracellular frans-resveratrol (c), intracellular e-
viniferin (d) and extracellular trans-resveratrol (f) contents were
determined by HPLC, and total intracellular stilbene content

2-fold increase at 36 h. The expression levels of these
genes were highly induced by the combined treatment of
UV-C and SA to the maximum within 24-36 h, which was
4.46-, 4.08- and 4.63-fold higher than in untreated cells for
PAL, C4H and 4CL, respectively.

STS (Fig. 8d) is the crucial gene encoding the enzyme
responsible for stilbene synthesis. In cells treated with UV-
C, the expression levels of STS were induced to a 17.38-
fold accumulation at 24 h, and then declined gradually to
control levels. MeJA induced the expression levels of STS
to two peaks at 6 and 36 h (25.38- and 52.85-fold higher
than in untreated cells, respectively). The expression levels
of ST significantly increased after the combined elicitation
of UV-C and MeJA, reaching an 80.15-fold accumulation
at 24 h. SA slightly induced the expression levels of STS to
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(e) indicates the sum of a, b, ¢ and d. For a, b, ¢ and e, different
letters indicate the statistically significant differences (Duncan’s
multiple range test, Student’s ¢ test, p < 0.05) among different
treatments at each time point. For d and f, *statistically significant
difference (Student’s 7 test, p < 0.05) between the two treatments at
each time point. Values are mean & SE (n = 3)

a 4-fold increase at 36 h, although it was not significant.
The combined treatment of UV-C and SA induced the
expression levels of STS to the peak at 24 h, which was
40.63-fold higher than in untreated cells. The maximum of
STS expression under the combined treatment of UV-C and
MeJA was higher than that obtained for the sum of UV-C
and MeJA individual treatments. Therefore, this result re-
vealed a synergistic effect of UV-C and MeJA on STS
expression. Also, there was a synergistic interaction be-
tween UV-C and SA on STS expression.

CHS (Fig. 8e) encodes the entrance enzyme of flavonoid
synthesis. In cells treated with UV-C, the expression levels
of CHS peaked at 48 h (4.64-fold higher than in untreated
cells) and declined. The expression levels of CHS were
induced to a 3.58-fold increase at 24 h after MeJA
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Fig. 7 Changes of intracellular total phenolics (a) and total
flavonoids (b) contents in V. vinifera cell cultures treated with UV-
C, MeJA and SA, alone or in combination, over a 96-h time course.

treatment. The combined treatment of UV-C and MeJA
highly induced the expression levels of CHS to the peak at
24 h (11.15-fold higher than in untreated cells). The ex-
pression levels of CHS accumulated with a 2.25-fold in-
crease at 48 h after SA treatment, and then declined to
control levels. The expression levels of CHS reached a
6.12-fold increase at 36 h in cells treated with the combi-
nation of UV-C and SA. A synergistic effect was observed
between UV-C and MeJA on CHS expression, since the
peak of CHS expression under the combined treatment was
higher than that obtained for the sum of the two individual
treatments.

Discussion

In the present work, we observed that the combined
elicitation of UV-C together with MeJA or SA, sig-
nificantly stimulated the biosynthesis of stilbene and fla-
vonoid in V. vinifera cell cultures.

The cell growth of V. vinifera cell cultures was not in-
hibited by UV-C irradiation at low dosages (10 or 20 min),
but UV-C for 30 min triggered a significant biomass re-
duction. This result was in agreement with Liu et al.
(2010), who observed a negative effect on growth index of
V. labrusca x V. riparia calli after 30 min UV-C

Different letters indicate the statistically significant differences
(Duncan’s multiple range test, p < 0.05) among different treatments
at each time point. Values are mean + SE (n = 3)

irradiation. MeJA or SA at lower concentration (50 or
100 pM) did not affect cell growth, but the biomass ac-
cumulation decreased when the concentration of elicitor
was higher. The biomass reduction in MeJA-elicited cell
cultures at high concentrations was in agreement with the
previous studies on Fagopyrum esculentum (Hu et al.
2011) and Mentha x piperita (Krzyzanowska et al. 2012)
cell cultures. In the previous studies, it was found that SA
inhibited the biomass of Hypericum perforatum calli and
cell cultures (Gadzovska et al. 2013), and increase of SA
concentration strongly suppressed the growth of Rubia
cordifolia calli (Bulgakov et al. 2002). In this study, the
production of stilbene and flavonoid was enhanced by
elicitations without loss of biomass and cell viability, and
this could be regarded as a prerequisite for obtaining sec-
ondary metabolites in plant cell cultures.

Both intracellular stilbene and trans-resveratrol release
into culture medium were promoted in V. vinifera cell
cultures treated with UV-C, MeJA and SA, alone or in
combination. Intracellular trans-resveratrol was induced to
a transient accumulation in cells after treatments, but in-
tracellular trans-piceid content maintained high and stable
after reaching the maximum. The peak of intracellular
e-viniferin and extracellular trans-resveratrol appeared
later than that of the increase of intracellular trans-
resveratrol content. It has been reported that piceid is the
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«Fig. 8 Changes of relative expression of PAL (a), C4H (b), 4CL (c¢),
STS (d) and CHS (e) in V. vinifera cell cultures treated with UV-C,
MeJA and SA, alone or in combination, over a 96-h time course.
Different letters indicate the statistically significant differences
(Duncan’s multiple range test, p < 0.05) among different treatments
at each time point. Values are mean &+ SE (n = 3)

stored and/or transported form of resveratrol (Morales et al.
1998), and resveratrol can be converted into more toxic
derivatives, such as e-viniferin (Pezet et al. 2004). The
results suggested that resveratrol might be first synthesized
in large amount in the cells, and then resveratrol might be
excreted into the culture medium or utilized to form other
derivatives in response to the biotic or abiotic stresses.

Postharvest UV-C irradiation has been widely used to
improve fruit quality. UV-C irradiation stimulated the
phenylpropanoid pathway with the accumulation of the
corresponding phenolic compounds, such as stilbene in
V. vinifera berry skins (Wang et al. 2013) and flavonoid in
Vaccinium corymbosum berries (Wang et al. 2009). UV-C
treatment enhanced both stilbene and anthocyanin contents
in V. vinifera berry skins, and the induction capacity de-
pended on the dosages of irradiation (Crupi et al. 2013) and
grape varieties (Guerrero et al. 2010). In this study, UV-C
strongly promoted stilbene accumulation in V. vinifera cell
cultures, and the effect depended on UV-C dosages. These
results were in agreement with the findings of Liu et al.
(2010) on UV-C irradiated grape calli. To the best of our
knowledge, we reported, for the first time, data on the re-
lease of trans-resveratrol in V. vinifera L. cv. Cabernet
Sauvignon culture medium subjected to UV-C individual
treatment. Previous studies showed that the expression
levels of genes encoding enzymes involved in stilbene
biosynthesis were increased in V. vinifera x V. amurensis
leaves after UV-C irradiation (Wang et al. 2013), and CHS
mRNA was strongly induced in UV-irradiated Pet-
roselinum crispum cells (Logemann et al. 2000). In the
present study, UV-C irradiation highly induced transcript
accumulation of genes associated with stilbene and flavo-
noid biosynthesis. The results suggested that UV-C irra-
diation may enhance the production of corresponding
stilbene and flavonoid by inducing the expression of the
related genes.

MeJA has been used as an important elicitor on the
production of secondary metabolites. The phenylpropanoid
pathway can be induced by MeJA elicitation in cell cultures
of various plant species, such as Arnebia euchroma (Wang
et al. 2014) and Artemisia absinthium (Ali et al. 2015). In
this study, the results showed that MeJA induced two peaks
of STS expression at 6 and 36 h, and intracellular trans-
resveratrol content was also stimulated to two peaks at 12
and 48 h. The peaks of STS expression occurred earlier than
those of the increase of intracellular trans-resveratrol

content. Therefore, the results suggested that the enhance-
ment of stilbene production in V. vinifera cell cultures
subjected to MeJA may be obtained by the up-regulation of
STS expression. Stilbene production in V. vinifera cell
cultures could be significantly enhanced by the combined
treatments of MeJA together with physical elicitors, such as
MeJA plus red light (Tassoni et al. 2012) and MeJA in
combination with low energy ultrasound (Santamaria et al.
2012). In the present work, the combined treatment of
UV-C and MeJA induced a higher stilbene production in
V. vinifera cell cultures, more than each individual treat-
ment. This result was in agreement with the findings of
Fernandez-Marin et al. (2014), who reported that wine
achieved by V. vinifera berries under combination of MeJA
and UV-C treatments contained significantly higher stilbene
concentration. Additionally, a positive synergic effect was
observed on extracellular trans-resveratrol accumulation
and STS expression under the combined elicitation of UV-C
and MeJA. It seemed that the synergistic interaction of UV-
C and MeJA on extracellular trans-resveratrol accumula-
tion could be the result of the synergistic effect on STS
expression. Besides, the maximum of intracellular stilbenes
in cells subjected to the combined treatment appeared ear-
lier than UV-C and MeJA individual treatments. The results
suggested that the addition of MeJA may accelerate the
induction of stilbene production by UV-C irradiation.

SA has long been recognized as a signal molecule which
enhances plant defense mechanism and modulates plant
secondary metabolites production. SA elicited the pro-
duction of phenylpropanoids in H. perforatum shoots, calli
and cell cultures (Gadzovska et al. 2013). SA in vivo in-
cubation promoted flavonol production in V. vinifera berry
tissues (Fang and Huang 2013). Our present results showed
that SA was less efficient in stilbene production than UV-C
or MeJA. However, the combined treatment of UV-C and
SA highly enhanced stilbene production, more than each
individual treatment, and there was also a synergistic in-
teraction between UV-C and SA on STS expression. The
results suggested that the presence of SA may reinforce the
effect of UV-C irradiation on stilbene production.

4CL, STS and CHS constitute the branching point of
stilbene and flavonoid biosynthesis. In the present study,
elicitations of UV-C, MeJA and SA, alone or in combi-
nation, highly promoted the entire phenylpropanoid path-
way, and no preferential orientation was found at this
branching point. UV-C in presence of MeJA displayed a
positive synergistic effect on up-regulation of CHS tran-
script with a higher production of total flavonoids; and the
combined treatment of UV-C and SA also led to more
flavonoid accumulation than each individual treatment.
The enhancement of stilbene production did not affect the
accumulation of flavonoid, which is an important pa-
rameter of wine-making. The results suggested that the
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combined treatment of UV-C together with MeJA or SA
can be a good way to produce stilbene-enriched grapes and
wines without negative effects on wine quality.

In conclusion, the present study demonstrated that elicita-
tions of UV-C, MeJA and SA, alone or in combination, had a
significant effect on the enhancement of stilbene production,
as well as total phenolics and total flavonoids contents, in
V. vinifera cell suspension cultures. Elicitations at the optimal
dosage or concentration did not exert a negative effect on cell
growth. Relative expression of genes involved in stilbene and
flavonoid synthesis was also highly up-regulated, and there
was a synergistic effect of UV-C together with MeJA or SA on
STS expression. The combined application of UV-C together
with MeJA or SA can be an efficient way to enhance stilbene
production in V. vinifera cell cultures. Further experiments
will be required to confirm the effect of the combined use of
UV-C and SA in grape berries in order to produce stilbene-
enriched grapes, which can be a good resource for healthy-
winemaking. The molecular mechanism and the signal
transduction pathway underlying the synergistic effect of
these elicitors should be investigated further.
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