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Abstract Stilbenes (resveratrol, piceid, viniferins, etc.) are
acting as phytoalexins and possess valuable biologically
active properties. To improve stilbene production in grape-
vine, the effect of VaSTS1, VaSTS2, and VaSTS7 gene over-
expression on stilbene production in callus cell cultures of
wild grapevine Vitis amurensis Rupr. were accessed. Over-
expression of VaSTS1 increased the total content of stilbenes
by 1.2-2.1 times up to 0.36 mg per g of the dry weight
(mg g~ ' dry wt) or 0.036 % of dry wt, while overexpression
of VaSTS2 and VaSTS7 increased the content of stilbenes by
1.5-3.5 and 2.5-2.8 times (up to 0.48 and 0.60 mg g~ ' dry
wt), respectively. P-coumaric acid (CA), a precursor of stil-
benes, induced stilbene content and production in all cell lines
with the highest positive effect on stilbene accumulation
being observed in the STS2- and STS7-transgenic cell lines.
After the CA feeding, the stilbene content increased up to
1.09-1.16 mg g~ dry wt in the STS2- and one STS7-trans-
genic cell lines and only up to 0.35 and 0.40 mg g~ ' dry wt
in the control and S7S/-transgenic cell lines, respectively.
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Thus, overexpression of VaSTS1, VaSTS2, and VaSTS7 genes
had a positive effect on stilbene accumulation in the cells of V.
amurensis cultivated in vitro. T-resveratrol and #-resveratrol
glycosides were the prevalent stilbenes synthesized in the
STS-transgenic calli before and after CA feeding. The results
obtained are innovative for plant biotechnology, since stil-
bene production in plant cell cultures overexpressing a STS
gene has not been studied until now.
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Abbreviations

CA P-coumaric acid

HPLC High-performance liquid chromatography
Km Kanamycin

STS Stilbene synthase

Wt Weight

Introduction

Stilbenes are natural compounds occurring in a number of
unrelated plant families, including Fabaceae (peanut),
Pinaceae (pine), or Vitaceae (grape). A considerable number
of stilbene structures are based on the structure of resvera-
trol, which is the key precursor in the stilbene biosynthesis
(Chong et al. 2009). Trans-resveratrol or t-resveratrol may
be metabolized to form other stilbenes, such as viniferins
(oxidation), pterostilbene (methylation), or piceid (glyco-
sylation). T-resveratrol is widely known as a molecule that is
beneficial to human health (Shankar et al. 2011; Suwalsky
et al. 2015), and this explains the high level of interest in #-
resveratrol among different research groups.

@ Springer


http://dx.doi.org/10.1007/s11240-016-0954-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s11240-016-0954-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11240-016-0954-0&amp;domain=pdf

330

Plant Cell Tiss Organ Cult (2016) 125:329-339

Resveratrol is synthesized via the phenylpropanoid path-
way (Langcake and Pryce 1977) where stilbene synthase
(STS, EC 2.3.1.95) directly catalyzes the reaction of resver-
atrol formation condensing three molecules of malonyl-CoA
and one molecule of cumaryl-CoA to form the stilbene
backbone. STS genes usually form small families, but in Vitis
vinifera STSs exist as a multigene family yielding 48 STS
members where at least 32 members were shown to be
functional (Parage et al. 2012). STSs have differences in
amino acid structures and exhibit various gene expression
patterns, suggesting functional diversification and possible
variations in enzymatic activities among different members
(Parage et al. 2012; Vannozzi et al. 2012). We detected
expression of at least 10 ST genes that differ in their deduced
amino acid sequences and expression patterns in callus cell
cultures of wild grapevine V. amurensis, which is a close
species to V. vinifera (Dubrovina et al. 2010; Kiselev et al.
2012). The level of VaSTS1 expression was the highest among
the expression levels of the 10 analyzed STS genes, but
VaSTS1 poorly responded at the transcriptional level to var-
ious treatments (Dubrovina et al. 2010). Expression of other
STS genes, e.g. VaSTS2 and VaSTS7, was differentially up-
regulated in response to salicylic acid, calcium ionophore, or
transformation with agrobacterial rol genes (Kiselev et al.
2010, 2012).

Plant cell cultures are currently thought to be promising
producers of plant secondary metabolites for the pharma-
ceutical industry (Kawiak et al. 2011). While a number of
STS gene transfer experiments in the genomes of whole
plants have been performed to induce production of stilbenes
(reviewed in Delaunois et al. 2009; Kiselev 2011), there are
no reports on STS gene overexpression into plant cell cul-
tures. Analyses of stilbene production in untreated plant cell
cultures revealed low levels of stilbene accumulation, less
than 0.01 % dry wt (Tassoni et al. 2005), while in elicited
cells the stilbene levels can reach up to 0.1 % dry wt (Lima
et al. 2012). The aim of the present study was to establish
STS-transgenic grapevine cell cultures and to analyze stil-
bene production in the transformed cells. The results
obtained show that overexpression of different S7S genes of
V. amurensis, namely STS1, STS2, and STS7, improved
stilbene production by callus cell cultures of V. amurensis.

Materials and methods

Plant materials and growth conditions, Vitis
amurensis cell culture

V2 callus culture of the wild-growing grape Vitis amurensis
Rupr. (Vitaceae) was established in 2002 (Kiselev et al.
2013). The KAO empty vector-transformed cell line was
obtained in 2012 by co-cultivation of the V2 cell suspension
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with Agrobacterium tumefaciens GV3101::pMP90 strain
containing pZP-RCS2-nptil vector (Tzfira et al. 2005), which
contained only the kanamycin (Km) resistance gene, nptll, as
described previously (Aleynova-Shumakova et al. 2014).
Then, for transgenic cell selection and stilbene production
analysis the grape cell cultures were cultivated at 35-day
subculture intervals in the dark at 24-25 °C in test tubes
(height 150 mm, internal diameter 146 mm) with 7-8 ml of
the solid Murashige and Skoog (MS) modified Wg,4 medium
supplemented with 0.5 mg 6-benzylaminopurine 17!, 2 mg
o-naphthaleneacetic acid 17!, and 8 g 17" agar (Dubrovina
et al. 2010). Reagents for cell cultures were purchased from
Sigma Chemical Co. (MO, USA) and Serva Feinbiochemica
GmbH & Co. (Heidelberg, Germany). P-coumaric acid (CA)
was obtained from Sigma (St. Louis, USA). Sterile solutions
of CA (as ethanol solutions), were added to the autoclaved
media aseptically in the desired concentrations (0.1 and
0.5 mM). The callus tissue samples were harvested from the
35 days old cultures during their linear growth phase and
when the highest resveratrol content was observed. These
samples were weighed and used for quantitative real-time
PCR, RNA isolation, and stilbene analysis. The calli were
dried using hot air flow (50 °C for 2 h), and then weighed
and used for stilbene detection.

Isolation, cloning, and sequencing of VaSTS1,
VaSTS2, and VaSTS7 transcript variants

Total RNA isolation was performed using hexade-
cyltrimethylammonium bromide (CTAB)-based extraction
protocol (Kiselev et al. 2013). Complementary DNAs were
synthesized at 437 °C using moloney murine leukemia
virus (MMLYV) RT (the RT-PCR Kit, Silex M, Moscow,
Russia) as described previously (Kiselev et al. 2007). The
PCR products were isolated from agarose gels using a
Cleanup Mini Kit (Evrogen, Moscow, Russia).

Full length cDNAs of VaSTS1, VaSTS2, and VaSTS7
transcripts were amplified by RT-PCR from cDNA from
grape V2 cell culture using primers 5ATG GCK TCW
GTK GAG GAA and 5ATT TGT AAY TGT AGG AAT G
designed to the known sequence of the VaSTS gene of V.
amurensis (GenBank acc. no GQ167204, EU659863,
EU659868). cDNA was cloned to pJet (Fermentas, Vilnius,
Lithuania) and sequenced using ABI 3130 Genetic Ana-
lyzers as described (Kiselev et al. 2013).

Overexpression of VaSTS1, VaSTS2, and VaSTS7
genes in cell cultures of V. amurensis

To generate the constructions for plant cell transformation,
the full-length cDNAs of VaSTSI, VaSTS2, and VaSTS7
transcript variants were amplified by PCR using the forward
primer 5GCT CGA GCT CAT GGC KTC WGT KGA
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GGA A and the reverse primer 5TCG AGG ATC CAT TTG
TAA YTG TAG GAA TGA from pTZ57-VaSTSs. The for-
ward primer contained Sacl restriction site and reverse pri-
mers contained BamHI restriction site, which are underlined.
The full-length and cDNAs of VaSTS1, VaSTS2, and VaSTS7
genes were cloned into the pSAT1 vector (Tzfira et al. 2005)
by the Sacl and BamHI sites under the control of the double
cauliflower mosaic virus (CaMV) 35S promoter. Then, the
expression cassettes from pSAT1 with the VaSTS1, VaSTS2,
and VaSTS7 variants were cloned into the pZP-RCS2-nprl
vector by the PalAl (Ascl) sites (Tzfira et al. 2005). The pZP-
RCS2-nprll construction also carried the npfIl gene under the
control of the double CaMV 35S promoter. Plasmid DNA
samples (pSAT1 and pZP-RCS2-nprl) were kindly provided
by Professor Alexander Krichevsky (State University of New
York, Stony Brook, USA). The used restriction enzymes were
obtained from SibEnzyme (Novosibirsk, Russia).

The overexpression constructs with the VaSTS1, VaSTS?2,
and VaSTS7 genes (pZP-RCS2-VaSTSI-npdl, pZP-RCS2-
VaSTS2-npdl, and pZP-RCS2-VaSTS7-nptll) and empty
vector (pZP-RCS2-npfll) were introduced into the A. fume-
faciens strain GV3101::pMP90 and transformed into the
V. amurensis suspension culture V2 by co-cultivation with the
bacterial cells as described (Kiselev et al. 2013).

After transformation, the calli were cultivated for a
3-month period in the presence of 10-15 mg of Km 17" to
select transgenic cells and for a 4-month period in the
presence of 250 mg of cefotaxime (Cf) 1" to suppress the
bacteria. The absence of A. fumefaciens was confirmed by
PCR of the VirB2 gene using primers 5’ATG CGA TGC
TTT GAA AGA TAC CG and 5TTA GCC ACC TCC AGT
CAG CG as described (Aleynova-Shumakova et al. 2014).

For analyzing mRNA levels of the exogenous VaSTSI
exogenous transgene, we used primers STS1 5CTG TTG
TGC TGC ATA GCA TTC designed to the 3’ end of the
protein coding region of VaSTSI and primer pSATla
5'GAG AGA CTG GTG ATT TTT GCG designed to the
CaMV 35S terminator in the pSAT1 vector (Tzfira et al.
2005). For analyzing mRNA levels of the exogenous
VaSTS2 exogenous transgene, we used primers STS2
5'GGT GAA GGA TTG GAT TGG G designed to the 3’ end
of the protein coding region of VaSTS2 and primer pSAT]a.
For analyzing mRNA levels of the exogenous VaSTS7
exogenous transgene, we used primer STS7 5’GGA TTG
GGG AGT ATT ATT TGG designed to the 3’ end of the
protein coding region of VaSTS7 and primer pSAT1a.

Chemicals
All solvents were of high performance liquid chromatog-

raphy (HPLC) grade. Analytical standards: ¢-resveratrol, t-
piceid and p-coumaric acid were obtained from Sigma-

Aldrich (St. Louis, MO, USA), e-viniferin was obtained
from Panreac AppliChem (GmbH, Germany).

Analytical chromatography

Liquid chromatography with a high-resolution mass
spectrometry

Transgenic lines harboring the pZP-RCS2-nptIl, and pZP-
RCS2-VaSTS1-nptll, pZP-RCS2-VaSTS2-nptll, and pZP-
RCS2-VaSTS7-nptll constructs cultivated on solid Wg/s
medium (35 days) were analyzed for the presence of
stilbenes.

HPLC with UV and high-resolution mass spectrometry
(HPLC-UV-HRMS) for identification (components 1-5,
Fig. 1) was performed by using LCMS-IT-TOF tandem
mass-spectrometer (Shimadzu, Japan) including with LC-
20AD Prominence liquid chromatograph (Shimadzu,
Japan), an SPD-M20A photodiode array detector, and an
ion-trap/time-of-flight mass spectrometer. An analytical
Ascentis C18 column (100 mm, 2.1-mm i.d., 3-um part
size, Supelco, Bellefonte, Pennsylvania, USA) for separa-
tion was applied. The mass spectral (MS) parameters
included electrospray ionization (ESI) with simultaneous
negative and positive ion detection with a resolution of
12,000. The following settings were used: the range of m/z
detection was 100-1000, the drying gas (N,) pressure was
195 kPa, the nebulizer gas flow rate was 1.5 1/min, the ion
source potential changed from —3.8 to 4.5 kV, and the
interface temperature was 200 °C. All MS? experiments
were run by adjusting the collision energy to the point
where the precursor ion had an abundance of 50 % relative
to the precollision intensity. The pressure of the collision
gas (Ar) was 0.003 Pa. The range of m/z detection for the
precursor ion fragments was 50-600. Separation was car-
ried out at following conditions: the column temperature
was 40 °C, the mobile phase consisted of 0.1 % aqueous
acetic acid (A) and acetonitrile (B). The following elution
gradient with a flow rate of 0.25 mL/min was used: 0 min
0% B; 5 min 0 % B; 40 min 100 % B and then eluent B
until 50 min.

Liquid chromatography with a low-resolution mass
spectrometry

HPLC with MS and UV detection (HPLC-MS-UV) for
identification (components 6-11, Fig. 1) and quantification
of all components was performed using an 1260 Infinity
analytical HPLC system (Agilent Technologies, Santa
Clara, California, USA), equipped with a G1315D photo-
diode array detector, G1311C quaternary pump, G1316A
column oven and G1329B auto sampler. The HPLC system
was connected with a Bruker HCT ultra PTM Discovery
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Fig. 1 A representative HPLC—
UV profile for the extracts
obtained from the KAO cell
culture of V. amurensis recorded
at 310 nm. The callus tissue
samples were harvested from
the 35-day-old cultures. Line
A—KAO cells cultivated in
standard conditions; line B—
KAO cells treated with 0.5 mM
p-coumaric acid (CA); line C—
ST1-1IV cells cultivated in
standard conditions; line D—
ST1-1V cells treated with

0.5 mM CA; line E—ST2-1
cells cultivated in standard
conditions; line F—ST2-I cells
treated with 0.5 mM CA; line
G—ST7-1 cells cultivated in
standard conditions; line H—
ST7-I cells treated with 0.5 mM
CA. t-resveratrol diglucoside
(1), t-piceid or t-resveratrol
glucoside (2), t-resveratrol (3),
e-viniferin (4), &-viniferin (5),
coumaroyldihexoside (6),
coumaric acid derivative A
hexoside (7),
caffeoyldihexoside (8),
coumaroylhexoside (9),
caffeoylhexoside (10), and
coumaric acid derivative A (11)
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System (Bruker Daltonik GmbH, Bremen, Germany),
equipped with ion trap mass spectrometer. The extracts
were separated on Zorbax C18 column (150 mm, 2.1-mm
i.d., 3.5-um part size, Agilent Technologies, USA); the
column temperature was 40 °C. The mobile phase con-
sisted of a gradient elution of 0.1 % aqueous acetic acid
(A) and acetonitrile (B). The gradient profile with a flow
rate of 0.2 mL/min was: O min 0 % B; 35 min 40 % B;
40 min 50 % B. 50 min 100 % B and then eluent B until
60 min. The injected volume was 1-5 pL. The MS analysis
was carried out with electrospray ionization (ESI) and
negative ions detection. The following settings were used:
the range of m/z detection was 100-1000, the drying gas
(N,) flow rate was 8 l/min, the nebulizer gas (N,) pressure
was 175 kPa, the ion source potential was —4.0 kV and the
drying gas temperature was 325 °C. The all MS? signals
were recording with the fragmentation amplitude 1 V. UV
spectra were recorded in the 200-400 nm range, and
chromatograms for quantification were acquired at 310 nm.
All determined components of the extracts were calculated
on the base of four-point regression curves built with the
available standards. All solutions were filtered through a
0.45-um membrane (Millipore, Bedford, MA, USA) prior
to inject.

Statistical analysis

Statistical analysis was performed using the Statistica 10.0
program (StatSoft Inc, Boston, USA). The data are pre-
sented as mean =+ standard error (SE) and were tested by
paired Student’s ¢ test. The 0.05 level was selected as the
point of minimal statistical significance in all analyses.

Results
Stilbene identification

Compound 1 (Supplementary Table 1) of extract from
grape KAO cell line showed the spectral data corresponded
to described earlier (Jerkovic et al. 2007). On the negative
MS? spectrum of [M — H]~ precursor ions with m/z 551
only two ions were presented. These ions with m/z 389 and
227 corresponded to the fragments formed by consistent
elimination of one and two dehydrated molecules of hex-
ose. On the positive MS? spectrum of [M + H]™ precursor
ions the fourteens fragment ions was presented. More
intensive ions with m/z 391 and 229 corresponded to the
fragments formed by elimination of one and two dehy-
drated molecules of hexose. Other fragment ions with m/z
373, 355 and 337 formed by losses two molecules of
hexose coupled with one, two and tree molecules of water,
respectively. Also the ions with m/z 535 (loss H,O), 517

(loss 2H,0) and 499 (loss 3H,0) were presented on the
Ms? spectrum. High-resolution ESI mass-spectrum of
compound 1 showed the positive [M + H]* quasi-molec-
ular ions with m/z 553.1935 (calculated 553.1916) and
negative [M — H]™ quasi-molecular ions with m/z
551.1781 (calculated 551.1770). These values corre-
sponded to molecular formula of resveratrol dihexoside
(Ca6H3,013). MS? pattern of the compound corresponded
to the described earlier trans-resveratrol di-glucoside. Also,
UV spectrum of the compound was similar with the
spectrum of trans-isomer of resveratrol. All chromato-
graphic and MS characteristics of compounds 2—-4 (Sup-
plementary Table 1) strongly corresponded to the
characteristics of standard compounds and suggested with
literature data (Jerkovic et al. 2007; Mulinacci et al. 2010).

Compound 5 (Supplementary Table 1) of the extract
was determined as trans-d-viniferin. High-resolution ESI
mass-spectrum of compound S5 showed the positive
[M + H]* quasi-molecular ions with m/z 455.1491 (cal-
culated 455.1489) and negative [M — H] ™ quasi-molecular
ions with m/z 453.1376 (calculated 453.1343). Results of
calculation of molecular formula (C,gH,,06) showed
proper for viniferin elemental composition. All MS and UV
spectral characteristics of the compound were similar with
the data described earlier for trans-6-isomer of viniferin
(Jerkovic et al. 2007; Mulinacci et al. 2010). Next com-
pounds (6, 8, 9, 10, Supplementary Table 2) of extract had
the similar spectral data with the data described in litera-
ture for hydroxycinnamic acids derivatives (Ieri et al. 2012;
Zhao et al. 2014). Compounds 6 and 9 were assigned with
the structures of coumaroyldihexoside and coumaroylhex-
oside, respectively. Their negative ESI-MS spectra con-
tained quasi-molecular ions with composition [M — H]™
and cluster ions with compositions [M + CH3;COO]".
Their MS? spectra of [M — H]™ precursor ions contained
the similar fragment ions with m/z 163 corresponded to
coumaric acid anions. These ions formed by elimination
two molecules of dehydrated hexose from compound 6 and
a molecule of dehydrated hexose from compound 9. Also
in MS? spectra of the negative quasi-molecular ions of both
compounds the fragment ions with m/z 119 was presented.
These ions corresponded to decarboxylation product of
coumaric acid anions and formed by simultaneously
elimination molecules of dehydrated hexose with CO,
molecules from the quasi-molecular ions. Quasi-molecular
ions of compound 8 and 10 had MS? fragmentation pattern
similar with the MS? pattern of compounds 6 and 9. The
fragment ions shown in Supplementary Table 2 were
formed by elimination of dehydrated hexose molecules and
CO, from quasi-molecular ions of the compounds. Values
of m/z of these ions differed from the respective m/z values
of ions of coumaric acid derivatives on 16 a.m.u. This
number corresponded to an oxygen atom. Therefore, we
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assigned the structures of caffeoyldihexoside and caf-
feoylhexoside to the compounds 8 and 10, respectively.

Our analysis revealed the presence of two unknown
compounds—number 7 and 11 (Supplementary Table 2).
On the base of MS? spectral data of their quasi-molecular
ions, we assumed these compounds to be coumaric acid
derivatives. Their MS? spectra contained fragment ions
with m/z 163 and 119, typical for coumaric acid derivative
ions fragmentation (see above). Also UV spectral charac-
teristics of the compounds 7 and 11 were similar to those of
coumaric acid. The m/z values of quasi-molecular ions of
the compound 7 differed from the m/z values of respective
ions of the compound 11 on 162 a.m.u. This number cor-
responded to a dehydrated molecule of hexose. Moreover,
according to MS? data (Supplementary Table 2), frag-
mentation of the quasi-molecular ions of the compound 7
showed the presence of the fragment ions with m/z 228
corresponding to the m/z values of quasi-molecular ions of
the compound 11. Therefore, we suggested the compound 7
to be compound 11 hexoside derivative.

Genetic transformation of V. amurensis
with the VaSTS1, VaSTS2, and VaSTS7 genes
and selection of the transgenic cell lines

To establish grape cell cultures overexpressing the full-
length VaSTS1, VaSTS2, and VaSTS7 genes, the V2 sus-
pension culture of V. amurensis was incubated with A.
tumefaciens strains bearing constructs pZP-RCS2-npfl
(empty vector, KAO cell line), pZP-RCS2-VaSTSI-nptll
(STT1 cell line), pZP-RCS2-VaSTS2-nptIl (ST2 cell line), or
pZP-RCS2-VaSTS7-nptll (ST7 cell line), where the tran-
scripts of the VaSTSI, VaSTS2, and VaSTS7 genes were
cloned under the control of the double CaMV 35S pro-
moter. We selected transgenic cell aggregates in the pres-
ence of 10-15 mg Km 17" for 3-4 months and established
several Km-resistant lines. Previously, Km sensitivity of
the parent V2 culture was tested (Kiselev et al. 2013), and
it was shown that these calli completely ceased to grow
during the second month of cultivation at such low Km
concentration as 10 mg per liter (mg 1™"). During the first
month after transformation, we selected the fast-growing
calli from separate primary small aggregates, which
appeared in the presence of Km and established several
Km-resistant independent clonal lines ST1-I, II, and IV
transformed with the VaSTSI gene; ST2-1 and II trans-
formed with the VaSTS2 gene; ST7-I, II, and III trans-
formed with the VaSTS7 gene. The formation of
stable callus phenotypes of the used cell lines was observed
3 months after the removal of Km from the nutrient
medium.

The independently transformed ST1-1, II, IV; ST2-1, II;
ST7-1, II, and III cell lines were used for further
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investigation. These calli represented friable vigorously
growing homogenous tissues, which did not appear to have
undergone differentiation. We did not observe the forma-
tion of any differentiated structures, such as root- or shoot-
like structures in the transformed cell lines on the Wg/4
medium with standard hormone composition and on the
media with decreased levels of 6-benzylaminopurine and
a-naphthaleneacetic acid in the dark. The KAO calli
reproduced morphological, growth, and biosynthetic char-
acteristics of the parent V2 culture. The KA-0 cell line was
used as a control in all further experiments, including the
present investigation. The semiquantitative RT-PCR has
shown that the nprIl gene was transcribed in all obtained
transgenic cell lines (data not shown). The absence of A.
tumefaciens was confirmed using PCR to control the
presence or absence of the VirB2 gene (data not shown).

We analyzed expression of the exogenous VaSTSI,
VaSTS2, and VaSTS7 genes (transgenes) in the obtained
cell lines (Fig. 2). All STS-transgenic cell lines actively
expressed the exogenous VaSTSI, VaSTS2, or VaSTS7
genes, and their expression levels were approximately at
the same level in all the analyzed cell lines.

Production of stilbenes by the VaSTS1, VaSTS2,
and VaSTS7-transformed cell lines of V. amurensis
and their growth parameters

Using HPLC, we identified five stilbenes in the control cell
line KAO: t-resveratrol diglucoside (1), #-piceid or t-
resveratrol glucoside (2), t-resveratrol (3), e-viniferin (4),
and d-viniferin (5) (Fig. 1A). Also, there were other peaks
on the HPLC-UYV profile which could correspond to other
compounds, but their areas were much less than the areas
of above mentioned stilbenes. Recently, t-resveratrol
diglucoside, #-piceid, #-resveratrol, and viniferins were
isolated from grape cell suspension cultures and from
Arabidapsis plants overexpressing STS genes (Lo et al.
2007; Lima et al. 2012).

Overexpression of the used VaSTS genes increased the
area peaks of the identified five stilbenes (Fig. lc, e, g).
Treatment of the KAO and STS-transgenic V. amurensis
cell lines with 0.5 mM of the CA increased area of the
peaks for the identified five stilbenes and led to appearance
of the 6 new peaks: coumaroyldihexoside (6), coumaric
acid derivative A hexoside (7), caffeoyldihexoside (8),
coumaroylhexoside (9), caffeoylhexoside (10), and cou-
maric acid derivative A (11) (Fig. 1b, d, f, h).

In the Table 1, we presented fresh and dry biomass
accumulation (in g 17"), total stilbene content (in mg per g
of dry wt), and stilbene production (in mg 1~', formula:
dry wt production in g 1~ x stilbene content in mg per g of
dry wt) by the KAO (empty vector-transformed cell line);
ST1-I, 1L, IV (VaSTS1 gene), ST2-1, 11 (VaSTS2); and ST7-
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Fig. 2 Quantification of the exogenous VaSTSI, VaSTS2, and
VaSTS7 expression performed by real-time RT-PCR in the obtained
transgenic cell lines of V. amurensis. The callus tissue samples were
harvested from the 35-day-old cultures. qRT-PCR data were obtained
from at least two independent experiments and are averages of eight
technical replicates for each independent experiment (four qgPCR
reactions normalized to VaActinl and four qPCR reactions normal-
ized to VaGAPDH expression) and presented as mean =+ standard
error. *p < 0.05; **p < 0.01 versus values of VaSTSs expression in
the empty vector-transformed KAO cell line

L 11, T (VaSTS?7) cell lines overexpressing different VaSTS
genes. The ST1, ST2, and ST7 calli reproduced growth
characteristics of the empty vector control KAO calli
(Table 1).

Overexpression of the VaSTS1, STS2, and STS7 genes
increased total stilbene content up to 3.5 times (up to
0.6 mg g~ dry wt) and stilbene production up to 3.4 times
(up to 6.12 mg 171, compared to the KAO calli, but only in
the ST2-I and ST7-I cell lines this increase in stilbene
accumulation was significant (Table 1). Then, we analyzed
the content of individual stilbenes in the used KAO, ST1,
ST2, and ST7 cell lines. The analysis revealed that over-
expression of the VaSTSI gene increased t-resveratrol
content in 1.3-5 times, overexpression of the VaSTS2 gene
increased t-resveratrol content in 2.3-7 times, and over-
expression of the VaSTS7 gene increased f-resveratrol

content in 2.7-7.3 times in comparison with the KAO calli,
but only in the ST1-1V, ST2-I, ST7-1, and ST2-II cell lines
this increase was significant (Table 2). We detected only a
minor increase in the content of other stilbenes in the ST1,
ST2, and ST7 cell lines, but it was significant only for the
ST2-1 cell line (Table 2). Overall, the influence of the
VaSTS overexpression on the content of other resveratrol
derivatives (z-resveratrol diglucoside, #-piceid, €-viniferin,
O-viniferin) was not as significant as the influence on f-
resveratrol content.

It is possible that we did not find a stronger activation
effect of VaSTS overexpression on stilbene biosynthesis
due to a limitation in the precursor pool for #-resveratrol
precursors, e.g. coumaroyl-CoA and malonyl-CoA. P-
coumaric acid (CA) is a low-price available precursor of
stilbenes and isoflavonoids, and it is known that that CA
increased resveratrol accumulation in V. amurensis calli via
selective enhancement of expression of individual STS
genes (Shumakova et al. 2011). Therefore, we treated the
control and VaSTS-overexpressing cell lines with CA in
order to improve stilbene accumulation. For the CA treat-
ments, we selected VaSTS-overexpressing cell lines with
the highest stilbene content (ST1-VI, ST2-I, and ST7-I).

Incubation with CA increased total stilbene content and
production in the KAO calli in 1.5-1.9 times in comparison
with the untreated KAO (Table 3). Thus, the total stilbene
accumulation in the KAO calli after CA feeding became
approximately the same as it was in the ST1 cell lines
growing in standard conditions. In ST1-IV, CA increased
the total stilbene content and production only in 1.1 times.
The highest CA-induced increase in the content and pro-
duction of stilbenes was detected in the ST2-I and ST7-1
cell lines (Table 3). We also analyzed the content of
individual stilbenes in the KAQ, ST1, ST2, and ST7 cell
lines treated with CA (Table 4). CA treatment increased
the content of primarily r-resveratrol and z-resveratrol
diglucoside in the used cell lines. The highest #-resveratrol
content was 0.42 mg g~ dry wt in the ST2-I cell line after
feeding with 0.5 mM CA. The highest r-resveratrol diglu-
coside content was 0.65 % of dry wt in the ST7-I cell line
after feeding with 0.5 mM CA.

Discussion

The five stilbenes, r-resveratrol, f-piceid, e-viniferin, 0-
viniferin, and #-resveratrol diglucoside, produced in the cell
cultures of V. amurensis were also described in other
grapevine species and other plants (Jerkovic et al. 2007,
Mulinacci et al. 2010). Overexpression of the STSI, STS2,
and STS7 genes in V. amurensis cell cultures increased the
content of these five stilbenes up to 0.06 % dry wt and did
not lead to formation of new stilbenes. Only after the CA
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Table 1 Fresh and dry biomass accumulation, total stilbene content, and stilbene production in the KAO, ST1-I, II, IV; ST2-1, II; ST7-1, II, and

III cell lines overexpressing the VaSTS1, VaSTS2, or VaSTS7 genes

Cell line (gene) Fresh weight (g 171)

Dry weight (g 17"

Total stilbene content Total stilbene production

(mg g~' dry weight) (mg 171
KAO0 229.1 £ 154 10.7 £ 0.6 0.17 £ 0.07 1.82 £ 0.79
STI-I (VaSTSI) 271.6 £+ 21.1 10.9 £+ 0.7 0.24 £ 0.10 2.62 + 1.11
STI1-II (VaSTS1) 224.5 + 28.6 10.5 £ 0.8 0.20 + 0.09 2.10 + 1.01
ST1-1V (VaSTSI) 1789 £ 17.3 94 + 0.6 0.36 + 0.12 338 + 1.14
ST2-1 (VaSTS2) 240.3 £ 26.7 10.2 + 0.9 0.60 + 0.16%* 6.12 £+ 1.75%
ST2-II (VaSTS?2) 256.7 £ 13.8 11.2 £ 09 0.25 £ 0.08 2.80 £ 0.95
ST7-1 (VaSTS7) 2604 + 14.8 10.8 £ 0.7 0.48 £+ 0.18* 5.18 £ 2.01*
ST7-11 (VaSTS7) 2702 £ 17.1 11.0 £ 0.6 042 £ 0.17 4.62 £+ 1.87
ST7-II (VaSTS7) 276.1 £ 30.2 11.6 £ 0.8 042 £ 0.14 4.87 £+ 1.67

The callus tissue samples were harvested from the 35 days old cultures. * p < 0.05; ** p < 0.01 versus values of fresh biomass accumulation,
dry biomass accumulation or total stilbene levels in the empty vector-transformed KAO cell line

Table 2 Stilbene content (% dry wt) in the KAO, STI-I, II, IV; ST2-1, II; ST7-1, 11, and III cell lines cell lines overexpressing the VaSTS1,

VaSTS2, or VaSTS7 genes

1 1

Cell T-Resveratrol diglucoside t-Piceid (mg g~ ' dry r-Resveratrol (mg g~ e-Viniferin (mg g~ 3-Viniferin (mg g~

line (mg g~" dry weight) weight) dry weight) dry weight) dry weight)

KAO  0.09 +£0.03 0.02 £ 0.01 0.03 + 0.01 0.01 £ 0.01 0.02 £+ 0.01

ST1-I 0.09 &+ 0.03 0.03 £ 0.02 0.08 & 0.03 0.01 &£ 0.01 0.03 & 0.01

ST1- 0.08 &+ 0.03 0.01 £ 0.01 0.04 + 0.01 0.04 £+ 0.02 0.03 £+ 0.01
1I

ST1- 0.10 = 0.04 0.03 £ 0.01 0.15 &+ 0.04* 0.03 £ 0.01 0.05 £ 0.02
v

ST2-1 0.14 &+ 0.04 0.06 £+ 0.02 0.21 & 0.05%* 0.09 £+ 0.02* 0.10 £ 0.03*

ST2- 0.12 £ 0.03 0.02 £ 0.01 0.07 +£ 0.02 0.02 £ 0.01 0.02 £ 0.01
11

ST7-1 0.11 £ 0.03 0.07 £ 0.03 0.22 % 0.09* 0.04 & 0.01 0.04 &+ 0.02

ST7-  0.08 &+ 0.02 0.07 £ 0.04 0.21 % 0.09* 0.03 £ 0.01 0.03 £+ 0.01
11

ST7-  0.09 &+ 0.02 0.08 &+ 0.04 0.17 & 0.05%* 0.03 £ 0.01 0.05 £+ 0.02
111

The callus tissue samples were harvested from the 35 days old cultures. * p < 0.05; ** p < 0.01 versus values of stilbene content in the empty

vector-transformed KAO cell line

treatment, we detected six new vigorous peaks and we
defined them as p-coumaric acid derivatives. Transforma-
tion of the V. amurensis calli with three different STS genes
and CA feeding increased primarily the content of ¢-
resveratrol and #-resveratrol glycosides, while the content
of other stilbenes was affected at a lower level.

Many researchers used overexpression of ST genes to
increase f-resveratrol content in plant cells (Giorcelli et al.
2004; Schwekendiek et al. 2007). Plants were usually
genetically modified to produce t-resveratrol derivates to
assess their roles in human health and plant disease control.
To the best of our knowledge, there is no information about
stilbene accumulation in STS-transgenic plant cell cultures in
the literature. To date, Vstl and Stsy genes of V. vinifera

@ Springer

have been the most common genes used for plant transfor-
mation (Delaunois et al. 2009; Kiselev 2011). Transforma-
tion of various Vitaceae species with the Vsz/ gene resulted
in an increase in the levels of r-resveratrol and its derivatives
in transgenic plants (Kiselev 2011). The highest #-resveratrol
levels (up to 0.35 mg g~ of dry wt or 0.035 % of dry wt)
were registered after the transformation of grape cells with
the Vst/ gene under the control of the PR10 promoter
(Coutos-Thevenot et al. 2001). In this case, the levels of #-
resveratrol increased in the transgenic plants only after
elicitor treatment (UV light or Botrytis infection). Notably,
the #-resveratrol levels were seen in one out of 50 transgenic
plants strains. This increase might be caused by mutations in
the genes involved in t-resveratrol biosynthesis, which could
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Table 3 Fresh and dry biomass accumulation, total stilbene content, and stilbene production in the KAO, ST1-IV, ST2-I, and ST7-I cell lines

treated with p-coumaric acid (CA)

Cell line Fresh weight Dry weight Total stilbene content Total stilbene
(g1™ g1™ (mg g~' dry weight) production (mg 17"

KAO 2295 + 15.6*° 10.6 + 0.5° 0.18 + 0.07° 1.91 + 0.89°

KAO + 0.1 mM CA 2132 4 22.5*° 9.6 + 0.8 0.26 + 0.10°° 2.50 + 0.99"€
KAO + 0.5 mM CA 146.3 + 22.5%¢ 8.2 £ 0.6° 0.35 + 0.09*¢ 2.87 + 091>
ST1-IV 187.6 + 20.4*° 9.8 + 0.7 0.36 + 0.11°¢ 3.53 + 1.19%¢
ST1-IV + 0.1 mM CA 114.1 £+ 12.8°¢ 8.8 £ 0.5° 0.40 + 0.12°¢ 3.52 + 1.19>
STI-IV + 0.5 mM CA 93.8 + 10.1¢ 9.2 4+ 0.5 0.40 £ 0.13°° 3.68 + 1.237°
ST2-1 237.5 4 25.8* 104 + 0.8*° 0.56 + 0.18*° 5.83 + 1.95%°
ST2-1 4+ 0.1 mM CA 246.3 + 12.7* 8.3 + 0.6° 0.62 £ 0.15*° 5.15 + 1.33%°
ST2-I + 0.5 mM CA 182.1 4+ 14.5" 8.7 £ 0.5° 1.16 + 0.33° 10.10 + 3.36"

ST7-1 2583 + 13.7% 10.6 + 0.9° 0.46 + 0.14°¢ 4.88 + 1.62°¢
ST7-1 + 0.1 mM CA 159.2 4 21.8"¢ 724+ 09° 0.74 + 0.18° 5.33 + 1.33%°
ST7-1 4+ 0.5 mM CA 121.2 + 26.7°¢ 6.9 +09° 1.09 + 0.23° 7.52 + 1.61*°

The callus tissue samples were harvested from the 35 days old cultures. Means followed by the same letter were not different using Student’s

t test. p < 0.05 was considered to be statistically significant

Table 4 Stilbene content (% dry wt) in the KAO, ST1-IV, ST2-I, and ST7-I cell lines treated with p-coumaric acid (CA)

t-Resveratrol diglucoside #-Piceid
(mg g~' dry weight)

t-Resveratrol &-Viniferin 8-Viniferin

(mg g~' dry weight) (mg g~' dry weight) (mg g~' dry weight) (mg g~' dry weight)

KAO 0.10 £ 0.04¢ 0.03 £ 0.01° 0. 03¢ + 0.01 0.01 £ 0.01° 0.01 &+ 0.01°
KAO + 0.1 mM CA  0.13 + 0.04%¢ 0.03 £ 0.01° 0.08 £ 0.03° 0.01 £+ 0.01° 0.01 &+ 0.01°
KAO + 0.5 mM CA 021 + 0.05>¢ 0.06 £ 0.02%° 0.04 + 0.01¢ 0.02 £+ 0.01° 0.02 + 0.01°
ST1-IV 0.09 + 0.03¢ 0.03 + 0.02° 0.16 + 0.04° 0.03 £ 0.01° 0.05 £ 0.01°
STI-IV 4+ 0. mM CA 0.12 £ 0.03%¢ 0.03 £ 0.01° 0.17 £ 0.06° 0.04 £+ 0.01° 0.04 &+ 0.01*°
ST1-IV + 0.5 mM CA  0.22 + 0.06>° 0.04 £+ 0.01° 0.09 + 0.04°¢ 0.02 £+ 0.01° 0.03 &+ 0.01*°
ST2-1 0.13 + 0.03%¢ 0.06 + 0.03*° 0.20 + 0.05%° 0.08 + 0.03" 0.09 + 0.04°
ST2-14+ 0.1 mM CA 027 + 0.06>< 0.04 + 0.01° 0.22 + 0.06*° 0.04 £+ 0.01*° 0.04 &+ 0.012°
ST2- 14+ 05mM CA 057 £0.112 0.11 + 0.03* 0.42 + 0.15° 0.05 + 0.02*° 0.04 + 0.01*°
ST7-1 0.13 £ 0.04%¢ 0.05 £ 0.02%° 0.21 £ 0.06*° 0.03 £ 0.01° 0.04 &+ 0.01*°
ST7-14 0.1 mM CA  0.42 + 0.09*° 0.06 £ 0.01*° 0.22 + 0.06*° 0.02 £+ 0.01° 0.02 + 0.01°
ST7-I+05mM CA 065+ 0.11* 0.09 + 0.02° 0.23 + 0.07%° 0.07 + 0.02° 0.05 £ 0.01°

The callus tissue samples were harvested from the 35 days old cultures. Means followed by the same letter were not different using Student’s

t test. p < 0.05 was considered to be statistically significant

be provoked by the integration of exogenous sequences.
STS-transgenic plants usually produced varying z-resveratrol
and #-piceid levels, but the average stilbene content did not
exceed 0.1 % of dry wt (Giorcelli et al. 2004; Schwekendiek
et al. 2007). Thus, the creation of STS-transgenic plants has
been attempted in a number of studies, but none of the
attempts resulted in a high r-resveratrol level similar to that
detected after rol gene transformation (Kiselev et al. 2007,
Dubrovina et al. 2010). Transformation of V. amurensis cells
cultivated in vitro with the rol genes of A. rhizogenes has
been shown to greatly enhance resveratrol production in the
transformed calli (Kiselev et al., 2007; Dubrovina et al.
2010). In these transgenic cultures, #-resveratrol production

was increased by more than 100-fold (up to 3 % or
30 mg g~' of dry wt) compared with the controls or the
resveratrol levels that were observed in other studies. This
enhancement in resveratrol production in the rol-trans-
formed cell cultures correlated with the activation of
expression of different VaSTS genes. Cultured cells from a
variety of plant species (Arachis spp., Gossypium spp., Vitis
spp.) contained low resveratrol levels (up to 0.03 % or
0.3 mg g~ of dry wt), and treatments with UV irradiation,
ultrasound treatment, elicitors, precursors, or other agents
resulted in slight improvements in resveratrol production
(Tassoni et al. 2005; Shumakova et al. 2011; Lima et al.
2012; Santamaria et al. 2011, 2012).
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We proposed that there could be a limitation in the pre-
cursor pool for the f-resveratrol biosynthesis in the V.
amurensis cells cultivated in vitro. Therefore, we applied
feeding the used grape cell lines with CA, which is a low-
price available precursor of stilbenes and isoflavonoids.
Overexpression of the VaSTS2 and VaSTS7 genes in callus
cell cultures of V. amurensis combined with cultivation in
the presence of high CA concentrations have led to increased
stilbene levels reaching 1.1-1.2 mg g~ dry wt of the calli.
The stilbene accumulation levels were close to the most
promising results that were obtained after STS gene transfers
in the genome of whole plants (Schwekendiek et al. 2007). T-
resveratrol and f-resveratrol diglucoside contents were
increased in the VaSTS2- and VaSTS7-overexpressing
V. amurensis cell lines after CA treatment at a higher degree
than in the VaSTSI-overexpressing cells and KAO control.
Notably, a significant amount of the added CA was converted
to coumaric acid derivates, probably through activity of
4-coumarate 3-hydroxylases and glucosyltransferases (Ro-
drigues et al. 2015) or an inefficient activity of 4-coumarate
CoA ligase, which is known to catalyze the formation of
CoA thiol esters of 4-coumarate, substrates for the STS
enzymes. It is possible that we did not obtain cell lines
producing stilbenes at a higher level than 1.1-1.2 mg g™’
dry wt, because there was a limitation in the stilbene pre-
cursor pool and additional enzyme activities in the grape
cells preventing effective using of precursors added exter-
nally. STSs were proposed to have undergone functional
diversification and might possess varying enzymatic activi-
ties (Parage et al. 2012; Vannozzi et al. 2012). This
hypothesis was partially confirmed by the data obtained in
the present work indicating that #-resveratrol and f-resveratrol
diglucoside contents were increased in the VaSTS2- and
VaSTS7-overexpressing V. amurensis cells at a higher degree
compared with that in the VaSTSI-overexpressing cells.

In conclusion, the data obtained indicate that overex-
pression of VaSTSI, VaSTS2, and VaSTS7 genes had a
positive effect on stilbene levels in grapevine cell cultures.
The results presented are important for plant biotechnol-
ogy, since stilbene production in plant cell cultures over-
expressing a STS gene has not been studied until now.
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