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Abstract The present study examines the effect of cal-
cium influx induced by the calcium ionophore (CI) on the
biosynthesis of resveratrol and the expression of stilbene
synthase (STS) and calcium-dependent protein kinase
(CDPK) genes in cell cultures of Vitis amurensis, which
have different levels of resveratrol production. The present
study utilized the control cell culture V2 of V. amurensis,
which contains no more than 0.02 % dry weight (DW) of
resveratrol, in addition to rolB transgenic cell cultures
VB1 and VB2, which have increased resveratrol contents
(0.1-0.8 % DW). Treatment with the CI at a 1 pM con-
centration significantly increased STS gene expression (6 of
10 analyzed STS genes) and resveratrol production in the
control V2 cell culture by fourfold; however, use of the CI
at 10 uM significantly decreased resveratrol production by
2-4 fold in all cell cultures tested. In the control V2 grape
cell culture, treatment with the CI increased expression of
all of the CDPK genes except VaCDPKIa and VaCDPK3a.
In the rolB transgenic VB2 grape cell culture treated with

Electronic supplementary material The online version of this
article (doi:10.1007/s10725-012-9725-z) contains supplementary
material, which is available to authorized users.

K. V. Kiselev (X)) - O. A. Shumakova

Laboratory of Biotechnology, Institute of Biology and Soil
Science, Far Eastern Branch of the Russian Academy

of Sciences, 690022 Vladivostok, Russia

e-mail: kiselev@biosoil.ru

K. V. Kiselev - O. A. Shumakova - A. N. Mazeika
Department of Biochemistry and Biotechnology, Far Eastern
Federal University, 690090 Vladivostok, Russia

A. Y. Manyakhin

Mountain-Taiga Station, Far Eastern Branch of the Russian
Academy of Sciences, Posyolok Gornotaezhnoe, Primorsky
Krai, 692533 Ussuriisky Region, Russia

the CI, we detected alterations in expression of several
CDPK genes, but these changes in gene expression were
not significant. Our results indicated that treatment with
1 uM of the Cl increased resveratrol content and production
in control grape cells by selectively increasing the expres-
sion of STS genes. Conversely, the CI treatment did not
significantly increase resveratrol content and production, or
the expression of CDPK or STS genes in the rolB transgenic
cells. Likely, untreated VB2 cells have increased concen-
trations of cytoplasmic calcium, and therefore, treatment
with the CI did not significantly change CDPK expression.
These results suggest that the rolB gene has an important
role in the regulation of calcium-dependent transduction
pathways in transformed cells.
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Abbreviations
CDPK Calcium-dependent protein kinase
CI Calcium ionophore

DW Dry weight
STS Stilbene synthase

Introduction

The polyphenol, trans-resveratrol (3,54 trihydroxy-
trans-stilbene), is one of the best-known plant secondary
metabolites (Kiselev 2011). Trans-resveratrol is a benefi-
cial molecule to human health, which explains its appeal
for many research groups. Trans-resveratrol has been
associated with the “French paradox” because its daily
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consumption in forms such as red wine (Jeandet et al. 1995;
Stervbo et al. 2007) helps to prevent the development of
cardiovascular diseases (Gronbaek et al. 2000). Resveratrol
exerts its protective actions through the regulation of nitric
oxide production (Giovannini et al. 2001), and it prevents
thrombocyte aggregation by regulating the synthesis of
eicosanoids (Olas et al. 2001). In addition to red wine,
other foods may represent valuable sources of trans-
resveratrol such as Itadori tea, peanuts, pistachios, peanut
butter and chocolate (Burns et al. 2002; Tokusoglu et al.
2005; Counet et al. 2006; Hurst et al. 2008). The plant
physiology of trans-resveratrol is interesting. Trans-
resveratrol exhibits antifungal activity (Jeandet et al. 2002;
Adrian and Jeandet 2006). For instance, in the leaves and
berries, it acts as a phytoalexin that is produced in response
to stresses such as wounding or pathogen attack (Langcake
and Pryce 1976). In addition, some plants have been
genetically modified to produce trans-resveratrol, includ-
ing tobacco, tomato, and poplar, for the assessment of its
potential role in health promotion and disease control
(Giorcelli et al. 2004; Halls and Yu 2008; Delaunois et al.
2009).

Because trans-resveratrol has potential implications in
human health and plant protection (Chong et al. 2009;
Donnez et al. 2009; Fan et al. 2010; Kiselev 2011), it is
important to understand how the resveratrol content is
controlled in plants. It is known that calcium plays an
important role in plant defense reactions, such as phyto-
alexin biosynthesis (Lecourieux et al. 2006; Ramani and
Chelliah 2007). For example, it has been demonstrated that
extracellular calcium availability, calcium influx and
intracellular calcium mobilization are necessary for an
increase in the yields of secondary metabolites (Preisig and
Moreau 1994; Dmitriev et al. 1996; Ramani and Chelliah
2007). These reports demonstrate that elevated levels of
cytoplasmic calcium play an important role in phytoalexin
production. The inhibition of Ca®" channels, calcium
chelation or a block of intracellular calcium flux by means
of special agents considerably reduced phytoalexin accu-
mulation. However, contradictory reports have also
appeared in the literature, indicating that calcium could
negatively affect the production of some secondary
metabolites (Cacho et al. 1995; Ning et al. 1998; Sanchez-
Sampedro et al. 2005).

In our previous paper, we demonstrated that the high
resveratrol content in the transgenic by rolB gene from
Agrobacterium rhizogenes VB2 cell culture decreased after
treatment with the calcium channel blockers LaCls,
verapamil, and niflumic acid (Dubrovina et al. 2009).
Additionally, expression of the calcium-dependent protein
kinase (CDPK) genes significantly changed in the rolB
transgenic cell cultures compared with the control cell
cultures. CDPKs are implicated as the major primary
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sensors of Ca®" flux in plants and play an essential role in
plant defense responses, embryogenesis, germination, and
seedling growth (Lecourieux et al. 2006; Kiselev et al.
2008; Jaworski et al. 2011). The mechanism by which the
plant secondary metabolism is stimulated in rol trans-
formed cell cultures is unknown (Dubrovina et al. 2009). A
better understanding of this mechanism has fundamental
and applied interests. At present, little is known about the
properties and functions of the RolB protein. RolB causes
significant morphological and biochemical changes in
transgenic plant cells (Altamura et al. 1994). An important
recent finding is that RolB has nuclear localization and can
interact with protein 14-3-3 and modulate its activity
(Moriuchi et al. 2004). In the current study, we investigated
the influence of calcium influx induced by the calcium
ionophore (CI), A23187, on the resveratrol content and the
expression of STS and CDPK genes in control and rolB
transgenic cell cultures of V. amurensis.

Materials and methods
Vitis amurensis cell cultures

The V2 callus culture of the wild-growing grape Vitis
amurensis Rupr. (Vitaceae) was established in 2002, as
described previously (Kiselev et al. 2007). The rolB
transgenic V. amurensis callus cultures (designated VBI1
and VB2) were obtained in 2004 by transformation of the
V2 cell suspension with the Agrobacterium tumefaciens
strain GV3101 containing the binary plasmid vector
pPCV002-CaMVB/pMP90RK, as described (Kiselev et al.
2007). In the pPCV002-CaMVB construction, the rolB
gene was under the control of the cauliflower mosaic virus
35S promoter. High levels of rolB expression in the
transformed callus culture of V. amurensis resulted in more
than a 100-fold increase in resveratrol production, up to
3.15 % dry weight (DW), compared to that of the control.
Unfortunately, the high level of the resveratrol content in
the rolB transgenic callus culture of V. amurensis was not
stable during long-term cultivation. The high resveratrol
content decreased to 0.2—-1 % DW after 3 years of culti-
vation; however, it is still significantly higher than the
control cell culture V2. In the current study, we repeated
the experiments using calcium blockers in rolB transgenic
cell cultures. As a control, we used the non-transgenic cell
culture V2. The influence of the calcium blockers on
resveratrol content in the V2 cell culture is identical to the
influence on resveratrol content in the cell culture VV,
described in Dubrovina et al. (2009). Therefore, we used
the control V2 and the rolB transgenic cell culture VB2 of
V. amurensis as the model system for the investigation of
the influence of the CI on resveratrol metabolism.
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The V2 and VB2 callus cultures were cultivated with
35-day subculture intervals in the dark at 24-25 °C in test
tubes with 15 ml of Wg/, media (Kiselev et al. 2009a) with
0.7 % agar. Inoculum biomass was 0.21 g (14 g/l). The
reagents for the cell culture medium were purchased from
Sigma Chemical Co (MO, USA) and Serva Feinbioche-
mica & Co (Heidelberg, Germany). Samples were har-
vested from 35-day cultures (linear growth phase and the
highest resveratrol content), weighed and used for quanti-
tative real-time PCR. The calli were dried under hot air
flow (50 °C for 3 h) and used for resveratrol determination.

Total RNA isolation and quantitative real-time PCR

Total RNA isolation was performed using the CTAB-based
extraction protocol developed by Bekesiova et al. (1999).
Briefly, 0.3 g of fresh cells were homogenized in 1.3 ml of
buffer containing 2 % mercaptoethanol (AppliChem,
Germany); 100 mM Tris (Biomedicals, France), pH 8.0;
2 M sodium chloride (NaCl, Sigma, USA); 25 mM ethy-
lenediamine tetraacetic acid disodium salt dihydrate
(EDTA, Biomedicals, Germany), pH 8.0; 2 % N-Cetyl-
N,N,N-trimethylammonium bromide (CTAB, Panreac,
Spain); and 2 % polyvinylpyrrolidon K30 (PVP, Appli-
Chem, Germany). The mixture was incubated for 5 min at
65 °C in a water bath. After the above incubation, 500 pl
of chloroform was added. The samples were then centri-
fuged at full speed (>10,000g) for 15 min (5415R, Ep-
pendorf, Germany). Approximately 1 ml of the water
phase was mixed with 200 pl of 10 M lithium chloride
(LiCl, Panreac, Spain) and incubated at +4 °C overnight.
After the above incubation, the samples were centrifuged
at full speed for 20 min. The pellets were dried at +37 °C
for 40 min and then dissolved in 100 pl of distilled water.
Next, 300 pl ethanol was added, and the samples were then
incubated at —20 °C overnight. After the above incuba-
tion, the samples were centrifuged at full speed for 20 min
(Kiselev et al. 2009a, 2011a). The pellets were dried at
437 °C for 20 min and finally dissolved in 150 pl of
distilled water.

Complementary DNAs were synthesized, as described
previously (Dubrovina et al. 2009; Kiselev et al. 2009b).
Previously, by sequencing of cloned RT-PCR products at the
Instrumental Centre of Biotechnology and Gene Engineer-
ing of IBSS FEBRAS using ABI 3130 Genetic Analyzers
(Applied Biosystems, Foster City, USA), as described
(Kiselev et al. 2011b), we obtained cDNA sequences of 10
CDPK and 10 STS genes of V. amurensis. The gene-specific
primer pairs and TagMan-probes for the rolB, CDPKla, 1d,
le, 1L, 2a, 3a, STS1-STS10, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and Actinl genes of V. amurensis
are presented in Kiselev et al. (2009a, 2010a) and in the
Electronic supplementary material Table 1.

For TagMan real-time PCR, cDNA was amplified, as
described (Kiselev et al. 2010b), in 20 pl reaction mixtures
containing 1x TagMan Buffer B, 2.5 mM MgCl,, 250 uM
of each deoxynucleotide, 1 U Taq DNA polymerase, 0.5 pl
(15 ng) cDNA sample, and 0.25 uM of each primer and
probe (real-time PCR Kit, Syntol, Russia). The amplification
conditions consisted of one 2 min cycle at 95 °C followed
by 50 cycles of 10 sat 95 °C and 25 sat 62 °C. The TagMan
PCR assays were performed in an iCycler thermocycler
supplied with iQ5 Multicolor Real-Time PCR detection
system (Bio-Rad Laboratories, Inc., USA), and the data were
analyzed with the iQ5 Optical system software v.2.0
according to the manufacturer’s instructions (Dubrovina
et al. 2009). Expression was normalized (relative quantifi-
cation by the 27T method). Scaling options: highest (the
highest expressing sample accrued the value 1 in the relative
mRNA calculation). V. amurensis actin and GAPDH genes
(GenBank ac. no. AY907207; GU585870) were used as
endogenous controls to normalize variance in the quality and
the amount of cDNA used in each real-time RT-PCR
experiment. These genes were selected in previous studies as
the most relevant reference genes for real-time PCR of Vitis
genes (Reid et al. 2006). A no-template control was included
in every assay, and no-cycle threshold (Ct) values were
consistently obtained after 50 cycles of PCR. Each TagMan
probe for the V. amurensis actin and GAPDH genes was
labeled with a FAM reporter dye at the 5'-end and a RTQ-1
quencher dye at the 3’-end, and the TagMan probe for CDPK
and STS genes was labeled with a ROX reporter dye at the 5'-
end and a BHQ-2 quencher dye at the 3’-end (Syntol, Rus-
sia). The data were summarized from five independent
experiments with V. amurensis actin as the endogenous
control and five independent experiments with GAPDH as
the endogenous control (Shumakova et al. 2011).

Frequency analysis of RT-PCR products (FAPP)

The PCR products of the CDPK genes obtained with
degenerate primers (Dubrovina et al. 2009) were subcloned
into a pTZ57R/T plasmid using the InsT/Aclone PCR
Product Cloning Kit (FERMENTAS, Vilnius, Lithua-
nia). The clones were amplified with M13 primers and
sequenced. The amino acid sequences of the CDPK frag-
ments of V. amurensis were deduced from the nucleotide
sequences with the Gene Runner 3.05 program and com-
pared with the known CDPK sequences of other organisms
using the BioEdit 7.0.8 and BLAST software programs.
Overall, 289, 325, and 306 CDPK clones of the V2, VB1,
and VB2 cultures, respectively, were sequenced. All
sequences were numbered in the order of sequencing.
These results and data on the total CDPK expression,
assayed with the degenerate primers, were used to estimate
the expression level (in relative units) for each of the
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CDPK genes. The relative expression was estimated
to = the total CDPK expression normalized to the
expression of the actin gene x the % of the clones of each
CDPK transcript variant/100 (Kiselev and Dubrovina
2010).

CI treatments

The CI was obtained from Sigma (Calcium ionophore:
A23187, St. Louis, USA). Sterile solutions of the CI
(as ethanol solutions) were added to the autoclaved media
aseptically in the desired concentrations (1 and 10 pM).

High-performance liquid chromatography

V. amurensis cell cultures were analyzed for the presence
of stilbenes by HPLC analysis as described (Dubrovina
et al. 2010).

Statistical analysis

Statistical analysis employed the Statistica 9.1 program.
The data are presented as mean =+ standard error (SEM)
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 and discussion

Effects of the CI, A23187, on growth and resveratrol
accumulation in callus cultures of V. amurensis

Figure la demonstrates that treatment with the CI at a
concentration of 10 pM dramatically decreased the growth
of the V2, VBI, and VB2 cell cultures of V. amurensis by
3-11 fold, but the calli were still growing and accumulat-
ing fresh biomass (from inoculum of 14 to 29-35 g/1). This
finding indicates that the cells remained alive during the
35 days of CI treatment. At a concentration of 1 uM, the
CI also significantly decreased the growth of the VB1 and
VB2 cell cultures of V. amurensis by 1.4-2.9 fold. While
1 uM of the CI also decreased the growth of the V2 cell
culture by 1.2 fold, this decrease was not significant.

Use of the CI at a concentration of 1 pM significantly
increased the content and production of resveratrol by 3—4
fold in the V2 cell culture (Fig. 1b, c). The highest
resveratrol content and production was detected in the VB2
cell culture that was not treated with the CI (0.46 % DW or
17.8 mg/l, respectively). Cultivation in the presence of the
CI significantly decreased the resveratrol content and pro-
duction in both the VB1 and VB2 cell cultures by 1.2-3
fold (Fig. 1b, c¢). Furthermore, increasing the calcium
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Fig. 1 Biomass accumulation (a), resveratrol content (b), and
resveratrol production (c) in V2 VBI, and VB2 callus cultures of V.
amurensis treated with the CI. V2k, V2 cell culture growing on
standard media; V2-1, on media treated with 1 uM CI; V2-10, on
media with 10 pM CI; V24, on media with a threefold higher
calcium concentration; VB1k, VB1 cell culture growing on standard
media; VBI-1, on media with 1 pM CI; VB1-10, on media with
10 uM CI; VBI+, on media with a threefold higher calcium
concentration. VB2k, VB2 cell culture growing on standard media;
VB2-1, on media with 1 uM CI; VB2-10, on media with 10 uM CI;
VB2+, on media with a threefold higher calcium concentration.
These data are presented as the mean == SEM and were obtained from
three independent experiments; *P < 0.05, **P < 0.01 versus values
of the V2, VB1 or VB2 cultures that were not treated with the CI

concentration in the nutrient media also decreased the res-
veratrol content and production in the VB1 and VB2
cell cultures, although this decrease was not significant
(Fig. 1b, ¢).

Expression of the rolB and STS genes

The expression levels of the rolB and VaSTS genes were
estimated by quantitative real-time PCR (Fig. 2). The level
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of rolB gene expression in the Cl-treated cells of V. am-
urensis was not considerably altered when compared to the
untreated cells (Fig. 2). Real-time PCR analysis has shown
that after a 5-year culture period, the VB2 cells have higher
levels of rolB gene expression than the VB1 cells.

Stilbenes, including resveratrol, are synthesized via the
phenylpropanoid pathway (Langcake and Pryce 1977).
Stilbene synthase or resveratrol synthase (STS, EC
2.3.1.95) condenses three molecules of malonyl-CoA and
one molecule of cumaryl-CoA to form resveratrol
(Rupprich et al. 1980). The STS genes exist as a multigene
family in most stilbenoid-producing species, including
grape, peanut, and pine (Fliegmann et al. 1992; Sparvoli
et al. 1994; Kiselev et al. 2009a). Analyses of the first
drafts of the V. vinifera genome sequence confirmed that it
contained a large number of all of the multigene families,
with an estimated 21-43 STS genes (Jaillon et al. 2007,
Velasco et al. 2007). It has been suggested that the STS
family in V. amurensis consists of at least 10 STS genes,
which differ in nucleotide sequence and expression pat-
terns (Kiselev et al. 2009a, 2010a; Kiselev and Dubrovina
2010).

In the control V2 calli treated with the CI, the expression
of VaSTS1-VaSTS6 was significantly increased by 3—6 fold
compared to the untreated cells, while the expression of
VaSTS7-VaSTS10 was not significantly changed (Fig. 2).
The greatest increase in expression of the described STS
genes was detected in the V2 cell culture treated with 1 pM
of the CI (Fig. 2). Cultivation of the VB1 and VB2 cell
cultures in the presence of the CI or in the nutrient media
with 3 x the typical calcium chloride concentration did not
significantly increase STS expression (Fig. 2).

Expression of the CDPK genes
CDPK expression estimated by FAPP

CDPK amplicons of the expected size were obtained by
performing PCR on the cDNA isolated from the V2, VBI,
and VB2 cultures using degenerate primers (Fig. 3). In
the V2, VBI1, and VB2 cells treated with the CI, CDPK
expression was higher than in the untreated control; how-
ever, the difference was not significant (Fig. 3). In the VB1
and VB2 cells, the total CDPK expression was higher than
in the control, as was described previously (Dubrovina
et al. 2009); however, the difference was not significant
(Fig. 3). The CDPK amplicons were cloned and sequenced.
Using the BioEdit 7.0.8 program, the V. amurensis CDPK
sequences were subdivided into three subfamilies (VaC-
DPKI1, VaCDPK2 and VaCDPK3) corresponding to 3 of
the 4 CDPK subfamilies found in Agrobacterium thaliana
(Cheng et al. 2002). The VaCPKla, VaCPK1b, VaCPKlc,
VaCPKld, VaCPKle and VaCPKIL transcripts had the

highest degree of similarity to subfamily II of the A. tha-
liana CDPK genes (Dubrovina et al. 2009). The sequenced
fragment of the VaCPK2a transcript was most similar to
subfamily III, while the VaCPK3a and VaCPK3b tran-
scripts were most similar to subfamily I of the A. thaliana
CDPK genes (Dubrovina et al. 2009). The sequences of
V. amurensis CDPK kinase domains, which were restricted
by degenerate primers, were translated into their respective
amino acid sequences. CDPK transcripts whose amino acid
sequences differed by more than one residue were placed
into separate genes, as described previously (Dubrovina
et al. 2009).

Table 1 was compiled based on the number of various
V. amurensis CDPK clones. CDPK expression was esti-
mated based on the number of clones of each transcript
(Table 1) and the total CDPK expression (Fig. 3). The
VaCPKla, VaCPKId, VaCPKILI, VaCPKIL2, VaCPK2a
and VaCPK3a transcripts were expressed in the V2 cell
culture (Table 1). The CI treatment resulted in an increase
in expression in 4 of the 6 CDPK genes expressed in the
untreated V2 cells, while the expression of VaCPKla and
VaCPK3a decreased by 1.2-1.3 fold.

In cDNA samples isolated from the VBI callus culture
compared with the V2 cell culture, 5 new CDPK transcripts
(VaCDPKI1b, VaCDPKIc, VaCDPKle, VaCDPK3aS and
VaCDPK3b) were detected, with the VaCDPKla, VaC-
DPKId, VaCDPKILI, VaCDPKIL2, VaCDPK2a and
VaCDPK3a transcripts found in the control calli (Table 1).
Four new CDPK transcripts (VaCDPKle, VaCDPKlaS,
VaCDPK3b and VaCDPK3aS) were found in cDNA sam-
ples isolated from the VB2 callus culture compare with the
V2 cell culture.

In the V2 cell cultures treated with 1 pM of the CI, we
detected increasing levels of CDPK expression of five and
decreasing levels of one out of the six expressed CDPK
genes, while five out of eleven and five out of ten expressed
CDPK genes increased their expression level in the
rolB transgenic VB1 and VB2 cell cultures, respectively
(Table 1). Furthermore, in the rolB transgenic cell cultures
treated with 1 uM of the CI, we detected decreases in the
expression of VaCDPKIc, VaCDPKId, VaCDPKILI,
VaCDPKIL2, VaCDPK2a, VaCDPK3a and VaCDPK3aS
(for VB1 cell culture). In the V2, VBI1, and VB2 cell
cultures treated with 10 pM of the CI two out of six, four
out of eleven, and four out of ten CDPK genes decreased
their expression level, respectively (Table 1).

In cDNA from the rolB transgenic cultures, we found
short CDPK transcripts whose Ser/Thr kinase domains
lacked either 48, 63 or 114 bp without a frameshift
(VaCPKlaS and VaCPK3aS). Previously, we described
such modifications of the Ser/Thr kinase domains of
the grape CDPKs in Dubrovina et al. 2009. Currently,
we describe the same transcripts. The VaCPKlaS and
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Fig. 2 rolB and VaSTS
expression levels detected by
real-time PCR in V. amurensis
cell cultures V2, VB1, and VB2
treated with the CI. Presented
numerals in the figure are
percentages from V2, VBI1 or
VB2 without the CI treatment;
r.u. relative units. The data are
presented as the mean += SEM
and were obtained from three
independent experiments;

*P < 0.05, **P < 0.01 versus
values of the V2, VB1 or VB2
culture without CI
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with 3-times increased calcium concentration. VB2k, VB2 cell
culture growing on standard medium; VB2-1, on medium with 1 ptM
CI; VB2-10, on medium with 10 uM CI; VB2+, on medium with
3-times increased calcium concentration. b Quantification of the
VaCDPK transcripts by microchip technology (Kiselev et al. 2009a).
The designation r.u. indicates relative fluorescence units. The data
obtained from three independent experiments were averaged and
presented as the mean += SEM
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VaCPK3aS$ transcripts were identical to the VaCPKla and
VaCPK3a transcripts, with the only difference being the
absence of 48-114 bp (Dubrovina et al. 2009). Interest-
ingly, the missing sequences did not comprise a single
exon. Similar, short CDPK transcripts were found in other
plants. For example, the PgCDPKlas and PgCDPK2ds
transcripts lacking 15 and 51 bp, respectively, were found
in cDNA from the rolC and rolB transgenic Panax ginseng
cell cultures (Kiselev et al. 2008, 2009b, 2010c). We
excluded any anomalies resulting from ligation, cloning or
amplification of the VaCPKIaS and VaCPK3asS transcripts
(Dubrovina et al. 2009). We noticed that the Kinase
domains of some plant and animal kinases are modified
similarly to those in the VaCPKlIaS and VaCPK3aS tran-
scripts (Xiong and Yang 2003; Park et al. 2006; Kurihara
et al. 2007). The CI treatment did not lead to an appearance
of the “short” CDPK transcripts in the V2 cell cultures,
whereas the quantity of short CDPK transcripts increased
by 2-4 fold in the VB1 and VB2 cell cultures.

In addition to the short CDPK transcripts, we found long
CDPK transcripts in the cDNA of the control V2 and the

rolB transgenic V. amurensis cell cultures. These tran-
scripts (VaCDPKILI and VaCDPKIL2) contained a 35 bp
insertion in the catalytic subdomain VII (Dubrovina et al.
2009). The sequences of these transcripts were most similar
to the VaCDPKla transcript. Treatment with the CI
increased expression of the long CDPK transcripts in the
V2 cell cultures by 2-9 fold but did not increase the
VaCDPKIL expression in the VB1 and VB2 cell cultures.

CDPK expression estimated by real-time PCR

To confirm and verify the above data, CDPK expression
levels were estimated by real-time PCR (Fig. 4). The
results were consistent with the above data (Table 1,
Fig. 2), suggesting that VaCDPKId, VaCDPKle, VaC-
DPKIL, and VaCDPK2a expression increased significantly
in the Cl-treated V2 cell culture, while the expression
levels of VaCDPKIa and VaCDPK3a were significantly
decreased compared to the untreated V2 cells (Table 1).
The expression of 6 analyzed CDPK genes did not change
significantly in the CI-treated VB1 and VB2 cell cultures or
the V2, VB1, and VB2 cell cultures growing in the pres-
ence of an increased concentration of calcium in the
nutrient media, except VaCDPKle and VaCDPK2a
expression in the V2 cell culture (Table 1).

Conclusion

Previous experiments using calcium channel blockers
indicated that inhibition of calcium influx from the extra-
cellular space and/or efflux from intracellular calcium
pools into the cytoplasm blocked resveratrol synthesis in
the rolB transgenic V. amurensis calli (Dubrovina et al.
2009). These experiments suggested that rol/B-mediated
activation of resveratrol production in V. amurensis cell
cultures is associated with Ca®* flux into the cytoplasm. In
this study, we examined the influence of CI, a calcium
ionophore, on the levels of resveratrol content and CDPK
and STS gene expression in three cell cultures of V. am-
urensis. Treatment with CI at a concentration of 1 uM
significantly increased the production of resveratrol in the
control V2 cell culture; however, the CI at a concentration
of 10 puM significantly decreased the resveratrol production
in the V2, VBI1, and VB2 cell cultures. The decrease in
resveratrol production was a result of cell growth sup-
pression. In the control cell culture, CI treatment increased
the expression of all of the expressed CDPK genes, with
the exception of VaCDPKla and VaCDPK3a expression,
and six of the ten analyzed STS genes. In the rolB trans-
genic cell cultures treated with the CI, we detected both
increases and decreases in the expression levels of different
CDPK and STS genes. However, these alterations in gene
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expression were not significant.Thus, CI at concentration of
1 uM increased the content and production of resveratrol
and the expression of a large number of CDPK and STS
genes in the control grape cells, while it did not increase
these parameters in the rolB transgenic cells. The results
suggest that untreated rolB transgenic grape cells exhibit
increased elevations in cytoplasmic calcium levels, and,
therefore, the treatment with the CI did not significantly
change CDPK expression in the rolB transgenic calli. We
propose that activation of resveratrol biosynthesis by the
rolB gene is closely connected with changes in the normal
functioning of calcium signaling pathway.
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