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Abstract Resveratrol is a polyphenol, present in grapes,
peanuts, and other plant sources, with a wide range of
valuable biological activities. We established a Vitis amur-
ensis cell culture accumulating high levels of resveratrol by
introducing the rolB gene of Agrobacterium rhizogenes in
the V. amurensis genome, and studied the stability of res-
veratrol accumulation during 27 months of continuous
subculturing. This study demonstrates a decline in the high
level of resveratrol production by the rolB transgenic cell
line during its long-term cultivation. Elicitation of the rolB
transgenic calli with methyl jasmonate and salicylic acid,
which are known to stimulate the production of plant sec-
ondary metabolites, resulted in a recovery of resveratrol
accumulation in the rolB transgenic cell culture, while the
empty vector-transformed culture with trace starting content
of resveratrol exhibited low inducibility to the treatment.
Keywords Vitis amurensis - Resveratrol - Plant cell
cultures - Agrobacterium rhizogenes - rolB gene

Abbreviations

MeJA  Methyl jasmonate

SA Salicylic acid

DW Dry weight

FwW Fresh weight

HPLC High-performance liquid chromatography
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Introduction

Plants are an important source of a wide range of secondary
metabolites which possess valuable biologically active
properties. These metabolites are actively used in medi-
cine, agrochemistry, cosmetology, and food technologies.
Plant cell cultures show a promise as an economically
feasible route for large-scale production of valuable sec-
ondary metabolites of high purity (Roberts and Shuler
1997; Rao and Ravishankar 2002). However, there are very
few successful examples of utilization of plant cell cultures
for industrial production of bioactive compounds (Ver-
poorte et al. 2000). Utilization of plant cell culture as an
alternative source of bioactive compounds is often limited
by slow growth and low productivity (Verpoorte et al.
2000). Another major problem is the difficulties in the
long-term maintenance of consistent productive culture
(Kolewe et al. 2008).

Plant cell cultures often show a high level of genetic and
metabolic variability, resulting in highly unstable or
repressed production of secondary metabolites over long-
term subculturing. An inconsistent pattern or gradual loss
of metabolite production during long-term subcultures has
been reported for anthocyanins (Hirasuna et al. 1991;
Callebaut et al. 1997; Qu et al. 2005), alkaloids (Deus-
Neumann and Zenk 1984; Whitmer et al. 2003), and tax-
anes (Kim et al. 2004). Inherent heterogeneity of cell
populations, genetic and epigenetic instability, environ-
mental stress, and lack of tissue differentiation is generally
regarded as the cause of biosynthetic instability in plant
cell cultures (Kolewe et al. 2008). Although several
investigations of biosynthetic capacity of plant cell cultures
during months of continuous cultivation have been repor-
ted (Deus-Neumann and Zenk 1984; Hirasuna et al. 1991;
Qu et al. 2005; Whitmer et al. 2003; Kim et al. 2004), there
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is a lack of data on cell cultures during months or years of
cultivation. Little experimental evidence and mechanistic
understanding of metabolic instability in plant cell culture
have prevented widespread development of improved
strategies for plant cell culture commercialization.

Resveratrol (3,4',5-trihydroxy-stilbene) is a polyphenol
produced in grapes, peanuts, and other plant sources in
response to stress or pathogenic attack. Resveratrol exhibits
a wide range of beneficial effects, including cancer pre-
vention properties, cardioprotective activities, and anti-
aging effects (Marques et al. 2009; Pervaiz and Holme
2009). In recent years, this compound has attracted sub-
stantial research interest, since it has multiple potential
applications in food industry and medicine (Kiselev 2011).
Extensive research work has been done to increase the
levels of resveratrol production in plants, plant cell cul-
tures, yeast, and bacteria (Donnez et al. 2009; Wang et al.
2010; Kiselev 2011). For example, it has been shown
previously that transformation of a Vitis amurensis cell
culture with the rolB gene of Agrobacterium rhizogenes
significantly increased resveratrol accumulation in the
transformed cells (Kiselev et al. 2007). rolB transgenic
callus cultures of V. amurensis produced primarily resve-
ratrol and only trace amounts of other polyphenolic
compounds.

The purpose of the present study was to examine the
effect of long-term subculturing on the accumulation of
trans-resveratrol in the high-producing rolB transgenic cell
cultures of V. amurensis. A systematic examination of
resveratrol accumulation in the rolB transgenic and empty
vector-transformed callus cultures of V. amurensis has
been done for 27 months of continuous subculturing. A
marked decrease in resveratrol accumulation has been
observed in the high-producing rolB transgenic calli. We
demonstrate that the decrease in biosynthetic capability of
the rolB calli can be reversed using methyl jasmonate
(MeJA) and salicylic acid (SA): elicitation of the rolB
transgenic calli with MeJA and SA has led to a significant
recovery of resveratrol accumulation in the rolB transgenic
cell culture, while the empty vector control exhibited low
inducibility to the compounds.

Materials and methods
Grape cell cultures

A callus culture (V2) of wild-growing grape Vitis amur-
ensis Rupr. (Vitaceae) was established in 2002 as described
(Kiselev et al. 2007; Kiselev and Dubrovina 2010). The
VV callus culture was obtained in the last quarter of 2004
by co-cultivation of the V2 cell suspension with A. fum-
efaciens GV3101/pMPI90RK strains containing pPCV002
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plasmid vector, which contained only the nptII (kanamycin
resistance) gene (Kiselev et al. 2007). The VB2 callus
culture was obtained in the last quarter of 2004 by trans-
formation of the V2 callus culture with pPCV002-CaMVB/
pMPI0RK (Spena et al. 1987) as described previously
(Kiselev et al. 2007; Kiselev and Dubrovina 2010).

The transformed VV and VB2 callus cultures were
cultivated with 35-day intervals in the dark at 24-25°C,
in test tubes with 15 ml of solid Murashige and Skoog
modified Wg,4 medium (Kiselev et al. 2009) supplemented
with 0.5 mg/l 6-benzylaminopurine (BA) and 2.0 mg/l
o-naphthaleneacetic acid (NAA). Reagents for cell culture
medium were purchased from Sigma Chemical Co (MO,
USA), Serva (Heidelberg, Germany) and Labtech (Moscow,
Russia). Tissue samples were harvested from 35-day cul-
tures (linear phase of growth and the highest resveratrol
content). To determine fresh weight (FW), we placed the
cell mass of the calluses on a preweighed dry filter paper,
and weighed it. To avoid tissue desiccation, we opened the
culture tubes only when we were ready to process it. For dry
weight (DW) determination, the cell mass was air dried
under hot air flow (60°C for 2 h) and then weighed and used
for resveratrol determination. FW and DW were calculated
in grams per liter of the solid culture medium.

Elicitor treatments

Sterile solutions of MeJA (Sigma) were added to the auto-
claved culture medium aseptically in desired concentrations.
Stock solution of MeJA in DMSO (ICN Pharmaceuticals,
Eschwege, Germany) was prepared at a concentration of 100
mg/ml. SA (Serva, Heidelberg, Germany) was dissolved in
water (1 mg/ml), titrated with 5% KOH to pH 5.6, and added
to the cell culture medium in desired concentrations before
pH measurement as described (Kiselev et al. 2007). Samples
for resveratrol determination were harvested after 35 days of
cultivation (linear phase of growth and the highest resvera-
trol content) in the presence of MeJa and SA.

High-performance liquid chromatography (HPLC)
and resveratrol identification

The dried and powdered callus culture samples (100 mg)
were extracted two times using 96% ethanol with 0.1% HC1
(3 ml) for 2 h at 60°C. The analytical HPLC was carried out
using an Agilent Technologies 1100 Series HPLC system
equipped with VWD detector (Agilent Technologies, Ger-
many) as described (Kiselev et al. 2007). The data were
analyzed with the ChemStation® program var. 09 (Agilent
Technologies, Germany). After 2007, the analytical HPLC
was carried out using a Shimadzu 10 series HPLC system
equipped with UV-vis detector (Japan) as described
(Dubrovina et al. 2010). The data were analyzed with the
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Lc Solution version 1.11 SP1 program (Shimadzu Corpo-
ration). Resveratrol was identified by 'H and '>C NMR using
a Bruker NMR Avance DPX-500 instrument as described
(Kiselev et al. 2007). To test resveratrol stability under 60°C,
we incubated a 96% ethanolic solution of pure trans-resve-
ratrol (3,4',5-trihydroxy-trans-stilbene approximately 99%
GC; SIGMA-ALDRICH; St. Louis, MI, USA) at 60°C for 2
and 4 h, and then analyzed the effect using HPLC. No sig-
nificant difference has been found.

Statistical analysis

Statistical analyses were carried out using the Statistica 9.0
program. The data are presented as the mean value + stan-
dard deviation (SD), and were tested for statistical signifi-
cance using the paired Student’s 7 test. The 0.05 level was
selected as the point of minimal statistical significance in all
analyses. Appropriate numbers of replications and tests used
are indicated in the descriptions to the tables, and in the
figure.

Results
Resveratrol accumulation in the empty vector-
transformed and rolB transgenic callus cultures

of V. amurensis during long-term subcultures

The control callus culture (VV), transformed with an empty
vector, and two rolB transgenic callus cultures of

V. amurensis (VB1 and VB2) were established in the last
quarter of 2004 (Kiselev et al. 2007). Shortly after trans-
formation, the VB2 cell line was shown to produce dra-
matically higher levels of resveratrol compared to that in
the empty vector-transformed cell line (Kiselev et al.
2007). Also, the VB2 cell line was shown to possess a
markedly higher level of rolB gene expression and resve-
ratrol accumulation compared to that in the VB1 cell line.

Using HPLC, we analyzed dynamics of resveratrol
accumulation in the VV and VB2 cell lines over 27 months
of continuous subculturing. The measurements have not
been done in the first quarter of 2005 (Year 1), since at that
time, the rolB-transformed calli showed high variability in
morphology and growth (Kiselev et al. 2007). The HPLC
determinations revealed that the VV cell calli produced
trans-resveratrol in low amounts throughout the period of
cultivation (Table 1). Trace amounts of other phenolic
substances were observed (data not shown). In the VV
calli, the content of resveratrol did not exceed 0.04% DW,
and the level of resveratrol production did not exceed
3.19 mg/l of the solid medium or 19.27 ng/g FW
(Table 1).

VB2 calli also produced trans-resveratrol as a predom-
inant phenolic compound throughout the period of culti-
vation (Table 1). Until second quarter of Year 2, the
content of resveratrol in the VB2 calli was stable and did
not significantly vary (Table 1). The highest content of
resveratrol (3.04% DW) and resveratrol production
(153.82 mg/l or 1,878.86 ng/g FW) was observed in the
first quarter of Year 2. However, a significant reduction (up

Table 1 Trans-resveratrol accumulation in control VV and rolB transgenic VB2 callus cultures of V. amurensis during 27 months of cultivation

Date Resveratrol Resveratrol Resveratrol Resveratrol Resveratrol Resveratrol

(year quarter) content (% DW) production production® content production production®
(ng/g FW) (mg/l) (% DW) (ng/g FW) (mg/l)

VV cell culture VYV cell culture VYV cell culture VB2 cell culture VB2 cell culture VB2 cell culture

IT (Year 1) 0.01 + 0.01 3.84 + 3.84 0.82 2.15 £ 0.74%* 1,065.41 £ 366.70%* 138.24

1 0.01 + 0.01 443 £+ 443 0.97 1.76 + 0.66** 1,575.65 4+ 590.87** 96.98

v 0.02 £ 0.02 8.32 £ 8.32 1.54 1.83 & 0.69%* 1,239.84 + 467.48%* 90.95

I (Year 2) 0.04 + 0.02 19.27 £ 9.63 3.19 3.04 £ 1.11%* 1,878.86 £ 686.03** 153.82

I 0.01 £ 0.01 442 + 442 0.83 2.28 £ 0.64%* 1,381.82 4 387.88** 116.51

I 0.02 + 0.02 7.56 £ 7.56 1.36 0.65 £ 0.15** 403.48 4+ 93.11%** 21.38

v 0.01 + 0.01 4.29 + 429 0.73 1.14 4+ 0.28%* 648.83 £+ 159.36** 41.04

I (Year 3) 0.02 + 0.02 7.79 £ 7.79 1.63 1.76 &+ 0.56%** 1,228.19 + 390.79%** 58.96

1T 0.01 + 0.01 4.99 + 499 1.02 0.14 + 0.11 98.18 + 77.14 5.15

11T 0.01 £ 0.01 nm nm 0.21 £+ 0.15* nm nm

The data are presented as mean values = SD of 3—4 independent experiments. Average values of resveratrol content were received from dried

calli of 7-10 test tubes collected in each experiment

nm Not measured

*p <0.05, ** p < 0.01 versus values of resveratrol content in the VV cell culture at the same year quarter

was calculated in
Resveratrol contelrz)to(c/iﬁDW)XDW(g/l) x 1, 000

? Resveratrol  production

Resveratrol production (mg/l) =

mg/l  of the

solid culture medium using the following formula:
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to 0.65% DW) of resveratrol accumulation in the VB2 calli
was observed 1.5 years after transformation (Table 1).
Although there was a short-term increase in the culture
productivity in the first quarter of Year 3 (Table 1), it has
dropped to 0.14-0.21% DW in Year 3, 2 years after
transformation (Table 1), and has never reached the high
levels that were initially observed. In Year 4, Year 6, and
Year 7, sporadic HPLC analyses were done to control the
VB2 culture productivity. According to the analyses, res-
veratrol content in the VB2 calli varied from 0.21 (third
quarter of Year 6) to 0.84% DW (third quarter of Year 4).
The most recent measurement (first quarter of Year 7) has
shown 0.39% DW of resveratrol in the VB2 calli. Thus,
although we observed a considerable reduction of trans-
resveratrol accumulation in the rolB transgenic cell line
2 years after transformation, the content of resveratrol was
always higher in the rolB transgenic cell culture compared
to the empty vector-transformed cell line (Table 1).

Biomass accumulation in the empty vector-transformed
and rolB transgenic callus cultures of V. amurensis

Throughout the 27 months of repeated subcultures, the
VB2 cells produced compact slowly growing calli, while
the empty vector-transformed VV cells produced friable
vigorously growing calli. Importantly, V2, the untrans-
formed parent cell line of the VV and VB2 cell cultures,
also produced friable vigorously growing calli (Kiselev
et al. 2007). It has been shown previously that the growth
of the rolB transgenic culture VB2 was reduced compared
to that of the empty vector control (Kiselev et al. 2007).
Since the rate of biomass accumulation is important for
commercialization of plant cell culture-based bioprocesses,

we analyzed dynamics of fresh and dry biomass accumu-
lation in the VV and VB2 cell cultures over long-term
subculturing (Table 2). The rate of fresh biomass accu-
mulation in the VB2 cell culture was significantly slower
than that in the VV cell culture, throughout the period of
cultivation (Table 2). However, the difference in the rate of
dry biomass accumulation was less apparent between the
cell cultures (Table 2).

Treatment of the empty vector-transformed and rolB
transgenic calli of V. amurensis with MeJA and SA

MeJA and SA treatments were shown to increase accu-
mulation of frans-resveratrol in the untransformed callus
culture of V. amurensis (V2) (Kiselev et al. 2007).
Elicitation of the rolB transgenic cell culture with MeJA
and SA was applied to test whether it is possible to
reverse the decrease in resveratrol production observed in
the third quarter of the Year 2 when the average res-
veratrol content was as low as 0.65% DW (Table 1;
Fig. 1). The addition of MeJA and SA to the culture
medium increased the content of resveratrol in the VB2
cell culture, and did not change it in the empty vector
control (Fig. la, b).

Interestingly, the effect of SA treatment on the resve-
ratrol accumulation in the VB2 calli was higher than that of
MeJA treatment (Fig. la, b). For example, 150 uM SA
increased resveratrol content to 2% DW (in 3.7 times),
while 50 uM MeJA—to 0.83% DW (in 1.7 times). It is
noteworthy that such high concentrations of SA as 150 and
300 pM did not alter the dry growth of both control and
rolB transgenic cell cultures, while MeJA treatments
slightly reduced it (Fig. 1a, b).

Table 2 Fresh and dry growth of the empty vector control (VV) and rolB transgenic (VB2) callus cultures of V. amurensis during 27 months of

repeated subcultures

Date (year quarter) FW of the VV calli® (g/l)

FW of the VB2 calli® (g/1)

DW of the VV calli® (g/1) DW of the VB2 calli* (g/1)

II (Year 1)
I

v

I (Year 2)
1T

I

v

I (Year 3)
II

I

214.80 £ 40.16
220.22 =+ 38.65
184.65 + 14.69
165.45 & 26.12
186.97 £ 26.82
180.18 £ 39.93
171.13 £ 32.53
209.05 £ 56.08
204.29 £ 25.04
nm

129.77 £+ 53.07**
61.53 £ 24.37**
73.37 & 23.30%*
81.86 £ 28.89%*
84.31 £ 27.49%*
53.00 £+ 12.02%*
63.25 £+ 19.61%*
48.02 + 15.88%*
52.47 £ 9.76%*

nm

825+ 1.70 6.43 £ 0.73
9.74 £ 0.32 5.51 £ 2.41*
7.68 + 0.36 4.97 £ 0.39%*
797 £0.70 5.06 £ 0.77%*
827 £ 0.94 5.11 £ 0.22%
6.81 £ 0.65 3.29 £ 0.42%*
7.34 £0.75 3.60 £ 0.28*
8.14 + 1.43 3.35 £ 0.68*
10.20 £ 2.03 3.68 £ 0.74*
nm nm

The data are presented as mean growth values £ SD of 3—4 experiments with 7-10 replicates each

nm Not measured

*p <0.05, ** p < 0.01 versus values of FW and DW of the VV cell culture at the same year quarter

? FW and DW were calculated in g/l of the solid culture medium
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Fig. 1 Effect of SA (a) and MeJA (b) on growth and trans-
resveratrol production in the control VV and rolB transgenic VB2
callus cultures of V. amurensis. Mean growth values & SD based on
ten replicate samples were obtained in a single experiment. Average
values of resveratrol content were received from dried calli of the ten
test tubes

Discussion

Many efforts have been made to elicit stilbene biosynthesis
in plant cell cultures. The production of resveratrol or res-
veratrol derivatives by plant cell cultures can be significantly
increased when using cyclodextrins (Bru and Pedreno 2006;
Lijavetzky et al. 2008), sucrose (Ferri et al. 2011), MeJA
(Tassoni et al. 2005; Santamaria et al. 2011), ethephon
combined with high hydrostatic pressure (Cai et al. 2011a),
or insect saliva (Cai et al. 2011b). In the present study, we
report high resveratrol production by a callus culture of
V. amurensis transformed with the rolB gene of A. rhizog-
enes during 15 months of continuous subculturing. During
this time, resveratrol content in the ro/B transgenic cell line
was significantly higher than that in cultivated or genetically
engineered plants (Iriti et al. 2004; Delaunois et al. 2009), or
in some plant cell cultures (Tassoni et al. 2005; Arora et al.
2009; Santamaria et al. 2011). Importantly, experiments
including monitoring resveratrol accumulation in cell cul-
tures of various plants were limited by one subculture period.
In the present study, we show that resveratrol content in a
high-producing cell culture of V. amurensis can markedly

decrease during long-term cultivation. We observed a
decrease in resveratrol accumulation in a rolB transgenic
V. amurensis cell line, producing high amounts of resvera-
trol, after 2 years of continuous subculturing. This result
shows an agreement with the data on dynamics of anthocy-
anin accumulation in cell cultures of V. vinifera and Ajuga
reptans (Callebaut et al. 1997; Qu et al. 2005), and alkaloid
accumulation in cell cultures of Catharanthus roseus (Deus-
Neumann and Zenk 1984; Whitmer et al. 2003). The authors
show that anthocyanin and indole alkaloid biosynthetic
capacity of the cell cultures was lost at various rates during
long-term subculturing.

The origin of the gradual decrease in resveratrol produc-
tion by the rolB transgenic callus culture of V. amurensis is
not clear. Expression of the rolB gene was detected in the
rolB transgenic culture during periods of both high and low
levels of resveratrol production (data not shown), and it was
present in the rolB transgenic calli 5 years after transfor-
mation (Kiselev et al. 2009). Therefore, the decrease in
resveratrol content cannot be explained by the absence of
transgene expression. After the selection of the rolB-trans-
formed cells for kanamycin resistance, we observed cell
aggregates with different growth properties (Kiselev et al.
2007). Perhaps, the rolB transgenic cell culture contained
cell types with different levels of rolB gene expression. And
during long-term subcultures, the number of cells with lower
rolB gene expression has increased.

Treatment of the rolB transgenic calli with SA and
MeJA resulted in a recovery of high resveratrol content in
the calli (Fig. 1). The data suggest that after long-term
cultivation, the rolB-transformed cells produce the RolB
protein which enables the increased capability of the cells
for resveratrol production and their higher inducibility to
MeJA and SA treatments compared to the empty vector-
transformed cells. A regular addition of the inductors to the
culture media could be a method to maintain high levels of
resveratrol accumulation in grape cell cultures. However,
further analysis is needed to investigate how long grape
cells can synthesize high amounts of trans-resveratrol in
response to MeJA or SA elicitation.

Zeng et al. (2010) have shown that the level of expression
of extraneous genes in in vitro micropropagated clones of
transgenic birch decreased with increasing subculture num-
ber. The authors have shown that this effect was associated
with DNA methylation. It is possible that rolB gene
expression was silenced in certain groups of cells in the rolB
transgenic callus culture of V. amurensis, during its long-
term cultivation, due to an increase in the number of meth-
ylation sites (GC or GNC) in the 355-CaMV promoter or in
the body of the rolB gene. Besides mutagenesis of the rolB
transgene or 35S-CaMV promoter, it is possible that accu-
mulation of various mutations in the genes responsible for
efficient resveratrol biosynthesis, or in the regulatory regions
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of the genes, contributed to the loss of high resveratrol levels
in the rolB transgenic calli of V. amurensis.

Genetic instability of plant cell cultures and plants regen-
erated from the cultures is well established (Rani and Raina
2000; Kaeppler et al. 2000). This genetic variation, which is
referred to somaclonal variation, includes changes in ploidy,
chromosome rearrangements, single base substitutions or
changed DNA methylation patterns (Rani and Raina 2000;
Kaeppler et al. 2000). Since high rates of mutagenesis and
other genetic alterations impose limitations on the subsequent
commercial utilization of plant cell cultures as alternative
sources of biologically active compounds, the mechanisms
producing genetic or epigenetic variations that could con-
tribute to the gradual decline in resveratrol production by
grape cell cultures need further investigation.
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