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The technology of in vitro cultivation for the pro-
duction of cells’ and plant’s biomass is most promising
for the manufacturers due to high productivity and
independence from natural sources of raw materials.
Plant strains with enhanced growth and productive
characteristics are required for the commercial produc-
tion of biologically active compounds (BAC). How-
ever, the experience of cels cultivation indicates that the
content of the desired substance is usually lower than is
required for efficient production [1]. That is why plant
cell cultivation has not become widely accepted in the
industry, and only some individual examples of suc-
cessful isolation of BAC from plant cell cultures are
known [1]. From the beginning of the 1980s, attention
has been attracted to transgenic plant cultures. A num-
ber of works [2–4] reported that agrobacterial transfor-
mation yielded cultures of plant “hairy roots” actively
producing some BACs. Later the phenomenon of the
enhanced synthesis of some secondary metabolites and
enzymes was explained by transformation with wild-
type agrobacteria and integration of individual 

 

rol

 

genes in the genome of plant cells [5–10].

Transgene’s stability and inheritance during in vitro
cultivation differ from those in the whole plant. How-
ever, the problem of transgene stability and inheritance
during in vitro cultivation is poorly described in the lit-
erature. Transgenes were shown to remain in cellular
DNA and to be expressed in transgenic cultures of 

 

Aes-
culus

 

 

 

hippocastanum

 

 and 

 

Catharanthus

 

 

 

roseus

 

 after
4–5 years of cultivation [11, 12]. However, the period
of transgene presence and functioning inside cultivated
cells is still obscure, and nothing is known about the
rate of trangene’s mutational variability and the time of

effective utilization of cell cultures for the commercial
production of BAAs.

The aim of our work was to analyze the expression
of the 

 

rolC

 

 gene in cell cultures of ginseng, obtained
over 15 years ago in the laboratory of Biotechnology of
Institute of Biology and Soil Science, Far East Divi-
sion, Russian Academy of Sciences [7], to analyze the
nucleotide sequence of the 

 

rolC

 

 gene and to compare

 

β

 

-1,3

 

-glucanase activity in tested ginseng cultures.

MATERIALS AND METHODS

 

Cultivation of ginseng cells. 

 

Transgenic cell cul-
tures 

 

1

 

c

 

-

 

rolC

 

 were obtained in 1992 (Fig. 1) after the
transformation of callus 1c of the 

 

A

 

. 

 

tumefaciens

 

GV3101/pMP90RK strain [7], containing binary vector
pPCV002-CaMVC/pMP90RK [4]. 

 

rolC

 

 gene was
placed under the control of the 35S promoter of a cau-
liflower-mosaic virus. All 

 

rolC

 

 -transgene cultures were
maintained in the collection of Bioengineering group of
the Far East Division, Russian Academy of Sciences.
Root culture CII was maintained by cultivation in sus-
pension. Embryogenic culture 2c3 and callus cultures V
and 2c3 were plated on agaric nutritious medium W

 

4-

 

CPA

 

supplemented with 0.4 mg/l of para-chlorophenoxyacetic
acid (4-CPA) and cultivated in the dark at 

 

24°ë

 

 with a
30-day period of subcultivation. Morphology and anat-
omy of the obtained cultures was described in previous
papers [13, 14].

 

Purification of total DNA and RNA.

 

 DNA from
dried plants was isolated as described in [15] with some
modifications. 50 mg of dried in a thermostat (at

 

+37°ë

 

) ginseng cells were homogenized with the addi-
tion of 50 mg Al

 

2

 

O

 

3

 

. The obtained powder was mixed
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with 800 

 

µ

 

l of buffer containing 0.2% mercaptoethanol,
100 mM Tris, pH 7.5–8.0, 0.7 M NaCl, 40 mM EDTA,
pH 7.5–8.0, and 1% stearyl trimethyl ammonium bro-
mide (STAB). The mixture was incubated at 

 

60°ë

 

 for
1.5 h under stirring. Then, 300 

 

µ

 

l of chloroform were
added, the probe was gently mixed for 5 min and cen-
trifugated for 5 min at 13200 

 

g

 

 at 

 

4°ë

 

 (5415R, Eppen-
dorf, Germany). Four hundred microliters of water
phase were mixed with 1 ml of ethanol and incubated at

 

–20°ë

 

 overnight. Then, probes were centrifugated for
7 min at 13200 

 

g

 

 at 

 

4°ë

 

. Pellets were dried at 

 

+37°ë

 

and dissolved in 150 

 

µ

 

l of distilled water.

Total RNA was purified with Yellow-Solve kit for
total RNA purification (Clonogen, Russia) on day 30 of
ginseng cell cultivation according to the manufacturer’s
recommendations with some differences described pre-
viously [10, 16]. Total DNA and RNA concentration
was measured with a spectrophotometer (RF-1501,
Shimadzu, Japan).

 

Polymerase chain reaction (PCR) and reverse
transcription polymerase chain reaction (RT-PCR)
assays.

 

 Primers for the nucleotide sequence of the

 

rolC

 

 gene (K03313 in genbank) were designed with
Primer premier 5.0 software. 

 

rolC

 

 was located in the
12463–13002 bp region of agrobacterial transferred
DNA (T-DNA).

The PCR analysis of 

 

rolC 

 

gene was performed with
total DNA with the following primers: 5’-TTA GCC
GAT TGA AAA CTT GCA C and 5’-ATG GCT GAA
GAC GAC CTG TT. The primers melted at the begin-
ning and at the end of the 

 

rolC

 

  gene, amplifying the
540 bp fragment. Primers to the regions of T-DNA out-
side the 

 

rolC

 

  gene were inapplicable due to non-spe-
cific signals. Melting temperature for the indicated pair
of primers was 

 

70°ë

 

 and elongation time was 32 s. The
following primers were used for RT-PCR: 5’-GCG
TAA ACC CTT GAT CGA GC and 5’-TTC GAA CCT
AAG CTG GGT GC. Melting temperature was 

 

63°ë

 

,
elongation time was 25 s, and the size of the amplified
fragment was 400 bp. Actin gene of ginseng was used

as reference control. Normalization and PCR condi-
tions were described in [9, 14].

PCR products were analyzed with a bioanalyzer (Agi-
lent 2100 Bioanalyzer, Agilent Technologies, USA) after
30, 35, 40, and 45 cycles of amplification to determine
PCR linearity. Linearity was between 30–35 cycles for the

 

rolC 

 

gene and between 35–40 cycles for the actin gene.
RT-PCR and PCR were performed according to the pro-
tocol described previously [16]. A mixture of Taq and
Pfu polymerases (1 : 6, Sileks M, Russia) was used
for 

 

rolC

 

 amplification. PCR products were purified
from gel with a DNA gel extraction kit (Glass Milk,
Silex, Moscow) and introduced into a cloning vector
according to the manufacturer’s recommendations
(pTZ57R/T, Fermentas, Lithuania).

 

DNA sequencing.

 

 Sequencing of RT-PCR products
was performed with fluorescently labeled nucleotides
(Big Dye Terminator Cycle Sequencing Kit v3.1,
Applied Biosystems, USA) on a sequenator device
(ABI 310 Genetic Analyzer, Applied Biosystems,
USA) in the Institute of Biology and Soil Science, Far
East Division, Russian Academy of Sciences, accord-
ing to the manufacturer’s recommendations [9].

 

Sequence alignment.

 

 The obtained nucleotide
sequences were aligned with genbank sequences with
BioEdit 7.0.8 and NCBI BLAST software. From each
culture, 22–42 clones were sequenced. Defining a new
variant of the 

 

rolC

 

 gene were 1-bp differences. Nucle-
otide sequences verified twice with automatic sequenc-
ing were published in genbank. The number of nucle-
otide substitutions per 100 bp was calculated according
to the following formula: 

 

(

 

X

 

 

 

×

 

 1000)/(540 – 41) 

 

×

 

 

 

Y,
where X is the total number of nucleotide substitutions
in all clones of one cell culture, 540 is the length of the

 

rolC

 

 gene in nucleotides, 41 is the length of primers
used for 

 

rolC

 

 amplification, and Y is the total number of
tested clones of the 

 

rolC

 

 gene.

 

Real-time PCR (qPCR, quantative PCR).

 

 Spe-
cific primers and probes for qPCR were designed with
Primer Premier 5.0 software for actin and 

 

rolC

 

 genes of

 

1c

1992 1994 1995 1996 2007 

(

 

callus

 

)
1c–CII (

 

embryos

 

)

2c2 (

 

callus

 

)

2cR2 (

 

callus

 

)

 

2c2

2c3

 

2c3

 

2cR2

CII

 

CII (roots)

 

Fig. 1.

 

 The scheme of obtaining ginseng transgenic cell cultures (details are described in the text).
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ginseng (Table 1). Primers and fluorescently-labeled
probes were synthesized according to the recommenda-
tions of Syntol (Russia). PCR and quantification of the
obtained results were performed with a qPCR amplifi-
cator iQ5 (BioRad, USA) and Optical system software
v2.0 (BoiRad, USA) according to the recommendations
of previously published papers [17, 18]. qPCR reagent
kit (Syntol, Russia) was used for qPCR.

RESULTS AND DISCUSSION

 

Transgenic characteristics of the obtained gin-
seng cell cultures. 

 

In 2007, DNA was isolated from
dried biomass of 

 

rolC

 

-transgenic ginseng cell cultures.
The presence of the 

 

rolC

 

 gene was verified with qPCR.
qPCR was previously shown to ensure more precise
quantification of the number of transgene inserts into
plant genome compared to hybridization methods [18].
Therefore we utilized the qPCR method in our work.

qPCR data divided all cultures into four groups:
(1) lacking the 

 

rolC 

 

 gene (GV),
(2) containing 1 insert of the 

 

rolC

 

  gene (2c2),
(3) containing 1–2 inserts of the 

 

rolC

 

  gene (2c3),
and

(4) containing 2–3 inserts of the 

 

rolC

 

  gene (CII,
2cR2).

 

Expression of the

 

 rolC

 

  gene in ginseng cell cul-
tures. 

 

The expression of the 

 

rolC

 

  gene in ginseng cell
cultures was analyzed with qPCR and semi-quantative
RT-PCR. Both methods showed that CII and 2cR2 cul-
tures expressed the 

 

rolC

 

  gene at a maximal level,
whereas 2c2 culture expressed it at the lowest level
(Table 2). Cells of 2c3 culture demonstrated a moderate
level of 

 

rolC

 

  expression (Table 2). The differences of

 

rolC

 

  expression between cells with maximal and min-
imal levels of normalized fluorescence varied from 8- to
25-fold depending on the method, whereas fluores-

cence was 900-fold different during determination of
the number of transgene copies. So, studying 

 

rolC

 

expression we faced the challenge that the difference
between groups varying in the number of 

 

rolC

 

  copies
was not so significant as in case of quantification of

 

rolC

 

  copies (data not shown). This result coincided
with the previous ones, which indicated that the number
of T-DNA copies of Ti and Ri plasmids transferred into
the plant did not affect the oncogenesis process and did
not enhance characteristics of the transformed pheno-
type. Some data claim that the more copies are inserted
into the genome the more probable is their transcrip-
tional inhibition [19].

 

Analysis of nucleotide sequences of 

 

rolC

 

  gene,
obtained from 15-year old ginseng cell cultures.

 

Analyzed were 22–42 clones of the 

 

rolC

 

  gene from
four callus ginseng cultures and pPCV002-CaMVC
plasmid. Clones of plasmid DNA (36 clones) were

 

Table 1.

 

  Primers and probes for qPCR of ginseng 

 

rolC

 

 and actin genes

Gene Primers, 5’-3’ qPCR probe, 5’-3’ fluorescent report-
er/quencher*

 

rolC

 

CGACGATGATGCTCTGCTTCTAT 
GATGCTTGCCTGAGCCCTCTATT

ACAATTGGATGCAAGGCGCACTCCTCACCA ROX-BHQ-2

Actin GTATGTTGCTATTCAAGCCGATC 
ACCATCACCAGAATCCAGCACA

ACCTGTTGTACGACCACTAGCATACAGGGA FAM-RTQ-1

* Fluorescent reporter and quencher used for qPCR probe: ROX is carboxy-X-rhodamine, FAM is carboxyfluorescein, BHQ-2 is black hole
quencher No. 2, and RTQ-1 is real-time PCR quencher No. 1.

Table 2.  rolC expression in ginseng cell cultures normal-
ized to the expression of actin gene

Culture qPCR Semi-quantative RT-PCR

GV ND ND

2c2 0.06 ± 0.02 1.6 ± 0.2

2c3 0.11 ± 0.04 2.6 ± 0.4

CII 1.48 ± 0.31 12.1 ± 1.2

2cR2 1.28 ± 0.27 10.1 ± 1.5

* ND – expression was not detected.
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identical and coincided with rolC  sequence deposed in
genbank (Table 3). Clones from rolC-transgenic callus
cultures were heterogenous: 45.5–54.5% of clones
were fully identical to the deposed rolC  sequence
(K03313) and other clones exhibited 1–4-bp differ-
ences. The length of the rolC  gene was 540 bp. Hence,
approximately half of the rolC  nucleotide sequences
obtained from DNA of 15-year old ginseng culture
were unique. Over 40 mutated nucleotide sequences of
the rolC  gene were found, most of them were unique,
and only four of them were detected in independent
transformations, deposed in genbank, and called rolC1-Pg,
rolC2-Pg, rolC3-PG, rolC4-Pg (Table 4).

The analysis of nucleotide substitutions revealed the
following rule: from 12 possible variants of nucleotide
substitutions only five were detected, and A  G and
T  C transitions (substitution of one purine base for

another purine base and respective substitution of pyri-
midine bases) composed the vast majority (79%) of
nucleotide substitutions (Table 5). Transversions (the
substitution of purine base for a pyrimidine one or vice
versa) were not detected, except for G  C substitu-
tions (Table 5). This rule might be biologically signifi-
cant, since the increase of G and C nucleotides entails
the increase of methylation sites (GC; GNC, where N is
any nucleotide), which is important for subsequent
transgene inactivation [20]. Moreover, most frequent
nucleotide substitutions in the rolC  gene were detected
in embryogenic 2c3 culture and root culture CII (2.8
and 1.5 substitutions per 1000 bp, respectively), and the
less frequent were in 2cR2 cell culture (1.2 substitu-
tions, Table 6).

We translated the obtained nucleotide sequences in
silico and studied the influence of nucleotide substitu-
tions on amino acid sequence of RolC protein. Approx-

Table 3.  The number of rolC clones obtained from ginseng cell cultures and pPCV002-CaMVC plasmid

Cell culture rolC clones identical 
to K03313

Clones of new 
rolC genes Total number of clones New rolC clones, %

rolC gene from pPCV002-CaMVC 36 0 36 0

2c2 13 12 25 48.0

2c3 10 12 22 54.5

2cR2 18 15 33 45.5

CII 20 22 42 52.4

Table 4.  Comparison of rolC nucleotide sequences from ginseng cell cultures and some known rolC genes

Gene Genbank rolC, K03313 rolC, KAA4554 rolC, AA22096 trolC, N. tabacum 
CAA62988

rolC K03313 100 81 80 73

rolC-Pg EU642406 99 81 80 73

rolC2-Pg EU642407 99 81 80 73

rolC3-Pg EU642408 99 81 80 73

rolC4-Pg EU642409 99 81 80 73

Table 5.  Substitution frequency in rolC genes from ginseng cell cultures

Type of substitution A  T A  G A  C T  A T  G T  G

Frequency, % 0 40.4 0 0 0 38.3

Type of substitution G  T G  A G  C C  T C  G C  A

Frequency, % 0 10.6 4.3 6.4 0 0
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imately 50% of nucleotide substitutions did not alter
the amino acid sequence of the rolC  gene product (syn-
onymous substitutions); in other cases the 1–2 amino
acids were changed (Fig. 2).

We studied the localization of most variable regions
of the rolC  gene. Mutagenesis often occurred in the
starting region (encoding 10–40 amino acids) and in the
end (100–170 amino acids) (Fig. 3a). The most conser-
vative part laid within 40–70 amino acids (marked with
an arrow in Fig. 3a). Amino acid sequence of RolC pro-
tein is known to differ in various biological objects (dif-
ferent strains of agrobacteria, non-transgenic tobacco
species). We compared most conservative and variable
regions in these proteins (Fig. 3b) with the results
obtained for the rolC  gene on ginseng cell cultures
(Fig. 3a). The following proteins were analyzed: RolC
from A. rhizogenes (K03313), RolC from A. rhizogenes
(CAA45541), RolC from A. rhizogenes (AAA22096),
and trolC from N. tabacum (CAA62988). The tested
proteins also exhibited homologous and variable
regions, and 40–70 amino acid domains demonstrated
maximal identity (Fig. 3b). This region was less sub-
jected to mutagenesis in our case. The analysis of the
nucleotide sequence revealed that 50–70 amino acid
regions contained the majority of G and C nucleotides
(approximately 65%), whereas the whole rolC  gene
contained 52.6% of G/C nucleotides.

b-1,3-glucanase activity in rolC-transgenic gin-
seng cell cultures. Previously published data consider-
ing β-1,3-glucanase activity in ginseng cell cultures [8, 9]

are illustrated in Table 7. Glucanase activity was signif-
icantly reduced (6.3-fold) in control cells 1c during the
2000–2006 period. Glucanase activity in rolC-trans-
genic cell cultures remains constant at the present time
and demonstrates no significant differences from the
activity measured in 2000.

The use of transgene cultures of plant cells in
commercial BAA production. The work concerns a
significant issue of the utilization of transgene cultures
of plant cells in long-term commercial BAC produc-
tion. The work is also interesting from the fundamental
point of view as it studies the rate and peculiarities of
mutagenesis in transgenes. For the research we chose
agrobacterial rolC  gene that significantly induced
expression and activity of pathogen-induced proteins
(PR), i.e., β-1,3-glucanases in ginseng cell cultures [9].

Table 6.  Frequency of nucleotide substitutions per 1000 nu-
cleotides in new variants of rolC genes from ginseng cell cul-
tures (see Materials and Methods for details)

Parameter pPCV002-CaMVC 2c2 2c3 2cR2 CII

Frequency of substi-
tutions, nucleotides*

0 1.3 2.8 1.2 1.5

* Calculation formula is described in Materials and Methods.

Fig. 2. Alignment of new rolC  variants from ginseng cell cultures, obtained after rolC-transformation.
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However, the mechanism of PR β-1,3-glucanase regula-
tion by rolC  gene remains obscure.

During the period of cultivation (1992–2007), the
rolC  gene remained in ginseng cell cultures. Moreover,
15 years after obtaining transgenic cultures rolC  was
still expressed in cells (Table 2). The data concerning
nucleotide sequences of rolC  gene in ginseng cell cul-
tures are also important. The rolC  gene was shown to
be modified in 15-year-old cell cultures. Most nucle-
otide substitutions were transitions, non-synonymous
in 50% of cases (Figs. 2, 3, Table 5). Modified proteins
differed from the original one by 1–2 amino acid resi-
dues from 180. The frequency of modified rolC  genes
was 55% from all tested cloned from transgenic gin-
seng cell cultures. The variability of the rolC  sequence
was described for one cell culture and might indicate
the heterogeneity of maintained ginseng cell cultures.
We suggest that cell cultures represent a set of cell pop-
ulations at the present time. Cell populations vary in the
number of rolC  copies, causing significant difference
between the values of normalized fluorescence within a
group and during the determination of rolC  copies.
Nucleotide substitutions in rolC  sequence accumulated
during the growth of individual cell populations, which
entails the gene’s variability in ginseng cells. 2cR2 cul-
ture exhibited less variability of the rolC  sequence
(45.5%), which might be explained by the fact that the
culture originated from CII root culture explant with a
restricted amount of cellular aggregates that might be a
a limiting factor of diversity.

The rate of accumulation of nucleotide substitutions
in the rolC  gene is data of great fundamental value.
However, this parameter can not be defined precisely at

present time since mutagenesis might occur also during
transgene transfer. It is impossible to determine rolC
nucleotide sequences in ginseng culture of 15 years
ago, and we can observe only general mutagenesis of
the transferred sequence. Mutagenesis frequency of the
rolC  gene is 1.2–2.8 nucleotides per 1000 bp for 15 years
(Table 6). Agrobacterial rolC  genes were described in
non-transgenic tobacco plants. They are supposed to
have been introduced into the tobacco genome millions
years ago as a result of agrobacterial transformation
during species formation in the tobacco genus, and
might contribute to speciation [21, 22]. The level of
rolC  mutations in ginseng cell cultures is much lower
than differences between the rolC  gene (K03313) and
other known the rolC  genes (Table 4). We have
detected 1.2–2.8 nucleotide substitutions per 1000 bp,
whereas rolC  gene (K03313) differs from trolC  from
N. tabacum by 270 bp per 1000 nt. A high rate of rolC
mutagenesis within 15 years is striking, but different
genes might vary in mutational rates. Furthermore, the
substitution rate increases after gene duplications and
under adaptive radiation [23]. There have not been
available data concerning the mutational rate in artifi-
cially transferred genes, and our results are of special
interest. Another intriguing issue of our work is the
question concerning the duration of the RolC stimula-
tory effect on the activity of β-1,3-glucanases in trans-
genic cell cultures. We analyzed glucanase activity pre-
viously and the results are represented in Table 7. 

Glucanase activity of control non-transgenic 1c cul-
ture reduced at least 6-fold within 6 years of cultivation.
Some rolC -transgenic cultures tend to decrease gluca-
nase activity in CII and CIII cultures, however, the dif-

100
(‡)

(b)
100

110 120 130 140 150 160 170 180

110 120 130 140 150 160 170 180

9080706050403020101

9080706050403020101

Fig. 3. Alignment of amino acid sequences of RolC proteins from (a) ginseng cell cultures (b) with previously known RolC
sequences, see text for details. 

Table 7.  Comparison of glucanase activity in control 1c and rolC-transgenic ginseng cultures CII, CIII, 2c3

Cell culture

Glucanase activity, picokatal per g of fresh weight

2000 [8] 2006 [9] Reduction of activity measured 
in 2006 compared to 2000

1c 120.0 ± 3.0 19.0 ± 3.3 6.3

CII 260.0 ± 40.0** 196.0 ± 50.0** 1.3

CIII 310.0 ± 40.0** 280.0 ± 30.0** 1.1

2c3 230.0 ± 20.0* 230.1 ± 38.6** 1.0

  * ê < 0.05 compared to the activity in controll cells.
** ê < 0.01.
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ference of measurements in 2000 and 2006 are insignif-
icant (Table 7). Thus, our results show that rolC-trans-
genic cultures, obtained after agrobacterial
transformation, might be used as a long-term source of
β-1,3-glucanases.

This work was financially supported by a grant of
the Far East Division, Russian Academy of Sciences
(06-III-A-06-146).
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