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Abstract The polyphenolic complex of Maackia amurensis,

as well as a complex of isoflavonoids from M. amurensis callus

cultures, display strong hepatoprotective effects in experi-

mental animal and human studies. To increase the yield of

polyphenols in cultures of M. amurensis, calli were trans-

formed with the rolC gene as well as with an empty vector

that was used as a control. HPLC analysis revealed that the

transgenic cultures produced the same complex of isofl-

avonoids. The complex consisted of 20 compounds,

including isoflavones and their glucosides as well as ptero-

carpans and their glucosides. The cultures transformed with

either the empty vector or the rolC gene construct produced

on average 1.22 % dry weight (DW) and 1.39 % DW of

isoflavonoids, respectively. Isoflavonoid production in the

transformed callus lines carrying the empty vector and the

rolC gene construct reached 106 and 146 mg/L, respec-

tively. Moreover, the rolC gene construct promoted cell

growth and overall cell productivity. The transgenic callus

lines expressing the rolC gene exhibited higher levels of the

following six isoflavonoids: daidzein, calycosin, formo-

nonetin, 40-O-b-glucopyranosyldaidzin, maackiain and 60-
O-malonyl-3-O-b-D-glucopyranosylmaackiain. However,

lower levels of genistin were observed in rolC calli than in

those carrying the empty vector.
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Introduction

Maackia amurensis Rupr. et Maxim is a valued tree, the

only aboriginal woody species of the Fabaceae family in

the Russian Far East. It is a relict from the Tertiary flora

(Maksimov et al. 1992). The polyphenolic complex

extracted from the heartwood of M. amurensis possesses

strong hepatoprotective activity and is more effective than

the drugs currently used to treat various liver diseases

(Fedoreyev et al. 2004). Based on this polyphenolic com-

plex, the drug Maxar was developed in 2004. It consists of

the following compounds: the isoflavones genistein,

daidzein, retuzin, afromozin, formononetin, orobol, tect-

origenine and 3-hidroxivestiton; the pterocarpans maacki-

ain and medicarpin; large amounts of the stilbenes

piceatannol and resveratrol; the isoflavonostilbene maac-

kiasin; the dimeric stilbenes scirpusin A, scirpusin B and

maackin; and the stilbenolignan maackolin (Fedoreyev

et al. 2004, 2008). The polyphenolic complex from a callus

culture of M. amurensis, consisting of isoflavonoids and

their derivatives but no stilbenes, was more therapeutic

than Maxar (Saratikov et al. 2005). Therefore, enhancing

isoflavonoid production by M. amurensis cells is a prom-

ising approach for obtaining a reproducible source of the

compounds for commercial medicinal use.

Multiple studies have reported that establishing sus-

pension cultures and using elicitors such as methyl jasm-

onate will induce production of plant phenolic compounds

(Boonsnongcheep et al. 2010; Korsangruang et al. 2010;
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Qu et al. 2011; Krzyzanowska et al. 2011). However, in our

case, these methods were not effective (data not shown).

RolC from Agrobacterium rhizogenes T-DNA was

shown to stimulate the production of secondary metabolites

in the transformed plant cells of different taxonomic

groups. It was shown to enhance indole alkaloid accumu-

lation in Catharantus roseus (Palazón et al., 1998a), tro-

pane alkaloid production in Atropa belladonna

(Bonhomme et al., 2000), pyridine alkaloid (nicotine)

production in Nicotiana tabacum (Palazón et al., 1998b),

saponin production in Bacopa monnieri (Majumdar et al.,

2011), and furanocoumarin accumulation in Glehnia

littoralis (Terato et al., 2011). Several examples of the

successful application of the rolC gene were reported by

our laboratory. The rolC gene increased the amount of

ginsenosides in Panax ginseng hairy root cultures (Bulga-

kov et al. 1998), anthraquinones in Rubia cordifolia cells

(Bulgakov et al., 2002), and resveratrol in Vitis amurensis

cells (Dubrovina et al., 2010). The effect of the rolC gene

on isoflavonoid production has not been studied. The goal

of the present investigation was to determine whether the

rolC gene would affect isoflavonoid production in cultures

of M. amurensis. In this study, it was demonstrated that

expression of rolC in callus cultures of M. amurensis

enhances cell growth and proliferation but does not sig-

nificantly influence levels of isoflavonoid biosynthesis.

Materials and methods

Plant material and callus cultures

Seeds of M. amurensis were collected in the southern part of

the Primorsky region of Russia (Chuguevsky District) and

identified in the Botany Department of the Institute of Biology

and Soil Sciences. The M. amurensis callus culture was

obtained in 2001 from sterile seedlings. The seeds were sur-

face sterilised and germinated in vitro. Three to five millimeter

explants were cut from the seedlings and placed onto solid

Murashige and Skoog (MS) modified medium. The MS

medium was modified (subsequently referred to as W0 med-

ium) by decreasing the amount of NH4NO3 to 400 mg/L and

supplementing it with the following components (mg/L):

thiamine HCl (0.2), nicotinic acid (0.5), pyridoxine HCl (0.5),

meso-inositol (100), peptone (100), sucrose (25,000) and

agar (6,000). W0 medium supplemented with 0.5 mg/L

6-benzyladenine (BA) and 2.0 mg/L a-naphthaleneacetic

acid (NAA) was designated as WB/A. The calli were cultivated

in 100 mL Erlenmeyer flasks containing 40 mL of the WB/A

medium, in the dark at 25 �C, with subculture intervals of

30–40-days. Test tubes with a 20-mm diameter containing

15 mL of the WB/A medium were used for the experiments.

The inoculum mass was 0.2–0.22 g.

Plant transformation

Maackia amurensis seedlings were transformed with the

GV3101/pMP90RK strain of Agrobacterium tumefaciens.

The strain contains plasmid vector pPCV002-CaMVC, car-

rying the rolC gene under cauliflower mosaic virus (CaMV)

35S promoter control (Spena et al. 1987). The plasmid

construct also carries the nptII gene for kanamycin (Km)

resistance, under control of the nopaline synthase promoter.

The vector callus culture, MV, was obtained by transforming

the seedlings with the empty vector pPCV002, containing

only the nptII gene.

Leaves and shoots of 3-week-old sterile seedlings were cut

into 3–5-mm sections using a scalpel, immersed in bacterial

cells carrying each of the pPCV002-CaMVC and pPCV002

vectors. The explants were then placed on the solid WB/A

medium (supplemented with 0.5 mg/L BA and 2.0 mg/L

NAA) and were cultivated in the dark at 25 �C for 4 days. The

explants were then placed onto fresh WB/A medium supple-

mented with 250 mg/L cefotaxim (Cf) to suppress the growth

of bacterial cells. Kanamycin sulphate (50 mg/L) was added

30 days after transformation to select transgenic cells. Callus

lines were cultivated in 100 mL Erlenmeyer flasks at 25 �C in

the dark, with subcultivation periods of 35–40 days.

DNA isolation and analysis

DNA from 45-day-old dry M. amurensis cells, cultivated

without antibiotics for 24 months, were isolated using the

CTAB method described earlier (Kiselev and Bulgakov

2009). The DNA concentration was measured using a spec-

trophotometer (UVmini 1240, ‘‘Shimadzu’’, Tokyo, Japan). A

400-bp fragment of the rolC gene (Genbank accession number

K03313) was amplified using the primers 50-GCGTAAACC

CTTGATCGAGC and 50-TTCGAACCTAAGCTGGGTGC

at a temperature of 63 �C with an elongation time of 25 s

(Kiselev and Bulgakov 2009). A 700-bp fragment of the nptII

gene (Genbank accession number AJ414108) was amplified

using the primers 50-GAGGCTATTCGGCTATGACTG and

50-ATCGGGAGCGGCGATACCGTA at a temperature of

58 �C with an elongation time of 50 s. The amplification

reactions were performed in a total volume of 25 lL in a

solution containing 10 mM Tris–HCl (pH 8.5), 50 mM KCl,

2.0 mM MgCl2, 0.01 % gelatin, 0.1 mM Triton X-100,

0.2 mM of each dNTP, 0.2 lM of each primer and 1 unit

of Taq DNA polymerase (Sileks, Moscow, Russia). Approx-

imately 50–100 ng of DNA was used as a template. The

analysis was performed in an UNO Thermoblock thermal

cycler (Biometra, Gottingen, Ger-many). The PCR products

were sequenced with the same primers given above using the

Big Dye Terminator Cycle Sequencing Kit (Perkin-Elmer

Biosystems, Forster City, CA), following the manufacturer’s

protocol and recommendations. Sequencing was performed at
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the Instrumental Centre of Biotechnology and Gene Engi-

neering of the IBSS FEBRAS (Tyunin et al. 2012).

Isoflavonoid extraction and identification

Isoflavonoids were extracted from the M. amurensis dry

calli and identified as previously described (Fedoreyev et al.

2008). Briefly, the tissue samples were dehydrated under

hot air flow (50 �C) and then extracted three times with a

mixture of CHCl3 and EtOH (3:1) for 2 days at 50 �C. The

combined extract was evaporated under reduced pressure to

reach a volume of 20 mL and was applied to a Toyopearl

HW-50F column (3 9 40 cm). The column was eluted with

H2O-EtOH (containing 0.04 % HCOOH), with gradually

increasing amounts of EtOH (Fedoreyev et al. 2008).

High-performance liquid chromatography

To quantify the isoflavonoid content, analytical HPLC was

carried out using an Agilent Technologies 1100 Series HPLC

system equipped with a VWD detector (k = 280 nm). For the

HPLC analysis, dry pounded cells were extracted with 96 %

ethanol for 2 h in a 55–60 �C water bath. The sample solution

was membrane filtered (0.45 lm, Agilent). Fifty microliters of

an ethanolic solution of dihydroquercetin (1 mg/mL) was added

to 450 lL of extract as an internal standard, and 5-lL aliquots

were used for analysis. Extracts were analysed using a Hypersil

BDS-C-18 column (5 lm, 250 9 5 mm) thermostated at

30 �C. The mobile phase consisted of 1 % aqueous acetic acid

(A) and acetonitrile containing 1 % acetic acid (B). For the

analysis, the following seven gradient steps were programmed:

0–5 min, 5–10 % B; 5–10 min, 10–20 % B; 10–30 min,

20–30 % B; 30–35 min, 30–40 % B; 40–45 min, 50–90 % B;

45–50 min, 90–50 % B; and 50–60 min, 5 % B. The flow rate

was 1 mL/min. The data were analysed by the ChemStation pro-

gram, var. 09 (Agilent Technologies, Waldbronn, Germany).

Statistical analysis

The data were processed using Statistica, version 9.0. The

results are represented as the means ± standard errors of

the means and were tested by a paired Student’s t test.

A level of 0.05 was selected as the minimum point required

for statistical significance in all analyses.

Results

Transformation with the rolC gene and selection

of the transformed callus cultures

Sterile seedlings of buds of M. amurensis were transformed

using A. tumefaciens carrying either a plasmid vector

containing the rolC gene under the control of the 35S

CaMV promoter or an empty plasmid vector. We obtained

several rolC transgenic cultures and an empty vector-

transformed culture, termed MV, which was used as a

control culture in the experiments. Cf was added to the

culture medium 4 days after the transformation to suppress

bacterial growth. The selection of transgenic cells on Km

began 30 days after transformation. We selected actively

growing rolC-transformed and empty vector-transformed

aggregates in the presence of 50 mg/L of Km for 2 months,

as this dose significantly inhibited cell growth. Only one

rolC transgenic culture (designated MC) was selected by

growth on Km and provided a PCR signal for the rolC

gene. Two years of cultivation were required to obtain

stable MC and MV callus lines.

The rolC transgenic culture, MC, produced a compact,

non-watered, yellowish to light-brown callus with active

growth (Fig. 1a). The vector culture, MV, produced a fri-

able, aqueous, vigorously growing callus of light yellow or

brown colour (Fig. 1b). The visual and growth character-

istics of the MV culture were similar to those of the

untransformed callus culture (data not shown). This sug-

gests that transformation of M. amurensis by the empty

vector did not cause significant alterations to the trans-

formed cells. Gene-specific PCR analysis confirmed the

presence of the nptII gene in the DNA of both the MV and

MC cultures (Fig. 2a), as well as the presence of the rolC

gene in the DNA of the MC culture (Fig. 2b).

Qualitative and quantitative analysis of the isoflavonoid

content in the established M. amurensis callus cultures

The composition and content of the isoflavonoid complexes

produced by the MV and MC calli are shown in Table 1.

Twenty isoflavonoids were identified using methods previ-

ously described (Fedoreyev et al. 2008). Of the 20 identified,

15 were isoflavones and their derivatives (daidzein, daidzin,

40-O-b-glucopyranosyldaidzin, 30-methoxydaidzin, geni-

stein, genistin, 40-O-b-glucopyranosylgenistin, calycosin,

7-O-b-D-glucopyranosylcalycosin, 600-O-malonylgenistin,

ononin, 600-O-malonylononin, formononetin, pseudobap-

tigenin, and derrone), and 5 were pterocarpans and their

derivatives (maackiain, medicarpin, 60-O-malonyl-3-O-b-

D-glucopyranosyl-6,6a-dehydromaackiain, 60-O-malonyl-

3-O-b-D-glucopyranosylmaackiain, and 60-O-malonyl-3-O-

b-D-glucopyranosylmedicarpin). The quantitative isoflavo-

noid content was studied over 4 years of cultivation. The

data are represented as the mean of 11 independent mea-

surements. Samples were taken at 45 days of culture (in the

stationary culture phase). Our results demonstrate that the

MV and MC calli produce the same isoflavonoid complexes,

which are similar to those of the control culture (Fedoreyev

et al. 2008). The difference in the total isoflavonoid content
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between the vector (MV) and the untransformed (MK) callus

cultures, as well as that between the vector (MV) and the

rolC-transgenic (MC) callus cultures were within standard

error limits and were not statistically significant. Interestingly,

the transformation of M. amurensis with the rolC gene of

A. rhizogenes caused a significant increase in the content of 6

isoflavonoids in the transgenic cell culture—daidzein, calyc-

osin, formononetin, 40-O-b-glucopyranosyldaidzin, maacki-

ain and 60-O-malonyl-3-O-b-D-glucopyranosylmaackiain

(Table 1, bold type). However, the content of genistin was

significantly decreased (Table 1, italic type).

Productivity of the MV and MC callus cultures

To determine the productivity of the obtained callus cul-

tures, experiments were performed on their dynamics of

growth and isoflavonoid biosynthesis. Calli were grown for

60 days. We measured both the fresh and dry biomass

accumulation every 10 days and analysed the content of

isoflavonoids every 10 days starting from 30 days of cul-

tivation. When analysing the isoflavonoid accumulation

and productivity, we considered each of the 20 compounds

produced by the calli (see above). The results are shown in

Fig. 3.

The results demonstrate that the MV culture is charac-

terised by an elongated lag period; active growth was noted

only after 30 days of cultivation and continued until the

end of the experiment (Fig. 3a, b). The isoflavonoid con-

tent was low at the 30-day time point (0.4 % cell DW).

After that time, active accumulation of isoflavonoids was

observed, reaching a maximum level of 1.67 % DW at

50 days. We observed a gradual decrease in isoflavonoid

content after 50 days, and levels fell to 1 % DW at 60 days

of cultivation (Fig. 3c). The productivity of the MV cul-

ture was 8.6 mg/L medium on day 30 and increased to

101 mg/L medium on day 50, decreasing to 89 mg/L

medium by the end of the experiment (Fig. 3d).

The MC culture exhibited vigorous growth starting after

10 days of cultivation (Fig. 3a, b). It actively accumulated

fresh and dry biomass during the entire cultivation period,

slowing down slightly after 40 days. The isoflavonoid

content in the rolC-transformed culture reached 1.63 %

DW on day 30 and remained stable until the end of the

experiment. A slight decrease in the isoflavonoid content to

1.46 % DW was observed on day 50 (Fig. 3c). The pro-

ductivity of the MC culture reached 108 mg/L medium on

day 30, growing to 151 mg/L medium on days 40–50 and

reached 191 mg/L medium by the end of the experiment

(Fig. 3d). The data show that the optimal subculture period

for the M. amurensis callus cultures is 45–50 days for the

MV culture and 40–45 days for the MC culture.

The productivity of the MV and MC calli was monitored

over the course of 4 years; their average productivity val-

ues are presented in Table 2. The samples were taken at

Fig. 1 The established callus cultures of M. amurensis. a rolC transgenic calli, MC; b vector calli, MV, Bar 1 cm

Fig. 2 The gene-specific PCR analysis of the DNA isolated from the MV and MC callus cultures. a PCR products of the nptII gene sequence;

b PCR products of the rolC gene. N Negative control (PCR mixture without plant DNA). P, Pc positive control (pPCV002-CaMVC)
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45 days of cultivation in the stationary culture phase, as

this period was shown to be optimal in the previous

experiment. Both the empty vector-transformed and the

rolC transgenic callus cultures demonstrated a stable

capability to produce isoflavonoids. The MC culture isofl-

avonoid productivity was 1.5-fold higher than that of the

MV culture, and the calli showed stable growth and bio-

synthetic characteristics. The stimulating effect of the rolC

gene on the growth and isoflavonoid production of the

M. amurensis cells persisted throughout 4 years of culti-

vation. These data are in agreement with numerous

observations that indicate a steady production of these

secondary metabolites in different plant cell cultures. For

example, Federici et al. (2003) reported that 25-year-old

Glycine max (Fabaceae) cell cultures maintained the ability

to produce high levels of isoflavones.

Some alterations were found in the basic biotechno-

logical parameters of the MV and MC calli over this 4 year

period. In the MV calli, an increase in fresh and dry bio-

mass accumulation and a shortening of the lag period were

shown, while in the MC calli, a slight increase in the level

of fresh biomass accumulation was observed (data not

shown).

We conclude that the differences observed between the

MV and MC cultures were caused by the rolC gene.

Though only one rolC replicate was obtained, the MV

vector callus culture, as an example of another obtained

culture, was not significantly different from the control

calli. The visual and growth characteristics and the

dynamics of the dry mass and isoflavonoid accumulations

were the same in the MV culture and the control, whereas

many distinctions were found when comparing MV with

the rolC-transformed culture, MC. The MV calli demon-

strated that the process of transformation itself did not

cause the changes observed in the M. amurensis calli, and

the MC calli demonstrated that the rolC gene altered these

basic callus culture parameters.

Discussion

M. amurensis is a woody leguminous plant. Though

legumes are known to be difficult to transform (Somers

et al. 2003), we obtained rolC and empty vector- transgenic

callus cultures of M. amurensis on our first attempt, using

the agrobacterial transformation method. Integration of the

rolC gene resulted in significant alterations of the basic

callus culture characteristics, including phenotype, biomass

accumulation, and isoflavonoid biosynthesis. The rolC

transgenic MC callus culture exhibited an immediate bio-

mass increase, whereas the MV callus culture had a long

lag period. Although both callus cultures demonstrated

Table 1 The isoflavonoid

content in M. amurensis MV

and MC cell cultures

Samples were taken at 45 days

of culture

The data are represented as the

means in % of dry weight

(DW) ± st. error and are based

on 11 independent

measurements. The ? symbol

indicates free compounds. The

bold type indicates a significant

increase in the substance

content; italic type indicates a

significant decrease in the

substance content. The

abbreviation tr stands for trace

content; * P \ 0.05 versus

values of the MV calli;

** P \ 0.01 versus values of

the MV calli

Substances/cell cultures MV MC

Isoflavones and their derivatives

1 40-O-b-glucopyranosyldaidzin 0.04 ± 0.008 0.082 – 0.017*

2 40-O-b-glucopyranosylgenistin 0.066 ± 0.012 0.038 ± 0.011

3 Daidzin 0.064 ± 0.008 0.073 ± 0.009

4 30-methoxydaidzin 0.016 ± 0.002 0.013 ± 0.004

5 7-O-b-D-glucopyranosylcalycosin 0.038 ± 0.006 0.043 ± 0.008

6 Genistin 0.103 ± 0.012 0.06 ± 0.013*

7 600-O-malonylgenistin 0.121 ± 0.011 0.087 ± 0.015

8 Ononin 0.046 ± 0.007 0.046 ± 0.007

9? Daidzein Tr 0.045 – 0.009**

10? Calycosin 0.018 ± 0.003 0.032 – 0.005*

11 600-O-malonylononin 0.214 ± 0.026 0.207 ± 0.03

12? Genistein 0.012 ± 0.002 0.022 ± 0.006

13? Formononetin 0.026 ± 0.006 0.079 – 0.014**

14? Pseudobaptigenin 0.013 ± 0.004 0.021 ± 0.003

15? Derrone 0.018 ± 0.006 0.013 ± 0.002

Pterocarpans and their derivatives

16 60-O-malonyl-3-O-b-D-glucopyranosyl-6,6a-dehydromaackiain 0.144 ± 0.016 0.112 ± 0.021

17 60-O-malonyl-3-O-b-D-glucopyranosylmaackiain 0.184 ± 0.024 0.308 – 0.036**

18 60-O-malonyl-3-O-b-D-glucopyranosylmedicarpin 0.076 ± 0.012 0.054 ± 0.014

19? Maackiain 0.013 ± 0.004 0.048 – 0.011**

20? Medicarpin 0.015 ± 0.005 0.017 ± 0.005

ISOFLAVONOID TOTAL 1.22 ± 0.121 1.392 ± 0.141
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active growth, the MC calli accumulated twice the amount

of dry biomass as the MV calli. This is likely because MC

is a dense, non-watered callus, whereas the MV line pro-

duces a friable aqueous callus. The process of isoflavonoid

accumulation by the MC cells significantly differed from

that of the MV calli, although it did not affect the total

level of isoflavonoid content. The rolC gene activated

isoflavonoid biosynthesis in the early stages of cultivation,

thus, the MC cells produced the maximum level of isofl-

avonoids on 30 days and maintained that level of produc-

tion throughout cultivation. In the MV calli, isoflavonoid

biosynthesis gradually increased during the cultivation

period, reaching the maximum level on day 50, and then

decreased from day 50 until the end of cultivation.

Despite the high stilbene content in the heartwood of

M. amurensis and the reported capability of the rolC gene

to activate stilbene accumulation in a cell culture of

V. amurensis (Dubrovina et al., 2010), we did not detect

stilbenes in either of the established transgenic callus cul-

tures. In several recent investigations, rolC increased the

production of secondary metabolites 2–12 fold (Bulgakov

et al. 1998, 2002; Dubrovina et al. 2010). This study

showed that rolC had a moderate effect on M. amurensis

cells—increasing isoflavonoid production by 1.5-fold. Our

lower levels may have been caused by the fact that the

M. amurensis cells initially produced many compounds,

leading to high polyphenol content in the control culture

as well as in the plant. For example, untransformed

V. amurensis cell cultures produced low levels of the

stilbenes resveratrol, ampelopsin and piceatannol—up to

0.03 % DW (Kiselev et al. 2007), and transformation by

the rolC gene resulted in a 4–12-fold increase in resveratrol

content (Dubrovina et al. 2010).

The rolC gene did not significantly affect the isoflavo-

noid content in the cultured calli of M. amurensis but

instead increased total biomass accumulation. A similar

Fig. 3 The dynamics of fresh (a), dry (b) biomass accumulation,

isoflavonoid accumulation (c) and isoflavonoid productivity (d) of the

M. amurensis MV and MC callus cultures. We considered each

of the 20 isoflavonoids produced by callus cultures of M. amurensis:

daidzin, 40-O-b-glucopyranosyldaidzin, 30-methoxydaidzin, genistin,

40-O-b-glucopyranosylgenistin, 7-O-b-D-glucopyranosylcalycosin,

600-O-malonylgenistin, ononin, daidzein, calycosin, 600-O-malonylo-

nonin, genistein, formononetin, pseudobaptigenin, derrone, maacki-

ain, medicarpin, 60-O-malonyl-3-O-b-D-glucopyranosyl-6,6a-dehydro-

maackiain, 60-O-malonyl-3-O-b-D-glucopyranosylmaackiain, 60-O-

malonyl-3-O-b-D-glucopyranosylmedicarpin

Table 2 The basic biotechnological parameters of the MV and MC cell cultures of M. amurensis over 4 years of observation

Culture Fresh biomass, g/L Dry biomass, g/L Isoflavonoid content (%DW) Productivity, mg/L medium

MV 210.44 ± 9.67 8.58 ± 0.49 1.22 ± 0.121 106.1 ± 8.04

MC 173.60 ± 5.50 11.21 ± 0.54 1.392 ± 0.141 145.9 ± 17.2*

Samples were taken at 45 days of culture. * P \ 0.05 versus values of the MV calli. We considered each of the 20 isoflavonoids produced by

callus cultures of M. amurensis: daidzin, 40-O-b-glucopyranosyldaidzin, 30-methoxydaidzin, genistin, 40-O-b-glucopyranosylgenistin, 7-O-

b-D-glucopyranosylcalycosin, 600-O-malonylgenistin, ononin, daidzein, calycosin, 600-O-malonylononin, genistein, formononetin, pseudobap-

tigenin, derrone, maackiain, medicarpin, 60-O-malonyl-3-O-b-D-glucopyranosyl-6,6a-dehydromaackiain, 60-O-malonyl-3-O-b-D-glucopyr-

anosylmaackiain and 60-O-malonyl-3-O-b-D-glucopyranosylmedicarpin
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result was reported by Palazón et al. (1997), who showed

that the rolC gene increased alkaloid production in tobacco

root cultures by stimulating growth, but not by directly

increasing the biosynthetic activity of the transformed

roots. However, in a further investigation of rolC-stimu-

lated production of indole alkaloids in transformed

Catharanthus roseus cells, the level of the rolC gene

product correlated with an accumulation of secondary

metabolites (Palazón et al. 1998b).

Thus, we conclude that rolC provides a cellular signal

that activates secondary metabolic processes but the effect

of the gene depends on the plant species, the cells in the

culture, and the secondary metabolites they produce. Fur-

ther research is needed to determine the specific genes that

were activated by rolC in this study.
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(1998a) Relation between the amount the rolC product and

indole alkaloid accumulation in Catharantus roseus transformed

root cultures. J Plant Physiol 153:712–718
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