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Abstract High productive suspension cultures of Genista

tinctoria were elicited (methyl jasmonate or chitosan) and

permeabilised (dimethyl sulfoxide) in order to achieve a

plant in vitro system rich in isoflavones, with extracellular

storage profile. The maximum concentration of isoflavone

aglycones (4–6 times higher than in the controlled bio-

mass) was obtained in the suspension elicited with chito-

san. All isoflavonoids were stored inside cells. In case of

methyl jasmonate supplementation the total concentration

of isoflavone aglycones achieved was the result of the de

novo biosynthesis as well as a hydrolysis of the storage

ester forms. The presence of chitosan in the medium was

only associated with the production of aglycones de novo.

The elicitors had no effect on the accumulation and

metabolism of the basic glycoside isoflavones in the sus-

pension. The change in the way the isoflavones were stored

was achieved after supplementing the growth media with

dimethyl sulfoxide. Maximum concentration of isoflavones

in the medium was observed in the 7th hour of the

experiment. Eventually, a plant growth system was devel-

oped, producing over 11% of isoflavones, ejected as a

result of chemical permeabilisation, into the growth med-

ium (approx. 80% of total amount of these compounds in

the biomass).
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Abbreviations

DMSO Dimethyl sulfoxide

DW Dry weight

FW Fresh weight

SH Schenk & Hildebrandt medium (Schenk and

Hildebrandt 1972)

SHz Schenk & Hildebrandt modified medium

(Luczkiewicz and Głód 2005)

TIBA 2,3,5-Triiodobenzoic acid

Introduction

Among the variety of retrobiosynthetic strategies used for

in vitro cultures of higher plants oriented on the secondary

metabolite biosynthesis, the ones which need mentioning

include elicitation of plant biomasses which can directly or

indirectly affect the accumulation and metabolism of sec-

ondary metabolites (Bhuiyan and Adachi 2003; Bourgaud

et al. 2001; Chang-He and Hui-Bi 2001; Ramachandra Rao

and Ravishankar 2002; Staniszewska et al. 2003).

Biotechnological research, previously carried out by the

authors of this paper, showed that G. tinctoria suspensions

are able to synthesise one of the largest amounts of isofl-

avonoids of phytoestrogenic activity ever obtained in vitro

(Luczkiewicz and Głód 2005). Considering their intensive

growth (FWmax 748.6 g l-1) and high isoflavonoid accu-

mulation (ca. 11%, of which 9414.7 mg/100 g DW com-

prise genistin), they may be seen as a potential in vitro

system for industrial scale production of large amounts of
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medically active phytoestrogens of isoflavone origin

(Luczkiewicz and Głód 2005).

Isoflavones due to their affinity to oestrogen receptors b,

in addition to treatment of menopause-related symptoms,

may prevent breast, colon, prostate and thyroid cancers

which are hormone related (Brandi 1997; Dixon and

Ferreira 2002; Radzikowski et al. 2004).

Most compounds identified in the 14-component isofl-

avonoid fraction in G. tinctoria suspension are phytoalex-

ins or phytoanticipins (Luczkiewicz and Głód 2005), in the

biosynthesis of which a considerable role could be played

by stress factors (Barz and Mackenbrock 1994; Edwards

et al. 1997; Paiva et al. 1994). Based on a number of lit-

erature data it can be stated that both biotic and abiotic

elicitors have a particular effect on the accumulation of

isoflavones in in vitro cultures of Fabaceae plants (Barz

and Mackenbrock 1994; Bhuiyan and Adachi 2003;

Bourgaud et al. 2001; Edwards et al. 1997; Gagnon and

Ibrahim 1997; Paiva et al. 1994; Ramachandra Rao and

Ravishankar 2002).

Considering the above, the direct goal of the paper was

to give an answer to the question whether the addition of

certain elicitors may evoke higher concentration of various

isoflavonoid metabolites in G. tinctoria biomass, compared

with the basic suspension, and whether the procedure

applied changes the way in which the analysed compounds

are stored. In this experiment, the elicitors of choice were

methyl jasmonate and chitosan. These compounds may be

considered model elicitors as they are frequently used in

experiments testing the effect of stress conditions on the

metabolism of isoflavones in in vitro cultures of Fabaceae

plants (Barz and Mackenbrock 1994; Bednarek et al. 2001;

Bhuiyan and Adachi 2003; Edwards et al. 1997; Gagnon

and Ibrahim 1997; Paiva et al. 1994; Ramachandra Rao and

Ravishankar 2002).

In G. tinctoria suspension cultures all of the synthesised

isoflavonoids were stored intracellularly (Luczkiewicz and

Głód 2005). To upgrade the G. tinctoria biomass to large-

scale production, a decision was made to evoke a release of

the investigated compounds from the plant matrix to the

growth medium, thus simplifying the subsequent extraction

procedures. This would reduce the costs of industrial pro-

duction of phytoestrogens based on G. tinctoria suspension

(Bourgaud et al. 2001; Luczkiewicz and Głód 2005;

Ramachandra Rao and Ravishankar 2002). The intention

was to stimulate a release of isoflavonoids to the experi-

mental medium by chemical permeabilisation of cellular

membranes in G. tinctoria suspension (Bordelius 1988;

Bourgaud et al. 2001; Knorr and Berlin 1987; Komolpis

et al. 1998; Ramachandra Rao and Ravishankar 2002). The

direct permeabilising factor in the described series of

experiments was dimethyl sulfoxide (DMSO), which had

been successfully used to evoke a release of secondary

metabolites from plant matrices grown in vitro (Bordelius

1988; Kanaraiah et al. 2005; Komolpis et al. 1998).

The success of the planned experiments, i.e. the further

improvement of productivity of the culture as a direct result

of elicitation procedure and causing a release of isoflavones

into the growth medium would constitute an essential step

towards preparing G. tinctoria suspension for the techno-

logical process.

Materials and methods

Plant material

Highly productive suspension cultures of G. tinctoria cul-

tivated in modified, liquid Schenk–Hildebrandt medium

(SH) (Schenk and Hildebrandt 1972) containing 3% (w/v)

sucrose, 1.0 lmol l-1 TIBA (2,3,5-triiodobenzoic acid)

and 23.23 lmol l-1 kinetin (SHz) (Luczkiewicz and Głód

2005) were used for all biotechnological experiments. Plant

biomasses were grown in 250 ml Erlenmeyer flasks topped

with silicone foam stoppers (Shine-Etsu-Polymer Co.,

Japan) on an orbital shaker (INNOVA 2300-New Bruns-

wick Scientific 150 rpm) under continuous light (light

intensity 88 ± 8 lmol m-2 s-1; fluorescent tubes Philips

TLD 35 W 93), at temp. 25 ± 2�C (Luczkiewicz and

Głód 2005).

Elicitor solutions

Chitosan

1.0 g of crab shell chitosan (Sigma Chemical Company,

USA) was dissolved in 2.0 ml of glacial acetic acid

(J.T. Baker, USA) adding the reagent in drops at 60oC for a

period of 15 min. and the final volume was made up to

100 ml. The pH of the solution was adjusted to 5.7 with

1 N NaOH (J.T. Baker, USA). Prior to adding it to the

G. tinctoria suspension, the solution of chitosan was

autoclaved in standard conditions (Komaraiah et al. 2002).

Methyl jasmonate

The basic solution of the elicitor was prepared by dis-

solving 100 mg of methyl jasmonate (Sigma Chemical

Company, USA) in 100 ml of the following mixture: eth-

anol (J.T. Baker, USA)—redistilled water (12 : 3, v/v)

(Bhuiyan and Adachi 2003). Before being added to the

experimental media with inoculated (day 0 of the experi-

ment) or actively growing (day 26 of the experiment)

G. tinctoria biomass, the elicitor was filter sterilised

(Millex Vent Filter, pore size 0.22 lm, PTFE membrane;

Millipore Corporation, Bedford, USA).
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Experimental procedures

Elicitation

In each instance, approx. 5 g of basic G. tinctoria sus-

pension was inoculated into a 250 ml Erlenmeyer flask

containing 100 ml of modified, liquid SH medium (SHz)

topped with silicone foam stoppers. Both elicitors (chitosan

150 mg l-1 and methyl jasmonate 100 lmol l-1) were

added to the media on day 0 or 26 of the growth cycle. The

elicited suspension cultures of G. tinctoria were cultivated

in a 34-day cycle (3 series, 22 flasks each), under standard

conditions described above for the basic suspension.

G. tinctoria biomasses were collected at two-day inter-

vals until day 26 of the experiment and then each day until

the end of the growth cycle (34 days altogether).

The regular control samples in these experiments were

basic G. tinctoria suspensions grown in SHz medium

without elicitors. The negative controls with acetic acid

and ethanol/redistilled water (12:3 v/v) solutions were

accomplished too. Both controls were collected using the

same procedure as for the elicited cultures. The results of

regular and negative controls in terms of isoflavones pro-

duction did not differ significantly so only the first ones

were presented in the manuscript.

Permeabilisation

The direct permeabilisating factor was DMSO (Sigma

Chemical Company, USA) added in the amount of

20 ml l-1 to the actively growing G. tinctoria suspension.

In each instance, approx. 5 g of basic G. tinctoria

suspension was inoculated into a 250 ml Erlenmeyer flask

containing 100 ml of SHz medium. The biomasses were

cultivated in standard conditions for 26 days. In order to

evoke a release of isoflavones from the plant matrix to the

growth medium, on day 26 of the experiment the media

were supplemented with a single dose of DMSO

(20 ml l-1) (Bordelius 1988; Kanaraiah et al. 2005). The

permeabilised suspensions of G. tinctoria were grown in

the conditions described above for the basic suspensions,

collecting the biomass at 30 min. intervals during a period

of 8 h. (3 series, 17 flasks each).

The control samples in this case were G. tinctoria

suspensions grown in SHz medium without DMSO in

standard conditions and collected in 30-min. intervals like

the permeabilised biomasses.

The plant material obtained in the course of the bio-

technological experiments, together with the liquid media

(basic, elicited and permeabilised cultures) were freeze-

dried for 48 h. (vacuum 1 9 10-3 mbar produced in the

lyophyliser—LYOVAC GT2 by FIN-AQUA Santasalo-

Sohlberg Co., Finland). The lyophilised G. tinctoria

biomasses and growth media were analysed phytochemi-

cally for the presence of bioflavonoids. The results (fresh

weights—FW, dry weights—DW and the isoflavones

content (in the plant material and the media) are arithmetic

means from three samples ±SD.

Isoflavonoid extraction from plant materials and media,

together with HPLC qualitative and quantitative analyses

were performed according to the procedures described

before (Luczkiewicz et al. 2004).

Results and discussion

The main goal of the described experiments was to check

whether biotechnological strategies related to elicitation

and permeabilisation of highly productive G. tinctoria

suspension (11,138.5 mg of isoflavones in 100 g DW)

(Luczkiewicz and Głód 2005) could affect the accumula-

tion and the storage profile of isoflavones in the investi-

gated biomass.

Based on literature reports, two elicitors were selected

for the experiments presented here: methyl jasmonate and

chitosan, which yield good results in in vitro cultures of

higher plants oriented for the biosynthesis of biologically

active compounds (Barz and Mackenbrock 1994; Bednarek

et al. 2001; Bourgaud et al. 2001; Ramachandra Rao and

Ravishankar 2002).

As the preliminary results of experiments involving

permeabilisation of G. tinctoria suspension with physical

factors (radical changes of temperature, electrical impul-

ses) yielded all negative results (isoflavonoids not released

into the media), it was decided to present only the effect of

chemical permeabilisation of G. tinctoria biomass on the

generally understood accumulation of isoflavones. Based

on literature reports the direct permeabilising factor used

was dimethyl sulfoxide (DMSO) at the concentration of

20 ml l-1 (Komolpis et al. 1998).

The effect of a methyl jasmonate supplement

on the growth of G. tinctoria suspension

and the accumulation of isoflavonoid compounds

Methyl jasmonate was added to G. tinctoria suspension on

day 0 or day 26 of the experiment. Thus, it was possible to

follow the effect of this elicitor on the growth of G. tinc-

toria biomass and the kinetics of isoflavone production

over the entire 34-day growth cycle (the addition of

jasmonate to the inocular suspension) or just until the

moment when the suspension reaches a stationary growth

phase and accumulates maximum concentrations of isofl-

avonoids (day 26) (Luczkiewicz and Głód 2005). Thanks to

the described procedure of feeding G. tinctoria suspension

with methyl jasmonate on day 26, an optimum system of
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elicitation was developed for the investigated biomass,

allowing for the stimulation of the isoflavonoid biosyn-

thesis, while excluding any negative effects of the elicitor

on the culture growth (Tables 1, 2, 3; Figs. 1, 2, 3, 4).

The fresh weight (FW) and dry weight (DW) measured

on the particular days of the experiment indicate that

methyl jasmonate clearly inhibited the growth and vitality

of G. tinctoria culture. The described phenomenon is

particularly apparent when the elicitor was added to the

inocular suspension (Figs. 1 and 2).

Unlike the control biomass, the cultures supplemented

with methyl jasmonate practically did not grow until day

16 (FW 49.5 g l-1; Fig. 1) and then gradually died (FW

28.1 g l-1, day 34; Fig. 1). In effect, on day 22 of the

experiment, when FW of the basic suspension was at the

maximum level (FW 748.6 g l-1), the elicited culture

produced only 47.6 g l-1 of the biomass, i.e. almost 16

times less than the control culture (Fig. 1).

The growth inhibition of G. tinctoria suspension, as a

direct effect of methyl jasmonate supplementation, is less

apparent in the case of biomass supplemented with the

elicitor on day 26 of the experiment (Figs. 1 and 2). This

could be related to the relatively short period of growing G.

tinctoria suspension with the elicitor (9 days) and the fact

that in the discussed instance the analysed culture was in

the stationary growth phase (Figs. 1 and 2).

As a result, a number of literature reports were con-

firmed, where the researchers noted a clear reduction of

both FW and DW in plant cultures elicited with methyl

jasmonate or jasmonic acid (Barz and Mackenbrock 1994;

Bhuiyan and Adachi 2003; Komaraiah et al. 2002; Paiva

et al. 1994). It is commonly believed that jasmonic acid,

often classified as an endogenous growth regulator (Ebdel

and Mithöfer 1998; Ozawa et al. 2000; Schenk et al. 2000),

inhibits tissue growth and accelerates ageing processes in

plant biomasses (Barz and Mackenbrock 1994; Bhuiyan

and Adachi 2003; Komaraiah et al. 2002; Paiva et al.

1994).

G. tinctoria suspension elicited with methyl jasmonate

synthesised a set of isoflavones, identical with the com-

pounds identified in the control culture (Luczkiewicz and

Głód 2003, 2005). The basic components of the isoflavo-

noid fraction were derivatives of genistein (genistin, gen-

istein 7-O-diglucoside, 20-hydroxygenistein 7-O-glucoside

Table 1 Isoflavone concentration in Genista tinctoria basic suspension cultures (isoflavone content in mg per 100 g DW plant material)

Time

(days)

Compound

Genistein Genistin Daidzein Daidzin Genistein 7-O-

diglucoside

20-hydroxygenistein

7-O-glucoside

Genistin

malonate

Genistin

acetate

0 4.3 ± 0.1 2,117.6 ± 14.5 2.52 ± 0.07 16.53 ± 0.98 603.3 ± 15.3 18.42 ± 0.9 9.2 ± 0.4 4.43 ± 0.1

2 2.9 ± 0.09 1,053.3 ± 9.8 1.74 ± 0.09 6.99 ± 0.3 327.3 ± 11.2 11.96 ± 0.8 5.8 ± 0.2 4.42 ± 0.09

4 5.3 ± 0.2 933.9 ± 4.4 1.53 ± 0.09 5.43 ± 0.18 298.1 ± 9.4 11.00 ± 1.1 10.7 ± 0.6 3.21 ± 1.1

6 64.9 ± 0.4 3,145.5 ± 19.8 3.32 ± 0.11 8.02 ± 0.39 762.7 ± 16.2 12.18 ± 0.8 17.6 ± 0.8 7.50 ± 0.3

8 83.5 ± 1.3 3,582.5 ± 20.5 6.87 ± 0.18 11.90 ± 0.9 815.7 ± 13.4 16.64 ± 0.9 18.3 ± 0.7 10.20 ± 0.5

10 142.7 ± 5.7 3,302.7 ± 20.1 9.08 ± 0.59 16.85 ± 1.1 893.3 ± 14.2 22.56 ± 1.4 20.6 ± 0.6 17.77 ± 0.9

12 41.2 ± 2.2 3,635.8 ± 21.2 4.74 ± 0.22 39.95 ± 2.0 930.7 ± 16.8 31.91 ± 1.8 27.3 ± 0.8 21.17 ± 1.3

14 20.0 ± 2.0 5,818.7 ± 28.3 3.61 ± 0.19 61.1 ± 2.4 946.2 ± 16.1 33.05 ± 1.9 36.4 ± 1.2 22.54 ± 1.4

16 18.4 ± 1.5 7,234.6 ± 31.4 2.68 ± 0.10 75.59 ± 3.4 1,272.2 ± 15.2 35.23 ± 1.9 40.5 ± 1.8 31.76 ± 1.7

18 15.2 ± 0.9 8,472.2 ± 33.2 4.67 ± 0.17 111.86 ± 10.9 1,499.1 ± 13.1 70.24 ± 3.9 50.9 ± 2.1 39.40 ± 1.9

20 20.7 ± 1.3 8,647.4 ± 36.4 7.65 ± 0.34 114.08 ± 8.3 2,003.1 ± 14.4 92.17 ± 4.5 66.8 ± 2.2 39.41 ± 2.1

22 58.1 ± 3.4 9,142.7 ± 40.5 6.67 ± 0.2 125.42 ± 9.4 1,643.7 ± 13.8 116.42 ± 7.4 67.5 ± 2.4 41.1 ± 1.9

24 73.3 ± 4.9 9,343.0 ± 39.2 5.16 ± 0.21 133.11 ± 10.2 1,284.6 ± 14.9 193.09 ± 8.6 66.4 ± 1.9 49.5 ± 1.8

26 91.2 ± 6.2 9,414.7 ± 37.2 4.29 ± 0.19 152.84 ± 11.1 1,091.6 ± 11.2 268.22 ± 11.4 69.4 ± 2.4 46.7 ± 2.0

27 83.1 ± 5.4 8,571.4 ± 40.2 3.75 ± 0.22 138.55 ± 10.7 892.13 ± 15.6 316.52 ± 17.6 70.2 ± 3.9 46.2 ± 3.4

28 73.3 ± 5.1 7,983.4 ± 29.4 3.05 ± 0.18 112.7 ± 14.2 583.8 ± 12.4 340.09 ± 10.8 72.2 ± 2.8 45.4 ± 1.7

29 68.1 ± 5.6 7,569.1 ± 35.7 3.15 ± 0.16 108.51 ± 9.7 516.4 ± 19.1 402.99 ± 15.7 74.1 ± 3.6 43.8 ± 2.9

30 61.2 ± 4.9 7,114.4 ± 25.3 3.14 ± 0.18 102.5 ± 10.8 384.5 ± 19.2 447.65 ± 14.5 74.4 ± 2.4 42.1 ± 2.0

31 75.3 ± 4.4 6,675.3 ± 28.6 3.09 ± 0.26 95.02 ± 8.7 334.1 ± 16.5 439.28 ± 16.6 60.8 ± 4.5 43.5 ± 1.8

32 82.5 ± 2.9 6,286.4 ± 19.3 2.48 ± 0.09 94.3 ± 9.3 308.94 ± 10.0 440.72 ± 13.2 41.3 ± 2.5 48.5 ± 1.6

33 80.6 ± 5.3 6,406.2 ± 25.4 2.49 ± 0.17 95.11 ± 8.2 286.23 ± 12.9 438.44 ± 15.6 40.2 ± 3.6 47.6 ± 3.5

34 81.7 ± 5.5 6,327.1 ± 21.3 2.38 ± 0.14 95.54 ± 7.9 288.01 ± 13.7 435.61 ± 18.0 41.0 ± 2.9 46.2 ± 3.4

Each value represents the mean ± SD of 3 samples
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and genistin malonate) with significantly lower concen-

tration of compounds which belong to the metabolic

pathway of daidzein (Tables 1, 2, 3). The supplementation

of G. tinctoria suspension with methyl jasmonate did not

affect the way the investigated compounds were stored.

Similar to the basic culture, all isoflavonoids were stored

intracellularly.

At this stage of the experiments it is difficult to explain

why the synthesised metabolites are not released from the

elicited suspension into the medium, which was often

observed in in vitro cultures subjected to stress (Armero

et al. 2001; Bourgaud et al. 2001; Pitta-Alvarez et al.

2000).

The supplementation of G. tinctoria suspension with

methyl jasmonate on inoculation day did not show any

effect of the elicitor on the accumulation of isoflavonoids

in the investigated biomass. This is probably directly

connected with the fast biomass necrosis observed in the

experiment. In effect, the concentrations of all analysed

isoflavonoid compounds in G. tinctoria suspension were at

the levels identified in the inocular biomass (Table 2).

Elicitation of G. tinctoria cultures on day 26 of the

experiment had a selective effect on the accumulation of

isoflavonoid aglycones (genistein and daidzein) and geni-

stein malonate (Table 3 and Figs. 3, 4). Beginning with the

day when methyl jasmonate was supplemented, the con-

centrations of both aglycones gradually rose, reaching

maximum levels on day 30 (198.3 mg/100 g DW geni-

stein; 15.21 mg/100 g DW daidzein; Table 3). Thus, the

maximum concentration of genistein in the elicited culture

Fig. 1 Changes in fresh weight

of unelicited and elicited

(100 lmol l-1 methyl

jasmonate or 150 mg l-1

chitosan, supplemented on day 0

or 26) Genista tinctoria
suspension cultures (FW

content in g l-1)

Fig. 2 Changes in dry weight

of unelicited and elicited

(100 lmol l-1 methyl

jasmonate or 150 mg l-1

chitosane, supplemented on day

0 or 26) Genista tinctoria
suspension cultures (DW

content in g l-1)
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was three times higher than in the control biomass

(Tables 1, 3 and Fig. 4), and in the case of daidzein it

exceeded five times the level of the compound identified in

the basic suspension (Tables 1, 3 and Fig. 3). It was also

found that the concentration of genistin malonate in the

culture decreased 30 times in the described time frame

(69.4 mg/100 g DW—day 30—control biomass; 2.5 mg/

100 g DW—day 30—elicited suspension; Tables 1 and 3).

The other isoflavonoids in the elicited suspension remained

at the same concentrations as in the control culture

(Tables 1 and 3).

The results of these experiments are consistent with other

reports which indicate that under stress plants selectively

synthesise isoflavonoid aglycones which serve as phytoal-

exins (Armero et al. 2001; Barz and Mackenbrock 1994;

Edwards et al. 1997; Gagnon and Ibrahim 1997; Haberder

et al. 1989; Paiva et al. 1994). This process is related to de

novo biosynthesis of these compounds, or it is the result of

hydrolytic decomposition of esters which play the role of

phytoanticipins (Armero et al. 2001; Barz and Mackenbrock

1994; Lozovaya et al. 2004).

High concentrations of genistein as a result of biomass

elicitation, in conjunction with clear decomposition of the

storage form of phytoanticipin, indicate that the reaction

to stress in G. tinctoria cultures may be rather complex

(Armero et al. 2001; Lozovaya et al. 2004). It is most

probably related not only to the de novo biosynthesis

of phytoalexins, but also to the indirect formation of

genistein as a result of hydrolytic decomposition of gen-

istein malonate.

Fig. 3 Daidzein concentration

in Genista tinctoria suspension

cultures, before and after

elicitation with methyl

jasmonate (100 lmol l-1) or

chitosan (150 mg l-1),

supplemented on day 26

(daidzein concentration in mg/

100 g DW)

Fig. 4 Genistein and genistin

malonate concentration in

Genista tinctoria suspension

cultures, before and after

elicitation with methyl

jasmonate (100 lmol l-1) or

chitosan (150 mg l-1),

supplemented on day 26

(secondary metabolite

concentration in mg/100 g DW)

Acta Physiol Plant (2012) 34:1–16 9

123



The secondary formation of isoflavonoid aglycone

(genistein) took place without the participation of glyco-

sides (concentrations of these compounds in the elicited

culture were the same as the content of the respective

metabolites in the control biomass—Tables 1 and 3).

In the growth process (a 34-day growth cycle), the rapid

decrease in the content of genistein and daidzein, paired

with secondary growth of the ester concentration (Table 3;

Fig. 4), i.e. the phenomenon frequently seen in elicited in

vitro cultures of Fabaceae plants, was not observed (Barz

and Mackenbrock 1994; Lozovaya et al. 2004). Perhaps in

G. tinctoria biomass the defence mechanism, which in this

case, as in Pueraria lobata suspension (Park et al. 1995)

had the character of a systemic reaction due to the constant

Table 4 Isoflavone concentration in non permeabilised Genista tinctoria suspension cultures (isoflavone content in mg per 100 g DW plant

material)

Time

(min)

Compound

Genistein Genistin Daidzein Daidzin Genistein 7-O-

diglucoside

20-hydroxygenistein

7-O-glucoside

Genistin

malonate

Genistin

acetate

0 91.2 ± 6.2 9,414.7 ± 37.2 4.29 ± 0.19 152.84 ± 11.1 1,091.6 ± 11.2 268.22 ± 11.4 69.4 ± 2.4 46.7 ± 2.0

30 90.9 ± 7.3 9,416.1 ± 40.2 4.35 ± 0.25 152.94 ± 13.8 1,092.5 ± 12.7 269.12 ± 17.8 67.1 ± 3.3 47.1 ± 2.9

60 91.0 ± 5.9 9,416.8 ± 38.6 4.25 ± 0.26 152.31 ± 11.2 1,091.7 ± 18.6 267.4 ± 13.3 69.4 ± 4.2 47.3 ± 3.1

90 90.3 ± 5.5 9,408.4 ± 37.8 4.22 ± 0.28 151.97 ± 13.9 1,015.4 ± 17.5 271.44 ± 17.6 75.8 ± 3.7 46.2 ± 4.1

120 90.7 ± 5.8 9,371.5 ± 37.7 4.19 ± 0.18 151.64 ± 12.4 1,006.3 ± 13.5 278.21 ± 16.4 77.2 ± 2.4 47.3 ± 3.5

150 90.2 ± 5.6 9,147.3 ± 39.5 4.16 ± 0.24 150.19 ± 13.0 1,011.4 ± 14.2 281.02 ± 10.0 76.2 ± 3.8 47.1 ± 3.4

180 90.8 ± 5.7 9,125.6 ± 40.9 4.11 ± 0.23 149.22 ± 10.4 1,003.9 ± 18.4 283.51 ± 18.6 74.5 ± 4.6 46.8 ± 3.1

210 91.1 ± 6.4 9,000.3 ± 38.2 4.07 ± 0.29 149.84 ± 11.5 997.6 ± 13.4 280.74 ± 15.3 72.1 ± 3.9 46.9 ± 4.3

240 91.2 ± 5.3 9,011.4 ± 37.9 4.01 ± 0.31 148.41 ± 12.4 994.5 ± 11.4 287,15 ± 16.9 72.0 ± 4.3 46.4 ± 3.8

270 90.4 ± 6.1 8,946.2 ± 35.4 4.03 ± 0.22 147.92 ± 11.7 995.3 ± 15.8 288.14 ± 21.3 71.5 ± 5.2 46.8 ± 3.4

300 89.6 ± 5.4 8,916.5 ± 38.5 3.99 ± 0.25 146.53 ± 12.2 991.6 ± 16.2 287.64 ± 24.8 71.4 ± 2.9 46.4 ± 3.6

330 89.9 ± 5.9 8,894.1 ± 36.1 3.94 ± 0.27 145.82 ± 11.9 990.4 ± 14.3 293.61 ± 18.7 70.4 ± 3.6 46.2 ± 3.5

360 88.1 ± 6.2 8,852.7 ± 39.2 3.97 ± 0.25 145.03 ± 13.4 943.3 ± 18.4 295.76 ± 23.5 70.8 ± 3.9 46.0 ± 3.9

390 87.6 ± 6.1 8,861.1 ± 40.5 3.92 ± 0.29 144.67 ± 10.8 921.5 ± 17.6 300.04 ± 20.8 69.5 ± 3.6 45.9 ± 2.8

420 87.4 ± 5.8 8,806.5 ± 39.4 3.90 ± 0.21 144.16 ± 11.5 906.4 ± 16.9 302.94 ± 14.7 69.1 ± 2.9 46.1 ± 3.3

450 87.1 ± 6.4 8,791.9 ± 39.2 3.91 ± 0.20 142.23 ± 13.7 901.7 ± 14.3 307.20 ± 19.3 68.0 ± 4.1 46.2 ± 3.4

480 86.1 ± 5.3 8,771.4 ± 41.3 3.84 ± 0.19 141.11 ± 10.8 890.13 ± 19.7 312.58 ± 16.5 68.1 ± 3.4 45.9 ± 2.3

Each value represents the mean ± SD of 3 samples

Fig. 5 Changes in fresh (FW)

and dry (DW) weight of Genista
tinctoria suspension cultures,

permeabilized with DMSO and

without DMSO supplementation
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contact of individual cells with the elicitor, was not phased

out (Ebdel and Mithöfer 1998; Haberder et al. 1989; Park

et al. 1995).

In effect, the application of the biotechnological pro-

cedure described above, a highly productive suspension of

G. tinctoria was obtained, which synthesised isoflavonoid

glycosides at the level of the control culture and, at the

same time, accumulated several times higher concentra-

tions of aglycones (Tables 1 and 3).

The effect of chitosan on the growth of G. tinctoria

suspension and the accumulation of isoflavonoids

Isoflavones synthesised in suspension cultures of G. tinc-

toria were stored inside the cells (Luczkiewicz and Głód

2005). A leak of these compounds into the growth medium

would significantly facilitate the procedure of extracting

isoflavones from the plant matrix. Based on literature

reports (Bhuiyan and Adachi 2003; Komolpis et al. 1998;

Ozawa et al. 2000), it was expected that chitosan added to

G. tinctoria suspension would play a double role, both as

elicitor and a factor permeabilising the investigated cells.

The experiment confirmed that chitosan had a significant

impact on both the growth of the investigated suspension

(Figs. 1 and 2) and the accumulation of isoflavonoids

(Tables 2, 3 and Figs. 3, 4). Like methyl jasmonate, this

elicitor inhibited the growth and vitality of the propagated

biomass when added to the media on the inoculation day

(Figs. 1 and 2). Beginning with the first day of the exper-

iment, over the entire 34-day growth cycle, the culture

grown in the presence of chitosan demonstrated a gradual

decrease of both DW and FW (Figs. 1 and 2). In effect, on

the last day of the experiment 30.4 g l-1 FW of G. tinc-

toria suspension was obtained, which was only ca. 60% of

the starting value (50.3 g l-1 FW, Fig. 1).

The growth profile of G. tinctoria suspension, elicited

with chitosan, in the stationary growth phase (day 26) was

almost completely identical with the growth curve estab-

lished for the control culture (Figs. 1 and 2). These results

were similar to the effects achieved when the culture was

supplemented with methyl jasmonate and indicate that

irrespective of the stress-inducing factor, it is essential to

supplement the elicitor at a specific stage of the in vitro

experiment, i.e. in this case in the stationary phase. It seems

that the use of the above experimental procedure allows to

avoid the negative impact of the elicitor on primary tissue

metabolism (Chang-He and Hui-Bi 2001; Ebdel and

Mithöfer 1998; Komaraiah et al. 2002) and to obtain only

positive effects of elicitation, related to the selective

influence of the stress factor on secondary metabolism

(Figs. 3 and 4).

Supplementing G. tinctoria suspension with chitosan did

not cause a change in the qualitative composition of the

isoflavonoid fraction synthesised by the investigated cul-

ture. However, the time of elicitation proved important, as

it directly affected the amount of accumulated compounds.

Like with methyl jasmonate, chitosan added to the media

on the day of inoculation generally inhibited the production

of isoflavonoids in the biomass (Tables 1, 2, 3). In both

cases the effect was correlated with the necrotic tendencies

of the suspension (Figs. 1 and 2).

The elicitation of G. tinctoria biomass with chitosan on

day 26 selectively increased the concentration of isofl-

avonoid aglycones (daidzein and genistein) in the investi-

gated suspension (Table 3 and Figs. 3, 4). As in the

cultures supplemented with methyl jasmonate, after the

elicitor was added, the concentrations of both compounds

gradually rose, reaching maximum levels on day 30

(258.4 mg/100 g DW genistein; 17.51 mg/100 g DW

daidzein) and then stayed at a relatively steady level

(Table 3).

The high concentration of isoflavonoid phytoalexins

accumulated in the suspension was probably fully related

to de novo biosynthesis of these compounds. One indi-

cation to this effect is that the concentration of glycoside

derivatives of genistein and daidzein in the biomass

remained steady in relation to the control biomass

(Tables 1 and 3). Moreover, in contrast to the experiment

with methyl jasmonate, the level of the phytoalexin

storage form (genistin malonate) was gradually growing

over the entire growth cycle, reminding the production of

this compound in the basic culture (Tables 1, 3 and

Fig. 4). The phenomenon described here seems to rule

out the possibility that genistein forms through hydrolytic

decomposition of the storage form and it implies that the

defence mechanisms in G. tinctoria suspension can fol-

low various courses depending directly on the type of

elicitor.

The maximum concentration of genistein and daidzein

when chitosan was used as elicitor was, respectively, 24%

and 13% higher than the concentrations of these com-

pounds obtained when the cultures were supplemented with

methyl jasmonate (Tables 2 and 3). Moreover, since the

production profile of genistin malonate was maintained

(max. concentration: 73.6 mg/100 g DW, Table 3),

G. tinctoria biomass elicited with chitosan constitutes

biological material with a generally higher content of iso-

flavones than the biomass supplemented with methyl

jasmonate (Tables 2 and 3). Therefore, this culture is more

attractive technologically.

Irrespective of the moment when it was added to the

medium, chitosan did not play the role of a permeabilising

factor in G. tinctoria suspension. In the investigated

culture, all of the analysed secondary metabolites were

stored intracellularly, similarly to the basic biomass and the

suspension elicited with methyl jasmonate.
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The effect of a DMSO supplement on the growth

of G. tinctoria suspension and the accumulation

of isoflavonoids

Unlike physical permeabilisation, chemical permeabilisa-

tion is a relatively inexpensive and simple method allowing

for a release of secondary metabolites from plant matrices

to growth media (Bordelius 1988; Kanaraiah et al. 2005;

Knorr and Berlin 1987; Komolpis et al. 1998; Teissie et al.

2005). The choice of DMSO to permeabilise G. tinctoria

suspension was based on literature reports indicating that

this compound is one of the most effective factors changing

Table 5 Isoflavone concentration in Genista tinctoria biomass and growth media after permeabilisation with 2% DMSO (isoflavone content in

mg per 100 g DW plant material)

Time

(min)

Compound

Genistein Genistin Daidzein Daidzin

Biomass Medium Biomass Medium Biomass Medium Biomass Medium

0 91.2 ± 6.2 0.00 ± 0.00 9,414.7 ± 37.2 0.00 ± 0.00 4.29 ± 0.19 0.00 ± 0.00 152.84 ± 11.1 0.00 ± 0.00

30 90.3 ± 7.2 0.00 ± 0.00 9,415.2 ± 40.2 0.00 ± 0.00 4.32 ± 0.18 0.00 ± 0.00 153.12 ± 10.2 0.00 ± 0.00

60 90.0 ± 6.8 0.00 ± 0.00 9,417.3 ± 39.4 1.3 ± 0.09 4.30 ± 0.21 0.00 ± 0.00 155.47 ± 12.7 0.00 ± 0.00

90 87.2 ± 6.5 4.2 ± 0.31 9,415.3 ± 36.0 2.6 ± 0.11 4.31 ± 0.22 0.00 ± 0.00 154.33 ± 11.8 0.28 ± 0.01

120 85.8 ± 5.7 7.2 ± 0.49 9,413.6 ± 38.3 5.9 ± 0.29 4.32 ± 0.23 0.16 ± 0.009 15409 ± 10.6 0.56 ± 0.01

150 83.4 ± 6.0 9.5 ± 0.52 9,388.6 ± 47.3 35.4 ± 2.36 4.34 ± 0.22 0.15 ± 0.008 150.24 ± 13.7 3.12 ± 0.09

180 79.5 ± 6.4 15.7 ± 0.96 9,238.1 ± 41.6 185.6 ± 10.7 4.21 ± 0.18 0.19 ± 0.01 151.38 ± 11.6 7.85 ± 0.36

210 67.1 ± 5.9 19.8 ± 0.81 8,474.5 ± 36.7 958.3 ± 17.6 3.99 ± 0.25 0.38 ± 0.02 112.21 ± 9.5 64.28 ± 5.22

240 68.3 ± 6.1 22.9 ± 1.23 6,833.4 ± 33.9 2,641.5 ± 18.4 4.05 ± 0.27 0.42 ± 0.02 95.75 ± 8.3 71.66 ± 5.39

270 64.4 ± 5.8 28.5 ± 1.94 3,932.8 ± 39.1 5,691.7 ± 29.7 3.95 ± 0.21 0.78 ± 0.05 69.86 ± 5.9 92.41 ± 7.04

300 64.2 ± 5.9 29.3 ± 2.22 3,573.9 ± 33 0 6,005.6 ± 28.1 3.53 ± 0.26 0.94 ± 0.06 60.61 ± 4.6 97.37 ± 7.91

330 58.3 ± 4.3 33.4 ± 2.41 3,154.8 ± 28.5 6,412.1 ± 30.9 3.24 ± 0.31 1.31 ± 0.09 52.30 ± 4.3 106.08 ± 9.46

360 33.7 ± 2.7 41.9 ± 3.05 2,423.5 ± 19.6 7,191.6 ± 36.1 3.07 ± 0.24 1.34 ± 0.1 45.03 ± 3.2 115.47 ± 10.5

390 33.4 ± 2.9 58.7 ± 4.60 1,924.3 ± 17.5 7,594.2 ± 38.2 2.81 ± 0.19 1.93 ± 0.09 34.67 ± 2.9 120.81 ± 11.0

420 28.4 ± 1.9 63.0 ± 5.11 1,802.7 ± 24.1 7,625.9 ± 33.4 2.01 ± 0.13 2.94 ± 0.14 30.94 ± 2.2 125.31 ± 10.4

450 29.1 ± 2.2 62.7 ± 5.57 1,754.9 ± 19.3 7,624.3 ± 35.8 2.22 ± 0.16 2.77 ± 0.13 28.69 ± 1.7 123.86 ± 9.8

480 32.3 ± 2.9 60.3 ± 4.93 1,698.3 ± 22.5 7,598.4 ± 39.3 2.07 ± 0.15 2.81 ± 0.17 26.66 ± 1.8 126.01 ± 10.9

Time

(min)

Compound

Genistein 7-O-diglucoside 20-hydroxygenistein 7-O-glucoside Genistin malonate Genistin acetate

Biomass Medium Biomass Medium Biomass Medium Biomass Medium

0 1,091.6 ± 11.2 0.00 ± 0.00 268.22 ± 11.4 0.00 ± 0.00 69.4 ± 2.41 0.00 ± 0.00 46.7 ± 2.0 0.00 ± 0.00

30 1,090.5 ± 19.8 0.9 ± 0.08 272.15 ± 23.0 0.00 ± 0.00 69.19 ± 3.52 1.52 ± 0.09 46.5 ± 3.4 0.71 ± 0.04

60 1,092.4 ± 25.1 1.7 ± 0.09 268.63 ± 15.2 0.07 ± 0.01 65.74 ± 4.17 4.68 ± 0.39 43.1 ± 2.9 2.86 ± 0.19

90 1,091.3 ± 21.6 10.1 ± 0.7 270.85 ± 19.5 0.15 ± 0.01 61.25 ± 5.16 9.02 ± 0.84 43.5 ± 3.6 4.53 ± 0.24

120 999.3 ± 20.4 105.5 ± 8.6 268.24 ± 21.9 0.34 ± 0.02 49.61 ± 3.64 22.5 ± 0.92 39.2 ± 2.9 9.27 ± 0.87

150 484.2 ± 16.7 157.3 ± 11.5 265.08 ± 17.5 1.99 ± 0.09 35.64 ± 2.29 35.97 ± 1.60 36.5 ± 2.7 15.54 ± 0.90

180 905.5 ± 23.6 206.5 ± 13.4 263.36 ± 16.3 5.74 ± 0.34 2.8.33 ± 1.93 44.34 ± 2.32 34.6 ± 2.8 23.06 ± 1.32

210 795.1 ± 26.3 327.3 ± 19.5 247.28 ± 20.8 21.86 ± 0.94 23.08 ± 1.85 48.06 ± 2.91 27.8 ± 1.5 27.19 ± 1.68

240 716.4 ± 29.7 396.4 ± 22.0 203.61 ± 19.1 70.09 ± 5.17 19.15 ± 0.82 51.57 ± 4.36 21.4 ± 1.7 29.34 ± 1.76

270 622.7 ± 27.1 494.6 ± 29.7 179.52 ± 14.2 106.87 ± 8.23 17.65 ± 1.12 58.32 ± 4.53 19.7 ± 1.4 31.67 ± 2.28

300 503.8 ± 24.5 639.1 ± 28.4 142.58 ± 11.6 138.26 ± 10.7 8.24 ± 0.54 62.10 ± 4.28 17.3 ± 1.1 36.08 ± 5.02

330 396.6 ± 19.5 755.6 ± 36.1 115.37 ± 9.4 172.08 ± 12.6 6.13 ± 0.20 64.53 ± 3.95 11.5 ± 0.9 39.97 ± 2.89

360 269.9 ± 18.4 882.5 ± 34.2 73.11 ± 5.7 209.99 ± 16.9 3.67 ± 0.19 67.62 ± 4.58 9.1 ± 0.4 46.34 ± 3.81

390 207.6 ± 15.2 898.02 ± 33.1 61.46 ± 4.3 213.21 ± 16.8 2.13 ± 0.11 68.51 ± 3.97 3.1 ± 0.1 47.05 ± 3.54

420 198.4 ± 14.1 899.11 ± 36.5 59.27 ± 3.9 212.89 ± 19.7 3.14 ± 0.21 66.23 ± 3.41 0.5 ± 0.03 45.45 ± 3.16

450 179.6 ± 15.3 898.03 ± 31.1 52.61 ± 4.1 208.63 ± 18.6 2.95 ± 0.19 59.11 ± 4.29 0.8 ± 0.04 42.11 ± 3.00

480 167.5 ± 13.7 889.76 ± 35.7 65.87 ± 4.8 205.40 ± 17.5 2.74 ± 0.09 61.49 ± 3.25 0.9 ± 0.05 43.02 ± 3.76

Each value represents the mean ± SD of 3 samples
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cell permeability and causing not only a considerable

release of the analysed metabolites into the growth media,

but also, in low concentration (2–10%) allowing the cul-

tivated tissues to remain biochemically active (Bordelius

1988; Knorr and Berlin 1987; Komolpis et al. 1998; Teissie

et al. 2005).

In order to avoid decay of G. tinctoria biomass when

cultivated in the presence of DMSO (Bordelius 1988;

Knorr and Berlin 1987), the compound was added to the

medium in relatively low concentrations (20 ml l-1), and

only on day 26 of the experiment, i.e. after the intensive

growth of cells was completed and the maximum concen-

tration of isoflavones in the culture was achieved (Table 4

and Fig. 5).

It was observed that in G. tinctoria suspension DMSO

caused a release of isoflavones into the growth medium,

causing at the same time gradual decay of the cells in the

culture (Tables 4, 5 and Figs. 5, 6, 7, 8). Unlike the basic

culture, G. tinctoria suspension cultivated in the presence

of DMSO decayed relatively quickly. The amount of DW

(28.6 g l-1) and FW (532.3 g l-1) obtained in the last hour

of the experiment were lower by 23 and 28%, respectively,

than in the control suspension (Fig. 5).

The 2% concentration of DMSO in G. tinctoria sus-

pension proved sufficient to change the permeability of the

investigated cells. In the described conditions gradual

release of all isoflavonoids synthesised in the biomass into

the growth medium was obtained. The process, however,

was quite lengthy (Figs. 6, 7, 8). Contrary to literature

reports where maximum concentrations of the analysed

metabolites were observed in media already half an hour

after permeabilisation (Bordelius 1988; Knorr and Berlin

1987), in the described experiment this result was only

achieved in the 7th hour of the experiment (Table 5 and

Figs. 6, 7, 8). The relatively slow release of isoflavonoids

from G. tinctoria cells was probably caused by low con-

centration of DMSO in the culture (2%) and the fact that it

was only supplemented in the stationary phase of biomass

growth, i.e. prior to the adoption of the experimental pro-

cedure which was different from the previously described

models (Bordelius 1988; Gontier et al. 2002; Knorr and

Berlin 1987; Komolpis et al. 1998).

Analysing the concentration of isoflavones in the media

and plant matrices, including aglycones (genistein and

daidzein), glycosides (genistin, genistein 7-O-diglucoside,

20-hydroxygenistein 7-O-glucoside, daidzin) and esters

(genistin malonate and genistin acetate), it was found out

that both the grade and the speed of the individual com-

pound’s leakage from the cells are directly related to the

chemical structure of these isoflavones (Table 5). In view

of the above, the first compounds to be found in the growth

medium were esters and diglycosides (30 min after per-

meabilisation) and later glycosides and aglycones (60, 90

and 120 min after supplementing with DMSO, respec-

tively—Table 5). The results indicate that the rate at which

isoflavones are released from G. tinctoria plant matrix is in

direct proportion to the polarity of the investigated com-

pounds. The polarity also determines the degree to which

isoflavones are released from the biomass, i.e. the total

concentration of the investigated compounds in the

experimental media. Generally speaking, for isoflavonoid

esters it was approximately 95% of the total concentration

of these compounds accumulated in G. tinctoria suspension

on day 26 of the experiment (Fig. 8) and for glycosides and

aglycones 80 and 67%, respectively, was released into the

growth medium (Figs. 6 and 7).

Fig. 6 Genistein concentration

in Genista tinctoria suspension

cultures, before and after

permeabilization with 2%

DMSO, supplemented on day

26 (genistin concentration in

mg/100 g DW)
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High concentration of isoflavones in the experimental

media corresponds to the results achieved when in vitro plant

cultures were permeabilised with DMSO at 25% concen-

tration (Bordelius 1988). The achieved result indicates that

G. tinctoria biomass is exceptionally susceptible to perme-

abilisation with this compound and does not require high

concentrations of DMSO which could considerably reduce

cell metabolic activity (Bordelius 1988; Gontier et al. 2002).

Irrespective of the structure of the investigated isoflav-

ones, maximum concentration of all analysed compounds

was achieved in the media in the 7th hour of the experi-

ment, and a continued experiment did not lead to any

further release of the accumulated metabolites into the

media (Figs. 6, 7, 8).

Conclusions

The controlled growth process with elicitation and

permeabilisation of G. tinctoria suspension led to the

achievement of the main objective of the experiment,

which was to obtain a plant in vitro system producing more

phytoestrogens than the basic culture, with extracellular

storage profile.

Fig. 7 Genistin concentration

in Genista tinctoria suspension

cultures, before and after

permeabilization with 2%

DMSO, supplemented on day

26 (genistin concentration in

mg/100 g DW)

Fig. 8 Genistin malonate

concentration in Genista
tinctoria suspension cultures,

before and after

permeabilization with 2%

DMSO, supplemented on day

26 (genistin malonate

concentration in mg/100 g DW)
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The series of experiments using chitosan and methyl

jasmonate confirmed the key role of stress factors in the

biosynthesis of phytoestrogenic isoflavones. It was also

shown that the type of elicitor has an impact on the for-

mation mechanism of various phytoalexins in G. tinctoria

suspension. The appropriate moment for adding the stress

factor to the growth system is related to the point of highest

concentration of the isoflavonoid compounds in the bio-

mass, which is essential when treating an in vitro culture as

a source of particular secondary metabolites. The achieved

results indicate that the broadly understood elicitation of

G. tinctoria suspension should be the direction to be fol-

lowed in further research into controlled biosynthesis of

isoflavones in in vitro cultures of this species with the

objective of developing a highly productive biotechnologi-

cal system to produce medically active isoflavones. More-

over, given its rich isoflavonoid fraction and considerable

susceptibility to elicitation, G. tinctoria biomass may be used

in the future as a model system for basic experiments into the

relations between plants and their environment.

Permeabilisation of G. tinctoria suspension with 2%

DMSO proved that in the investigated growth system it is

possible to achieve a desired release of isoflavones into the

experimental media in concentrations which justify using

this procedure in a technological process. It has to be noted,

however, that it is only appropriate for a periodic culture.

The modification of the growth conditions developed here

for the purposes of a continuous plant in vitro system will

require a series of further experiments to develop the way

of maintaining vitality of G. tinctoria biomass while cul-

tivating the suspension with the permeabilising factor.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.
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