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Abstract The biosynthesis of silymarin, a potent antihe-

patotoxic compound, from the dried fruits of Silybum

marianum L. Gaertn in hairy root cultures can be stimu-

lated by a yeast extract elicitor. These results correlated

with culture time, and the biosynthesis reached a maximum

of 0.47 mg g-1 DW by 72 h after culture (2-fold higher

than the control). Lipoxygenase activity and linoleic acid

content were stimulated by this treatment, suggesting that

the jasmonate pathway may mediate the elicitor-induced

accumulation of silymarin. The H2O2 content increased

24 h after elicitation and did not have marked changes

between 48 and 72 h. In addition, the tocopherol content

(especially a- and d-tocopherols) increased 72 h after

elicitation in comparison with non-treated cultures.

Ascorbate had trace changes during feeding time and was

lower than the control. The antioxidant activity was

assayed by the 1-1-diphenyl-2-picrylhydrazyl stable free

radical method and results were calculated base on an IC50

that increased upon treatment, especially 24 h after treat-

ment, with changes related to H2O2 content. These obser-

vations suggested that reactive oxygen species may

mediate elicitor signals to the jasmonate pathway that lead

to the production of silymarin.
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Introduction

Milk thistle (Silybum marianum L.) seeds have been

extracted for their flavonolignans, including silychristin,

silydianin, silybin, isosylibin and taxifolin, which are

generally known as the silymarins (Subramaniam et al.

2008). This plant has been used in medicine for more than

2,000 years. These flavonolignans are used for treatment of

toxic liver damage, for therapy of chronic inflammatory

liver diseases and liver cirrhosis, and for their anticancer

and chemopreventive effects (Flora et al. 1998; Kren and

Walterová 2005).

Cell cultures have been established from this plant and

are able to produce silymarin, but often less than the amount

that accumulates in the fruits (Sanchez-Sampedro et al.

2005). Recent work in improving production of plant sec-

ondary metabolites has mainly focused on the following

aspects: (1) manipulation of plant cell culture to improve

productivity of target compounds, (2) studying signal

transduction pathways, (3) studying transcription factors,

(4) cloning of secondary metabolite biosynthetic genes, (5)

studying metabolic flux and (6) studying gene transcripts to

understand the regulation of plant secondary metabolites

(Zhao et al. 2005). However, in many cases, the production

of silymarin can be enhanced by the treatment of undif-

ferentiated cells with elicitors. Elicitors can trigger an array

of defense or stress responses and activate specific genes for

the enzymes involved in secondary metabolite biosynthesis,

thus improving the production of plant secondary metabo-

lites (Rajendran et al. 1994). Yeast extract (YE) has been

reported to stimulate or decrease different secondary
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metabolites in many species such as syringin, valeportriates

and podophyllotoxin (Xu et al. 2007; Kittipongpatana et al.

2002; Shams-Ardakani et al. 2005). A number of elicitors

such as YE and methyl jasmonate have been investigated

for the enhancement of silymarin production in the cell

suspension cultures of S. marianum. Sanchez-Sampedro

et al. (2005) and Hasanloo et al. (2008) reported that the

treatment of S. marianum cell cultures with methyl jasmo-

nate strongly increases silymarin accumulation both in cells

and in the culture medium. Addition of YE to S. marianum

cultures also improved the production of silymarin to a level

about three-fold higher than that of the control (Sánchez-

Sampedro et al. 2005). They proposed that YE may cause a

complex stress response in the cultures in addition to cre-

ating an accumulation of flavonolignans. Antioxidants in

plant cells mainly include ascorbate, tocopherol and others,

which can protect the cells from oxidative damage by

scavenging reactive oxygen species (ROS).

We have recently reported the production of silymarin in

hairy root cultures of S. marianum (Rahnama et al. 2008).

Hairy root is a plant disease caused by Agrobacterium

rhizogenes, a gram-negative soil bacterium. Hairy roots

grow rapidly, and are highly branched in culture media. The

transformed roots are highly differentiated and stable. They

can produce high amounts of secondary metabolites,

whereas plant cell cultures have a strong tendency to be

genetically and biochemically unstable and often synthesize

very low levels of secondary metabolites (Kittipongpatana

et al. 2002; Hu and Du 2006). The aim of this work was to

investigate the role of elicitors in the production of silym-

arin in hairy root cultures. For this reason, different con-

centrations of yeast extract were added to hairy root cultures

to investigate the possible signaling pathway that may

be involved in yeast elicitor-induced accumulation of

silymarin.

Materials and methods

Hairy root culture

Hairy roots were established according to Rahnama et al.

(2008). These roots were maintained by subculture of three

1 cm pieces in Murashige and Skoog liquid medium (MS)

on a rotary shaker (150 rpm) in complete darkness (Mu-

rashige and Skoog 1962). The roots were subcultured every

4 weeks. Various concentrations (0.1, 0.5 and 1 mg l-1) of

the auxin analogues, indole-3-acetic acid (IAA), indole-3-

butyric acid (IBA) and 1-naphthaleneacetic acid (NAA),

were tested. Growth rates were determined by measuring

the fresh weight of cultured roots at a 4-week interval. The

samples with the highest growth index were selected and

extracted for determination of silymarin content.

Elicitation study

Yeast extract was dissolved in MS media, prepared as a

concentrated stock solution and added to cultures after

autoclaving. The control received an equivalent volume

of culture media. Five concentrations (0, 0.5, 1, 2.5 and

5 mg/50 ml culture) of yeast extract were added to the

30-day-old hairy roots cultures and the hairy roots were

allowed to grow for 72 h before being harvested and ana-

lyzed. Since, maximum silymarin production was obtained

in the media supplemented with 2.5 mg/50 ml culture YE,

to study the effects of the duration of exposure, 2.5 mg/

50 ml culture YE were added to 30-day-old hairy roots

cultures. Treated and non-treated hairy roots were har-

vested after 24, 48, 72, 96 and 120 h of treatment and then

frozen immediately at -80�C for biochemical assay.

Extraction and determination of silymarin

The silymarin was extracted and quantified by high-per-

formance liquid chromatography (HPLC) analysis as

described by Cacho et al. (1999) and Hasanloo et al. (2005)

respectively.

Lipoxygenase activity assay

For the lipoxygenase activity assay, the roots were

homogenized in an ice bath with 0.1 M Tris–HCl buffer

(pH 8.5) containing 1% PVP (w/v), 1 mM CaCl2, 5 mM

DTT, and 10% (v/v) glycerol (Zhao and Sakai 2003). The

homogenate was centrifuged at 11,000g for 20 min at 4�C,

and the supernatant was used as the enzyme extract.

Lipoxygenase was assayed according to Axelroad et al.

(1981). About 50 mg of linoleic acid was added to 50 mg

Tween 20 and mixed with 10 ml of Na2HPO4 buffer

(0.1 M, pH 8.7) by stirring and ultrasonic dispersion. The

solution was cleared by addition of 250 ll of 1 M NaOH

and diluted to 25 ml with the buffer. One ml of the enzyme

reaction mixture contained 50 ll enzyme extract, 0.95 ml

Na2HPO4 buffer and 5 ll of substrate solution. The

increase in absorbance was monitored at 234 nm. Total

protein was assayed according to Bradford (1976) and the

results reported base on D OD mg-1 protein min-1.

Fatty acid analysis

Three individual 0.1 g dried hairy roots of S. marianum

were refluxed with 10 ml of petroleum benzene. The oils

were recovered at 40�C. The total lipids were dissolved in

petroleum benzene and kept at -20�C until analysis.

For total Fatty acid methyl esters (FAME) analysis,

0.25 ml (10–12 mg) of each lipid extract was methylated

with 1.5 ml 5% anhydrous HCl/methanol (w/v) into a 2 ml
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vial at 80�C for 1 h. After cooling to room temperature,

2 ml n-hexane was added and mixed with a vibration

mixer. The hexane layer was collected. The layers were

allowed to separate and the n-hexane fraction was injected

to GC-FID for analysis. Linoleic acid content of the hairy

roots of S. marianum was determined by GC (Varian, CP-

3800, Australia and CP-Sil 88 column and temperature

program was from 150�C in 5 min to 240�C in 32 min) (Yi

et al. 2009).

Determination of H2O2 content

Hydrogen peroxide content was determined according to

Velikova et al. (2000). Frozen hairy roots were homoge-

nized in an ice bath with 5 ml of 0.1% (w/v) trichloroacetic

acid (TCA). The homogenate was centrifuged at 12,000g

for 15 min and 0.5 ml of the supernatant was added to

0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) and

1 ml of 1 M KI. The absorbance of the supernatant was

measured at 390 nm. The content of H2O2 was calculated

by comparison with a standard calibration curve previously

made by using different concentrations of H2O2.

DPPH radical scavenging activity

The scavenging effect of each extract was estimated

according to the procedure established by Brand-Williams

et al. (1995). The 1-1-diphenyl-2-picrylhydrazyl DPPH

concentration (CDPPH as mg ml-1) in the reaction medium

was calculated. The parameter IC50 (mg DPPH/ml of

extract) was calculated graphically. A lower IC50 value

indicates greater antioxidant activity.

a-, c- and d-tocopherol analysis

Total a-, c- and d-tocopherol were determined as described

by Sanchez-Machado et al. (2002). The separation of toc-

opherols was carried out on an HPLC instrument (all from

Knauer, Germany), using a Eurosphere C18 5 lm (250 9

4.6 mm) column, with a methanol-acetonitrile (50:50 V/V)

mobile phase and a flow rate of 1 ml min-1. Detection was

carried out at an excitation wavelength of 295 nm and an

emission wavelength of 325 nm at room temperature.

Extraction and measurement of ascorbate

Ascorbate was measured as described by Asai et al. (2004).

About 0.1 g of fine powdered frozen hairy roots were

homogenized in a 20-fold volume of cold 5% (w/v)

metaphosphoric acid. The total ascorbate pool was quan-

tified by the 2,4-dinitrophenyl hydrazine method. The

amount of ascorbate was calculated by subtracting the

amount of dehydroascorbate from that of the total ascor-

bate pool.

Statistical analysis

The data were given as the mean of at least three replicates.

Statistical analysis was performed with SAS software

(Version 6.2) using ANOVA method with Duncan test set

at a9 B 0.05.

Results

Optimization of culture medium for hairy root growth

The growth rates of hairy root cultures were improved by

the addition of auxin to the culture medium. Although

rapid growth rates were induced by 1 mg l-1 IBA or NAA,

the highest growth rates (3.04 g) and silymarin content

(0.15 mg g-1DW, threefold higher than control) were

observed by addition of 0.1 mg l-1 NAA (Fig. 1 a, b).

Exogenous application of auxin was also reported to

stimulate growth in hairy cultures of Lippia dulcis Trev.

(Sauervin et al. 1991), Opium poppy and California poppy

(Park and Facchini 2000).

By HPLC analysis of the methanolic extract of the hairy

root culture sample, the presence of silybin and isosilybin
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Fig. 1 Effects of auxins on the growth (a) and silymarin accumu-

lation (b) of hairy roots culture of S. marianum. Values represent the

mean ± SD from triplicate experiments
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were detected. We have shown that the hairy roots produced

silybin (0.009 mg g-1DW), isosilybin (0.005 mg g-1DW),

silychristin (0.030 mg g-1DW), silydianin (0.011 mg

g-1DW) and taxifolin (0.102 mg g-1DW), which were

similar to the compounds produced by the dried fruits of S.

marianum. Based on the results, media supplemented with

0.1 mg l-1 NAA were chosen for further experiments.

Effects of different concentrations of YE

Hairy root cultures (30 days old), supplemented with NAA

(0.1 mg l-1), were treated with four different concentra-

tions (0.5, 1, 2.5 and 5 mg/50 ml culture) of YE. Different

concentrations of YE did not stimulate any increase in dry

weight, even at higher doses. The amount of silymarin

accumulation was significantly increased (0.3 mg g-1

DW) in hairy roots after 72 h treatment at 2.5 mg/50 ml

culture of YE (Fig. 2). Based on the results obtained, the

concentration of 2.5 mg/50 ml culture was chosen for

further experiments.

Effects of feeding time on growth index and silymarin

production

The next experiment was based on the above conditions.

Time course for the induction of silymarin and growth

index in culture treated with 2.5 mg/50 ml culture medium

of YE are presented in Fig. 3a, b. The yeast extract had a

positive effect on the biomass after 72 h, which was higher

than the control (Fig. 3a). Also, the production of silymarin

was higher than the control after 48 and 72 h (0.33 and

0.47 mg g-1 DW, respectively). The yeast extract not only

increased the growth index but also induced the production

of silymarin, however, the silymarin content decreased

after 96 h. The highest content of taxifolin was obtained

after 48 and 72 h in YE treated media with yeast extract,

and was higher than in the control.

The highest silychristin and silydianin production were

observed after 72 and 48 h, respectively (Table 1). Our

results showed that silybin and isosilybin production after

72 h were about 0.056 and 0.023 mg g-1 DW, respectively

and silybin production increased with time of culture.

Lipoxygenase activity and linoleic acid content

was stimulated by YE

To determine how YE stimulates silymarin accumulation,

and how the JA signaling pathway is also an integral part of

the elicitor signaling pathway leading to the accumulation

of silymarin, the activity of lipoxygenase was assayed.

Lipoxygenase is an important enzyme in the octadecanoid

pathway to the biosynthesis of JA. As shown in Fig. 4,

lipoxygenase was activated by YE and reached in an

extremely high level after 72 h of treatment, and then

decreased to the primary level.

Figure 5 indicates the linoleic acid content in treated and

non-treated hairy roots within the period of 120 h. As an

overall trend, it is quite obvious that the content of linoleic

acid dramatically rose, hitting a peak (97.62 mg g-1 DW)
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Fig. 2 Effect of different concentrations of YE on silymarin accu-

mulation and DW of S. marianu hairy root culture. 30-day-old

cultures were treated with 2.5 mg/50 ml culture YE and hairy roots

were analyzed for DW and silymarin accumulation after 72 h

treatment. Data are the average of three experiments, each performed

in triplicate (means ± SD)
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from 24 to 72 h that was 2-times that of the control

(47.64 mg g-1 DW). There was a gradual decline in linoleic

acid content from 72 to 96 h in treated hairy roots

(12.86 mg g-1 DW). The linoleic acid content in non-treated

hairy roots reaching a peak after 48 h (65.88 mg g-1 DW)

but then was on the decline from 48 to 120 h dropping to

12.29 mg g-1 DW.

H2O2 content and radical scavenging activity

H2O2 content increased in both treated and non-treated hairy

root cultures of S. marianum during incubation times with YE.

H2O2 content increased upon stimulation by YE after 24 h

treatment and reached a maximum content (1.81 mM g-1

FW) 48 h after treatment, about twofold higher than the

control (Fig. 6a). No marked change was observed between

48 and 72 h, but thereafter the H2O2 content increased.

Antioxidant activity of S. marianum methanolic extract

was determined by the DPPH assay. The DPPH stable free

radical method is an easy, rapid and sensitive way to

evaluate the antioxidants that scavenge free radicals

(Yu et al. 2002). As shown in Fig. 6b, the IC50 value was

changed significantly after 72 h treatment. The IC50

increased upon stimulation by YE after 24 h treatment and

reached a maximum at about 24 h after treatment. No

marked change in IC50 was observed between 48 and 72 h,

but it was thereafter increased when the elicitor treatment

time was between 72 and 96 h. After 96 h treatment, the

IC50 significantly decreased, but was still higher than that of

the control. As we know, a lower IC50 value indicates

greater antioxidant activity. Indeed, the antioxidant activity

was much higher than the control 24 h after elicitation and

did not change between 48 and 72 h after treatment, but

thereafter decreased. The antioxidant activity changes were

related to H2O2 accumulation.

Ascorbate (vitamin C) and tocopherols (vitamin E)

Ascorbate had trace changes between 24 and 48 h after

treatment and declined drastically thereafter. The content

Table 1 Flavonolignan content (mg g-1 DW) in YE-treated (2.5 mg l-1) and non-treated (Control) hairy root cultures of S. marianum for

exposure given time periods

Time (h) Taxifolin Silychristin Silydianin Silybin Isosilybin

24 Treated 0.0766 ± 0.08a 0.0578 ± 0.04b 0.0097 ± 0.00c 0.0079 ± 0.00cd 0.0105 ± 0.00b

Control 0.0486 ± 0.06b 0.0825 ± 0.01a 0.0333 ± 0.03ab 0.0065 ± 0.07c 0.0086 ± 0.05b

48 Treated 0.02072 ± 0.18d 0.0685 ± 0.04b 0.0555 ± 0.00a 0.0137 ± 0.01bc 0.0030 ± 0.00c

Control 0.08712 ± 0.18a 0.0877 ± 0.14a 0.0453 ± 0.06a 0.0196 ± 0.11b 0.00230 ± 0.08a

72 Treated 0.0575 ± 0.00b 0.2935 ± 0.25a 0.0453 ± 0.02b 0.0566 ± 0.07a 0.023 ± 0.03a

Control 0.090 ± 0.01a 0.045 ± 0.12b 0.0177 ± 0.02c 0.0439 ± 0.02a 0.0031 ± 0.13c

96 Treated 0.0393 ± 0.01c 0.0067 ± 0.00c 0.008 ± 0.00cd 0.0215 ± 0.00b 0.002 ± 0.03d

Control 0.0141 ± 0.03c 0.0031 ± 0.00bc 0.004 ± 0.01d 0.002 ± 0.10cd 0.0021 ± 0.02c

Data show means ± SD from triplicate experiments

The superscript letters following the calculated means and standard deviations are an indication of similarity in the data. Values sharing a letter

within a column are not significantly different at p \ 0.05
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of ascorbate was lower than the control during the incu-

bation period (Fig. 7).

The changes of total tocopherol content under YE

treatment were similar to that of control experiments.

However, addition of elicitor induced the increase of a-

tocopherols significantly after 72 h treatment, and reached

a maximum, but thereafter decreased. When the treatment

time was 72 h, hairy root cultures without elicitor treat-

ment showed a significant change and the a-tocopherol

content reached 5 mg kg-1 DW, almost 1.6-fold of that in

the control (Fig. 8).

Discussion

Treatment of hairy root culture with YE has improved

production of silymarin to a level about two-fold higher

than that of the control (72 h after treatment), while content
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of this compound decreased by 96 and 120 h after treat-

ment. As previously reported, these results seem to be

related to toxic effects of YE (Sanchez-Sampedro et al.

2005a). The toxic effects of elicitors may be related to their

mechanism of action. It has previously been suggested that

cellular damage is caused by elicitors, especially to mem-

branes (Kittipongpatana et al. 2002). This paper presents

evidence for the signaling pathway acting as an integral

signal and elicitor signal transducer for silymarin

production.

The role of jasmonic acid (JA) in the plant defense sys-

tem has been widely studied. It was found that this com-

pound accumulates following pathogenic or environmental

stress. The most significant and complicated research

results have been able to show the relationship between

elicitor and JA signaling pathways. More recent studies

show that JA-stimulated accumulation of plant secondary

metabolites does not fully overlap with elicitor-induced

production of secondary metabolites (Zhao et al. 2005). For

the first time, this study demonstrates that the JA signaling

pathway is an integral part of elicitor signal transduction

leading to silymarin accumulation in hairy root cultures of

S. marianum. Jasmonate production ubiquitously takes

place in plants as a signal to alter gene expression in

response to biotic and abiotic stresses. In many elicited

plant cells, a transient increase of endogenous jasmonate is

followed by defense gene expression and the accumulation

of secondary metabolites (Zhao and Sakai 2003; Subr-

amaniam et al. 2008; Sanchez-Sampedro et al. 2005a, b).

The present results support the hypothesis that the

jasmonate signaling pathway is involved in the YE-induced

production of silymarin by activation of lipoxygenase

activity and linoleic acid content. Phospholipases hydro-

lyze phospholipids, such as fatty acid that can be a pre-

cursor for biosynthesis of jasmonic acid (JA) and related

oxylipins via the octadecanoid pathway. The JA biosyn-

thesis pathway is believed to start with the oxygenation of

free linoleic acid (Schaller 2001; Zhao et al. 2005).

The current study also suggests the presence of H2O2 or

an oxidative burst induced by YE. Different stress condi-

tions of both biotic and abiotic natures enhance the cellular

production of reactive oxygen species (ROS) (Paradiso et al.

2005). H2O2 is an important toxic intermediate that also

induces expression of many defense genes and secondary

metabolites, such as syringin, sesquiterepene cyclases and

phenylalanine ammonia lyase (Mehdy 1994; Xu et al. 2007).

Because of the highly cytotoxic and reactive nature of ROS,

their accumulation must be under tight control. Higher plant

cells have very efficient enzymatic and non-enzymatic

antioxidant defense systems that allow scavenging of ROS

and protection of plant cells from oxidative damage (Shao

et al. 2008). Shao et al. (2008) reported approximate redox

potential and intracellular concentrations of main redox

couples in plant cells. High intracellular concentrations of

antioxidants prevent indiscriminate oxidation of key cellular

components by maintaining low oxidant concentrations. In

addition to the abundant pools of ascorbate and glutathione

and the battery of peroxide processing enzymes, numerous

other compounds can act as chemical antioxidants, includ-

ing tocopherols and flavonoids.

When YE treatment was applied to the hairy root cultures

for 72 h, production of a- and d-tocopherols increased. a-

tocopherol (vitamin E) scavenges lipid peroxy radicals

through the concerted action of other antioxidants (Kiffin

et al. 2006; Hare et al. 1998). Furthermore, tocopherols were

also known to protect lipids and other membrane compo-

nents. Researchers have reported a two-fold increase in a-

tocopherol content in drought-stressed plants (Kiddle et al.

2003; Ledford and Niyogi 2005; Shao et al. 2005). a-toc-

opherols are lipophilic antioxidants synthesized by all

plants. a-tocopherols interact with the polyunsaturated acyl

groups of lipids, stabilize membranes, and scavenge and

quench various reactive oxygen species (ROS) and lipid-

soluble byproducts of oxidative stress (Fath et al. 2002;

Cvetkovska et al. 2005). A single a-tocopherol molecule can

neutralize up to 120 singlet oxygen molecules in vitro before

being degraded (Wu and Tang 2004).

Ascorbate (vitamin C) (AA) is the low-molecular mass

antioxidant in plants (Noctor and Foyer 1998; Horling et al.

2003). The level of ROS and the cellular redox homeostasis

are regulated by different antioxidant systems where

ascorbate plays a pivotal role. It can be a scavenger of ROS

and the electron donor of ascorbate peroxidase, a key

enzyme for scavenging hydrogen peroxide in plant cells

(Paradiso et al. 2005). AA reacts not only with H2O2 but

also with O2
-, OH and lipid hydroperoxidase. Moreover,

AA has an additional role in protecting tocopherols (Shao

et al. 2005, 2006). Therefore, AA has effects on many

physiological processes including the regulation of

metabolism of plants.

Ascorbate is a protective substance of plant cells that

works against a variety of stresses by regulating the H2O2

concentration. H2O2
- mediated non-enzymatic or enzy-

matic lipid peroxidation can initiate the octadecanoid

pathway leading to biosynthesis of jasmonic acid and related

compounds, and other oxylipins, which have an effective

function in the induction of plant secondary metabolites

(Thoma et al. 2003). The decrease in ascorbate seems to be

related to consumption of this metabolite and it is one of the

first alterations in the redox regulating systems induced in

the YE treated hairy root cultures (Paradiso et al. 2005).

The present results show that it is possible to enhance

silymarin production in hairy root cultures of S. marianum

by addition of a biotic elicitor (Fig. 9). YE treatment

induces the activity of lipoxygenase to allow for the pro-

duction of jasmonate. Therefore, jasmonate signaling is an
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integral part of the YE signal transduction for the pro-

duction of silymarin. These results indicate that the H2O2

content can be controlled during the elicitation and that the

ascorbate and tocopherols are the major antioxidants in

treated hairy roots in these conditions. These results will

lead to a more profound understanding of synthesis and

regulation of silymarin in hairy root cultures.
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