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Abstract Salvia miltiorrhiza is one of the most popular

traditional Chinese medicinal plants because of its excel-

lent performance in treating coronary heart disease. Tan-

shinones, a group of active compounds in S. miltiorrhiza,

are derived from two biosynthetic pathways: the mevalo-

nate (MVA) pathway in the cytosol and the 2-C-methyl-

D-erythritol-4-phosphate (MEP) pathway in the plastids.

Water stress is well known to stimulate the accumulation of

secondary metabolites in plants. Reactive oxygen species

(ROS) serve as important secondary messengers in water

stress-induced signal transduction pathways. In this study,

the effects of polyethylene glycol (PEG) and abscisic acid

(ABA) on tanshinone production in S. miltiorrhiza hairy

roots were investigated and the roles of ROS in PEG- and

ABA-induced tanshinone production were further eluci-

dated. The results showed that contents and yields of

four tanshinones in S. miltiorrhiza hairy roots were sig-

nificantly enhanced by 2 % PEG and 200 lM ABA.

Simultaneously, the mRNA levels and activities of two

key enzymes (3-hydroxy-3-methylglutaryl coenzyme A

reductase and 1-deoxy-D-xylulose 5-phosphate synthase)

involved in tanshinone biosynthesis were upregulated.

Both PEG and ABA were able to trigger the burst of H2O2

and O2
-. The PEG- and ABA-induced increases of tan-

shinone production, gene expression, and enzyme activity

were all dramatically suppressed by two ROS scavengers,

catalase and superoxide dismutase. In addition, ROS

treatments resulted in a significant increase in tanshinone

production. These results demonstrated that the MVA and

MEP pathways were activated by PEG and ABA to stim-

ulate tanshinone biosynthesis, and the increase of tanshi-

none production was probably via ROS signaling.
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Introduction

Salvia miltiorrhiza (Danshen in Chinese) is one of the most

popular traditional Chinese medicinal plants and has been

widely used in the prevention and treatment of coronary

heart disease (Sugiyama and others 2002). Tanshinones, a

group of diterpenoids, are the main biologically active

compounds in S. miltiorrhiza (Yang and others 2009a,

2009b). The elucidation of tanshinone biosynthesis is very

important due to their excellent performance in treating

human disease. Terpenoids are biosynthesized via at least

two pathways in plants: the mevalonate (MVA) pathway in

the cytosol (Lichtenthaler 2000) and the 2-C-methyl-D-

erythritol-4-phosphate (MEP) pathway in the plastids

(Rohmer 1999). 3-Hydroxy-3-methylglutaryl coenzyme A

reductase (HMGR) is the rate-limiting enzyme in the MVA
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pathway (Lichtenthaler 2000) and 1-deoxy-D-xylulose

5-phosphate synthase (DXS) is the rate-limiting enzyme in

the MEP pathway (Rohmer 1999). The involvement of the

two pathways in tanshinone biosynthesis has been sug-

gested (Dai and others 2011; Ge and Wu 2005; Kai and

others 2011; Wu and others 2009). Overexpression of

HMGR and DXS in transgenic hairy root lines could sig-

nificantly enhance the production of tanshinones (Kai and

others 2011). Great attention has been paid to the devel-

opment of a high-speed tanshinone production system

using plant tissue culture technology. Various elicitors to

stimulate tanshinone production in S. miltiorrhiza hairy

roots, including biotic elicitors such as yeast extracts and

bacteria, and abiotic elicitors such as heavy metal ions and

plant response-signaling compounds (Chen and Chen 1999;

Ge and Wu 2005; Zhao and others 2010), have been

investigated. However, tanshinone production in S. mil-

tiorrhiza hairy roots is generally low.

Water deficit is one of the most important manifestations

of abiotic stresses and is well known to increase the amount

of secondary metabolites in a wide variety of plant species

(Blanch and others 2009; Liu and others 2011). One of the

inevitable consequences of water stress is the enhancement

of reactive oxygen species (ROS) production in the different

cellular compartments. ROS, including hydrogen peroxide

(H2O2), superoxide anion (O2
-), hydroxyl radical (HO•),

and singlet oxygen (1O2), are the result of the partial

reduction of atmospheric O2, and they can cause cellular

toxicity and damage. Plants have developed a complex

mechanism to scavenge ROS from cells (Apel and Hirt

2004). The antioxidant enzyme systems, including super-

oxide dismutase (SOD), catalase (CAT), ascorbate peroxi-

dase (APX), and glutathione peroxidase (GPX), play a very

important role in scavenging ROS. SOD is the frontline

enzyme in ROS attack and can convert O2
- to oxygen and

H2O2. The major enzymatic cellular scavengers of H2O2 are

CAT and APX. In fact, SOD and CAT have been widely

used as ROS scavengers in cell culture (Preston and others

2001; Xu and Dong 2005). The involvement of ROS in

elicitor-induced accumulation of secondary metabolites has

been suggested. For example, O2
- from the fungus-induced

oxidative burst is necessary for triggering phenylalanine

ammonia-lyase activation and catharanthine synthesis in

Catharanthus roseus cell cultures (Xu and Dong 2005), and

H2O2 mediates oligogalacturonic acid-induced saponin

synthesis in suspension-cultured cells of Panax ginseng

(Hu and others 2003). It is also well known that ROS are

involved in the plant response to water stress (Miller and

others 2010). However, the role of ROS in water stress-

induced accumulation of secondary metabolites in medici-

nal plants is still largely unknown.

The aim of this study was to reveal the role of ROS in water

stress-induced tanshinone production in S. miltiorrhiza hairy

roots. For this purpose, polyethylene glycol 6000 (PEG)

and abscisic acid (ABA) were employed to induce water

stress responses, and CAT and SOD were used as the

scavengers of H2O2 and O2
- (Preston and others 2001;

Xu and Dong 2005). The growth, tanshinone production,

ROS generation, and gene expression and enzyme activity

of HMGR and DXS in S. miltiorrhiza hairy roots under

different treatments were measured.

Materials and Methods

Hairy Root Culture and Treatment

S. miltiorrhiza hairy roots were derived after the infection

of plantlets with Agrobacterium rhizogenes bacterium

(ATCC 15834). Experiments in this study were carried out

in a 250 ml shake flask on an orbital shaker running at

110–120 rpm and at 25 �C in darkness (Hu and Alfermann

1993). Each flask was filled with 50 ml liquid medium and

inoculated with 0.3 g fresh hairy roots from a 3-week-old

shake-flask culture (Ge and Wu 2005). The liquid medium

was made of hormone-free MS medium with 30 g l-1

sucrose but without ammonium nitrate as previously

described (Hu and Alfermann 1993).

Stock solutions of ±-cis, trans-ABA (Wolsen, China)

(Gagné and others 2011; Lacampagne and others 2010),

CAT (Sigma, USA), and SOD (Sigma, USA) were pre-

pared in distilled water. Then they were sterilized by fil-

tration (0.22 lm membrane). PEG 6000 (Merck, Germany)

was sterilized by autoclaving at 121 �C for 30 min.

ABA in the culture medium was stable during the period

of treatment in our experiments (Gagné and others 2011).

A final concentration of 2 % PEG (w/v) and 200 lM ABA

in the culture medium was chosen to study their effects

on tanshinone production on the basis of preliminary

experiments (data not shown). To scavenge ROS in

S. miltiorrhiza hairy roots, the final concentrations of

1,000 U ml-1 CAT and SOD were added separately to the

culture together with PEG or ABA treatments. The con-

centrations of CAT and SOD were chosen on the basis of a

previous study (Xu and Dong 2005). Pyrogallol was a

donor of O2
-. To elucidate further the effects of ROS on

tanshinone production, pyrogallol at 50 lM and H2O2 at

200 lM were applied to the hairy root culture. An equal

volume of distilled water was added to the hairy root cul-

ture as the control (CK). Treatments were conducted on

day 18 post inoculation. All treatments were performed in

four replicates.

Hairy roots were harvested from the culture medium on

day 6 after treatments, blotted dry with paper towels

(yielding fresh weight, FW), and then dried at 45 �C in an
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oven until constant weight was reached (yielding dry

weight, DW).

ROS Determination

Hairy roots (0.5 g) were homogenized with 8 ml of 50 mM

sodium phosphate buffer (pH 7.8), including 1 % PVP, and

centrifuged at 10,000 rpm for 15 min at 4 �C. The super-

natant was used for ROS determination. O2
- production

was measured as previously described (Sun and Hu 2006;

Zhu and others 2009) by monitoring the absorption of

benzenesulfonic acid-azo-p-a-naphthylamine at 530 nm

produced from the reaction of O2
-, hydroxylamine

hydrochloride, benzenesulfonic acid, and a-naphthylamine.

The reaction mixture containing 65 mM sodium phosphate

buffer (pH 7.8) and 10 mM hydroxylamine hydrochloride

was incubated at 25 �C for 20 min, followed by the addi-

tion of 17 mM benzenesulfonic acid and 7 mM a-naph-

thylamine and then incubated at 30 �C for 30 min. The

absorbance was measured at 530 nm. The amount of H2O2

was measured by the H2O2 Determination Kit (Nanjing,

Jiancheng, China) according to the manufacturer’s

instructions.

Tanshinone Extraction and HPLC Analysis

The dried hairy roots were ground with a mortar and pestle

and sieved through a 0.45-mm screen. The sample (0.1 g)

was extracted ultrasonically with 2 ml of methanol–water

solution (7:3 v/v) for 45 min. The extract was centrifuged

at 10,000 rpm for 15 min and filtered through a 0.45 lm

filter.

Stock solutions of tanshinone PA, cryptotanshinone,

dihydrotanshinone I, and tanshinone I were prepared in

methanol and diluted to the desired concentrations. A

series of the standard solutions was used to determine the

linear range of the analytes. The detector response was

linearly correlated with the concentration of the tested

compound, with a range of 0.6875–137.5 lg ml-1 for

tanshinone PA, 0.3125–62.5 lg ml-1 for cryptotanshi-

none, 0.51–102.0 lg ml-1 for dihydrotanshinone I, and

0.55–55.0 lg ml-1 for tanshinone I.

HPLC analysis was performed using a Waters (Milford,

MA, USA) system with a binary pump and photodi-

ode array detector (DAD). A SunFire C18 column (250 9

4.6-mm, 5 lm) was used at a column temperature of 30 �C.

The flow rate was 1 ml min-1 and the injection volume

was 20 ll. The DAD detection wavelength was 270 nm.

Data were acquired and processed using Empower 2 soft-

ware. Separation was achieved by elution with a linear

gradient with solvent A (acetonitrile) and solvent B

(water). The gradient was t = 0 min 40 % A; t = 5 min,

60 % A; t = 20 min, 60 % A; t = 23 min, 80 % A; and

t = 25 min, 100 % A. Quantitative analysis was repeated

for four replicates of each treatment, and the results were

represented by their means ± standard deviation (SD).

RNA Isolation, cDNA Synthesis, and Quantitative

Real-Time PCR

Hairy roots 24 h after treatment were homogenized to a

fine powder in liquid nitrogen. Total RNA was extracted by

RNAiso
TM

Plus (Takara, Tokyo, Japan). The first-strand

cDNA was synthesized from 500 ng total RNA using the

reverse-transcription PCR system according to the manu-

facturer’s protocol for the PrimeScript� RT Reagent Kit

(Takara). The primer used for the first-strand cDNA syn-

thesis was the oligo (dT) primer supplied with the kit. The

quantitative RT-PCR reactions were performed using a

Bio-Rad CFX96 system (Bio-Rad Labs, Hercules, CA,

USA) with Brilliant SYBR� Green qPCR Master Mix

(Agilent, Santa Clara, CA, USA). A total reaction volume

of 25 ll included 12.5 ll Brilliant SYBR� Green QPCR

Master Mix, 1.0 ll of 10 lM forward primer, 1.0 ll of

10 lM reverse primer, 1.0 ll cDNA template, and 9.5 ll

nuclease-free PCR-grade water. The conditions were as

follows: predenaturation at 95 �C for 10 min, 40 cycles of

denaturation at 95 �C for 30 s, annealing at 60 �C for 60 s,

and collection fluorescence at 72 �C for 30 s. Experiments

were performed in four replicates and the results were

represented by their means ± SD. b-actin was used as the

reference gene. The relative expression levels of HMGR

and DXS were detected. The primers were designed by the

software Primer-Premier 5.0 (Palo Alto, CA, USA)

(Table 1).

Enzyme Assays

Hairy roots (1.0 g) were ground with 1 ml of extraction buffer

[50 mM Tris–HCl, 10 mM b-mercaptoethanol, 1 % (w/v)

polyvinylpyrrolidone (pH 7.5)] for 5 min on ice, and then

centrifuged at 14,000 rpm for 30 min. The activities of

HMGR and DXS were determined by the method previ-

ously described (Ge and Wu 2005). The reaction mixture

(50 mM Tris–HCl (pH 7.0), 0.3 mM HMG-CoA, 0.2 mM

Table 1 Primers of genes used in RT-PCR

Name Sequence

HMGR-F 50-GCAACATCGTCTCCGCCGTCTACA-30

HMGR-R 50-GATGGTGGCCAGCAGCCTGGAGTT-30

DXS-F 50-AGAGCGACTACGACTGCTTTGG-30

DXS-R 50-CAGGTAGCCAGCATTGTTCATT-30

b-actin-F 50-AGGAACCACCGATCCAGACA-30

b-actin-R 50-GGTGCCCTGAGGTCCTGTT-30
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NADPH, 4 mM dithiothreitol, and the enzyme extract) was

monitored at 340 nm to determine HMGR activity. One

HMGR enzyme unit (U/mg protein) is equivalent to the

oxidation of 1 lmol of NADPH per minute. To determine

DXS activity, the reaction mixture (40 mM Tris–HCl

(pH 7.5), 2.5 mM MgCl2, 5 mM b-mercaptoethanol, 1 mM

thiamine diphosphate, 10 mM sodium pyruvate, 20 mM

D,L-glyceraldehyde 3-phosphate, and the enzyme extract)

was incubated at 37 �C for 1 h and at 80 �C for 5 min,

followed by centrifugation at 13,000 rpm for 5 min. Then,

after the supernatant was mixed with 1 ml of 10 mM of

3,5-diaminobenzoic acid in 5 M phosphoric acid and

incubated at 100 �C for 15 min, the fluorescence intensity

of the reaction product was measured at 396 nm excitation

and 510 nm emission with a fluorescence spectrophotom-

eter. The activities of HMGR and DXS in PEG- and ABA-

treated S. miltiorrhiza hairy roots were calculated against

those in the control, and the results were shown as folds of

the control.

Statistical Analysis

All data in this work were obtained from three independent

experiments with four replicates each. Statistical analysis was

performed using one-way analysis of variance (ANOVA)

followed by Duncan’s multiple-range test using Data Pro-

cessing System (DPS) for Windows. The difference between

treatments was considered to be statistically significant when

p B 0.05.

Results

Effects of ROS Scavengers on the Growth of PEG-

and ABA-treated S. miltiorrhiza Hairy Roots

We initially measured the growth of S. miltiorrhiza hairy roots

under PEG and ABA treatments. Concentrations of 2 % PEG

and 200 lM ABA were chosen according to the preliminary

experiments. As shown in Table 2, applications of PEG and

ABA significantly reduced the growth of S. miltiorrhiza hairy

roots to 0.43 and 0.41 g DW, respectively, compared to that of

the control (0.54 g DW). No significant effect on hairy root

growth by treatments with CAT and SOD alone was observed;

however, SOD was able to increase the growth of PEG- and

ABA-treated S. miltiorrhiza hairy roots. With PEG ? CAT

and ABA ? CAT treatments, root growth was almost

unchanged when compared to that with PEG and ABA

treatments. With PEG ? SOD and ABA ? SOD treatments,

root growth increased to 0.49 and 0.51 g DW, respectively.

Treatments with pyrogallol and H2O2 resulted in a significant

decrease of hairy root growth, which was 0.48 and 0.40 g DW,

respectively.

Effects of ROS Scavengers on PEG- and ABA-induced

Tanshinone Production

With an appropriate HPLC method, the accumulation of

four tanshinones in S. miltiorrhiza hairy roots was deter-

mined. Application of either PEG or ABA led to a signif-

icant increase of tanshinone contents, as shown in Fig. 1.

With PEG treatment, the contents of tanshinone I, crypto-

tanshinone, dihydrotanshinone I, and tanshinone PA in

S. miltiorrhiza hairy roots were increased by 70, 100, 60,

and 70 %, respectively, when compared to the control.

With ABA treatment, they were increased by 110, 170, 60,

and 90 %, respectively, when compared to the control. To

confirm further roles of PEG and ABA in tanshinone pro-

duction, yields of four tanshinones in the hairy root culture

were investigated. Figure 2 shows that yields of tanshinone

I, cryptotanshinone, dihydrotanshinone I, and tanshinone

PA in the hairy roots were all improved by PEG and ABA.

When compared to the control levels of yields of the four

tanshinones (0.7, 1.3, 3.2, and 1.5 mg l-1, respectively),

they were increased to 0.9, 2.1, 3.9, and 2.0 mg l-1 by PEG

treatment and to 1.1, 1.6, 3.9, and 2.2 mg l-1 by ABA

treatment.

By using two ROS scavengers (CAT and SOD), the

PEG- and ABA-induced increase of tanshinone contents

was suppressed (Fig. 1). With CAT treatment, the contents

of the four tanshinones in PEG-treated hairy roots were

reduced by 43, 53, 39, and 48 %, and those in ABA-treated

hairy roots were reduced by 47, 49, 39, and 53 %. With

SOD treatment, the contents of the four tanshinones in

PEG-treated hairy roots were reduced by 45, 64, 52, and

Table 2 Growth of S. miltiorrhiza hairy roots under different

treatments

Treatment Dry weight (g)

CK 0.54 ± 0.02a

CAT 0.51 ± 0.01ab

SOD 0.52 ± 0.03ab

PEG 0.43 ± 0.01de

PEG ? CAT 0.45 ± 0.01cde

PEG ? SOD 0.49 ± 0.02abc

ABA 0.41 ± 0.02e

ABA ? CAT 0.44 ± 0.01cde

ABA ? SOD 0.51 ± 0.01ab

H2O2 0.40 ± 0.01e

Pyrogallol 0.48 ± 0.02bcd

Values are mean ± standard deviation (SD) (n = 4). Different letters

indicate significant difference at p B 0.05 using Duncan’s multiple-

range test

CK control, PEG polyethylene glycol at 2 %, ABA abscisic acid at

200 lM, CAT catalase at 1,000 U ml-1, SOD superoxide dismutase at

1,000 U ml-1, pyrogallol, 50 lM, H2O2, 200 lM
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43 %, and those in ABA-treated hairy roots were reduced

by 68, 68, 59, and 69 %. Correspondingly, the PEG-

and ABA-induced increase of tanshinone yields in

S. miltiorrhiza hairy roots was also suppressed by the two

ROS scavengers (Fig. 2). However, when CAT and SOD

were applied to the culture alone, contents and yields of

four tanshinones remained constant. These results indicated

that the PEG- and ABA-induced increase of tanshinone

production was probably via ROS signaling.

To confirm further the roles of ROS in tanshinone pro-

duction, the effects of H2O2 and pyrogallol on the contents

and yields of the four tanshinones were investigated. With

H2O2 treatment, the contents of the four tanshinones

were increased by 35, 62, 114, and 125 %, and their yields

were increased by 1, 21, 60, and 68 %. With pyrogallol

treatment, their contents were 3.6-, 1.9-, 1.6-, and 1.5-fold

of the control, and their yields were 3.2-, 1.7-, 1.4-, and

1.3-fold of the control. This demonstrated that ROS were

effective in inducing tanshinone production, which con-

firmed further the roles of ROS in tanshinone production.

Gene Expression and Enzyme Activity of HMGR

and DXS in PEG- and ABA-treated S. miltiorrhiza

Hairy Roots

To gain further insight into the regulation mechanism of

tanshinone biosynthesis by PEG and ABA, the mRNA

levels of HMGR and DXS and the enzyme activities of

HMGR and DXS were detected. Figure 3 shows that the

mRNA levels of HMGR and DXS and the enzyme activities

Fig. 1 Contents of four tanshinones in S. miltiorrhiza hairy roots

under different treatments. CK control, PEG polyethylene glycol at

2 %, ABA abscisic acid at 200 lM, CAT catalase at 1,000 U ml-1,

SOD superoxide dismutase at 1,000 U ml-1, pyrogallol, 50 lM,

H2O2, 200 lM. Different letters indicate significant difference at

p B 0.05 using Duncan’s multiple-range test. Means ± standard

deviation (SD) (n = 4) are shown
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of HMGR and DXS were significantly upregulated by PEG

and ABA treatments, whereas they were almost not

affected by treatments with CAT and SOD alone.

The mRNA levels of HMGR and DXS were increased by

17- and 14-fold, respectively, by PEG treatment and

increased by 10- and 13-fold, respectively, by ABA treat-

ment compared to the control. The PEG- and ABA-induced

increase of HMGR and DXS expression was significantly

inhibited by CAT and SOD. Correspondingly, enzyme

activities of HMGR and DXS were upregulated by more

than twofold over the control by PEG and ABA, and

the upregulation was also suppressed by CAT and SOD. These

results revealed that both the MVA and the MEP pathways

were activated by applications of PEG and ABA. The

PEG- and ABA-induced upregulation of gene expression and

enzyme activity probably depended on the ROS burst.

Generation of ROS in PEG- and ABA-treated

S. miltiorrhiza Hairy Roots

To verify further the roles of ROS in PEG- and ABA-

induced responses of S. miltiorrhiza hairy roots, ROS

generation was determined. As shown in Fig. 4, both PEG

and ABA triggered a ROS burst in S. miltiorrhiza hairy

roots. The amounts of H2O2 and O2
- were increased to

50.1 lmol g-1 FW and 19.5 lg g-1 FW by PEG treatment

and to 46.2 lmol g-1 FW and 17.9 lg g-1 FW by ABA

treatment from the control levels (32.2 lmol g-1 FW and

Fig. 2 Yields of four tanshinones in S. miltiorrhiza hairy roots under

different treatments. CK control, PEG polyethylene glycol at 2 %,

ABA abscisic acid at 200 lM, CAT catalase at 1,000 U ml-1, SOD
superoxide dismutase at 1,000 U ml-1, pyrogallol, 50 lM, H2O2,

200 lM. Different letters indicate significant difference at p B 0.05

using Duncan’s multiple-range test. Means ± standard deviation

(SD) (n = 4) are shown
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10.5 lg g-1 FW, respectively). Treatment with CAT or

SOD alone was unable to affect ROS generation. However,

the increase of PEG- and ABA-induced H2O2 generation

was completely reversed by CAT, but it was just partially

reversed by SOD. SOD totally arrested O2
- generation

induced by PEG and ABA, but CAT just partially arrested

the generation.

Discussion

It is well known that water stress not only reduces plant

growth but also changes the metabolite flux, including

primary and secondary metabolites. Plant secondary

metabolites play an important role in the interaction

between plants and their environment, and they are

involved in water stress tolerance (Hartmann 2007; Oh and

others 2009). In medicinal plants, our previous studies

indicated that the accumulation of secondary metabolites

was significantly enhanced by water stress, including sai-

kosaponin in Bupleurum chinense DC (Zhu and others

2009), iridoid glycosides in Scrophularia ningpoensis

(Wang and others 2010), and tanshinone in S. miltiorrhiza

(Liu and others 2011). ABA was defined as a stress plant

hormone because of its rapid accumulation in response to

stresses and its important role in the regulation of plant

growth, development, and tolerance under stress (Zhang

and others 2006). Earlier reports indicated that ABA could

induce the biosynthesis of secondary metabolites, including

terpenoids and anthocyanin (Gagné and others 2011;

Fig. 3 Gene expression and enzyme activity of HMGR and DXS in

S. miltiorrhiza hairy roots under different treatments. HMGR,

3-hydroxy-3-methylglutaryl coenzyme A reductase; DXS, 1-deoxy-

D-xylulose 5-phosphate synthase; CK control, PEG polyethylene

glycol at 2 %, ABA abscisic acid at 200 lM, CAT catalase at

1,000 U ml-1, SOD superoxide dismutase at 1,000 U ml-1. Different

letters indicate significant difference at p B 0.05 using Duncan’s

multiple-range test. Means ± standard deviation (SD) (n = 4) are

shown

J Plant Growth Regul (2012) 31:579–587 585
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Mansouri and others 2009). In the present study, we

observed that although the growth of S. miltiorrhiza hairy

roots was inhibited by PEG and ABA treatments, both

contents and yields of four tanshinones were significantly

enhanced by these treatments. These results confirmed

further our earlier observations (Liu and others 2011). It is

well known that terpenoids are biosynthesized via the

MVA and MEP pathways in plants. Although the contri-

bution of each pathway to tanshinone production is still

unclear, it is believed that the MVA and MEP pathways are

involved in tanshinone biosynthesis (Dai and others 2011;

Ge and Wu 2005; Kai and others 2011; Wu and others

2009). In yeast- and Ag?-treated S. miltiorrhiza hairy roots,

tanshinones were predominantly derived from the MEP

pathway but could depend on crosstalk between the two

pathways (Ge and Wu 2005). Our results showed that the

mRNA levels and enzyme activities of HMGR and DXS

were significantly stimulated by PEG and ABA. It was

suggested that the MVA and MEP pathways were activated

by PEG and ABA to increase tanshinone production, which

confirmed further the involvement of the two pathways in

tanshinone biosynthesis.

Understanding the physiological mechanism of tanshi-

none accumulation in response to stress is critical to

ramping up tanshinone production. A significant physio-

logical response of plant cells to water stress is a ROS

burst. The production of ROS is an early event in the plant

response to water stress, and ROS act as secondary mes-

sengers in a stress-response signal transduction pathway

(Cruz de Carvalho 2008). Increasing evidence indicates

that ROS generation is triggered by PEG and ABA to

improve stress tolerance (Boo and Jung 1999; Hu and

others 2010; Leshem and others 2010). Similar results were

obtained in this study. The amounts of H2O2 and O2
- in

S. miltiorrhiza hairy roots were both enhanced by PEG and

ABA treatments. ROS play an important signaling role in

plants controlling processes such as growth, development,

and response to biotic and abiotic environmental stimuli

(Bailey-Serres and Mittler 2006). A signaling role of ROS

in water stress-induced responses of plants has been sug-

gested (Cruz de Carvalho 2008). Our previous work indi-

cated that water stress-induced secondary metabolite

accumulation in Bupleurum chinense roots was probably

stimulated via ROS signaling (Zhu and others 2009). This

hypothesis was supported by the present study. The PEG-

and ABA-induced increase in tanshinone production was

significantly arrested by ROS scavengers (CAT and SOD).

Simultaneously, the upregulation of mRNA levels of

HMGR and DXS and of enzyme activities of HMGR and

DXS induced by PEG and ABA was significantly inhibited

by CAT and SOD. It demonstrated that PEG- and ABA-

induced tanshinone production was ROS-dependent. The

activation of the MVA and MEP pathways by PEG and

ABA was probably via ROS signaling. In addition, ROS

treatments also resulted in a significant increase in tanshi-

none production, confirming further the roles of ROS in

tanshinone biosynthesis.

In conclusion, the data from this study suggests that both

PEG and ABA are able to enhance tanshinone production,

upregulate mRNA levels of HMGR and DXS and enzyme

activities of HMGR and DXS, and trigger a ROS burst in

S. miltiorrhiza hairy roots. These results also indicated that

the PEG- and ABA-induced increase of tanshinone pro-

duction was probably via ROS signaling.

Fig. 4 Generation of H2O2 and O2
- in S. miltiorrhiza hairy roots

under different treatments. CK control, PEG polyethylene glycol at 2

%, ABA abscisic acid at 200 lM, CAT catalase at 1,000 U ml-1, SOD

superoxide dismutase at 1,000 U ml-1. Different letters indicate

significant difference at p B 0.05 using Duncan’s multiple-range test.

Means ± standard deviation (SD) (n = 4) are shown
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