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a b s t r a c t

Tanshinone is a group of active diterpenes widely used in treatment of cardiovascular diseases. Here,

we report the introduction of genes encoding 3-hydroxy-3-methylglutaryl CoA reductase (HMGR),

1-deoxy-D-xylulose-5-phosphate synthase (DXS) and geranylgeranyl diphosphate synthase (GGPPS)

involved in tanshinone biosynthesis into Salvia miltiorrhiza hairy roots by Agrobacterium-mediated gene

transfer technology. Overexpression of SmGGPPS and/or SmHMGR as well as SmDXS in transgenic hairy

root lines can significantly enhance the production of tanshinone to levels higher than that of the

control (Po0.05). SmDXS showed much more powerful pushing effect than SmHMGR in tanshinone

production, while SmGGPPS plays a more important role in stimulating tanshinone accumulation than

the upstream enzyme SmHMGR or SmDXS in S. miltiorrhiza. Co-expression of SmHMGR and SmGGPPS

resulted in highest production of tanshinone (about 2.727 mg/g dw) in line HG9, which was about 4.74-

fold higher than that of the control (0.475 mg/g dw). All the tested transgenic hairy root lines showed

higher antioxidant activity than the control. To our knowledge, this is the first report on enhancement

of tanshinone content and antioxidant activity achieved through metabolic engineering of hairy roots

by push–pull strategy in S. miltiorrhiza.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Salvia miltiorrhiza Bunge (Dan shen in Chinese) is a well-
known traditional Chinese medicine and has been used widely
for clinical purposes for the treatment of many cardiovascular
diseases such as menstrual disorder, blood circulation distur-
bance, inflammation and angina pectoris (Zhou et al., 2005; Wu
and Shi, 2008; Xu et al., 2010).

The bioactive components of S. miltiorrhiza consisted of two
main groups, namely the water-soluble phenolic acids derived
from caffeic acid and the lipid-soluble tanshinone belonging to
diterpene quinines (Li, 1998; Chen et al., 2001; Zhou et al., 2005).
The diterpenoid tanshinone including tanshinone I, tanshinone
IIA, tanshinone IIB, dihydrotanshnone I and cryptotanshinone
have also roused extensive attention, as well as the polyphenols
(Wu et al., 2009). Tanshinones share a variety of biological
activities. For example, tanshinone I could enhance learning and
memory (Kim et al., 2009), while tanshinone IIA has anti-oxida-
tive (Wang et al., 2003; Yang et al., 2008), anti-inflammatory
(Jang et al., 2003, 2006), anti-proliferative (Liu et al., 2006) and
anti-tumor properties (Dong et al., 2007). Dihydrotanshnone I,
ll rights reserved.

o.com.cn (G. Kai).
tanshinone IIB and cryptotanshinone have antibacterial activity
against a broad range of gram positive bacteria (Honda et al.,
1988; Lee et al., 1999). Therefore, S. miltiorrhiza has been widely
used to produce a number of traditional Chinese medicine
preparations (Hu et al., 2005). However, because of low content,
long growth cycle and serious degradation of the quality, the
supplement of tanshinone for the increasing needs of clinical
applications has become a research spotlight (Zhou et al., 2007).

Hairy root cultures induced by Agrobacterium rhizogenes have
the advantages of high genetic stability, rapid and hormone-free
growth (Wu and Shi, 2008) and have been considered as a
promising system to produce secondary bioactive components
from the medicinal plants (Guillon et al., 2006). Elicitation with
elicitors such as methyl jasmonate (MJ), yeast elicitor (YE) and
jasmonic acid (JA) is one of the attractive approaches to improve
secondary metabolism compounds in cell lines or hairy roots
(Zhao et al., 2006; Nims et al., 2006; Peebles et al., 2009). In vitro

cultures of S. miltiorrhiza hairy roots to improve tanshinone yield
were investigated by various kinds of elicitors including YE, MJ,
Ag+, Co2 +, a-amino isobutyric acid and b-aminobutyric acid
(BABA), which have been extensively studied and well documen-
ted recently (Zhang et al., 2004a; Ge and Wu, 2005a, 2005b; Yan
et al., 2005). Plant metabolic engineering provides an alternative
way to improve the accumulation of tanshinone by transferring
key genes involved in the tanshinone biosynthetic pathway into
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Fig. 1. The metabolic pathway for tanshinone. SmHMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; SmDXS, 1-deoxy-D-xylulose-5-phosphate synthase; SmGGPPS,

Geranylgeranyl diphosphate synthase; all the three genes were used to study in this work.
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S. miltiorrhiza with A. rhizogenes infection (Liao et al., 2009; Kai
et al., 2010).

In higher plants, there are two distinct isoprenoid biosynthesis
pathways in separate cellular compartments, the mevalonate
(MVA) pathway in the cytosol and the methylerythritol phos-
phate (MEP) pathway in the plastids (Liao et al., 2009; Yan et al.,
2009; Wu et al., 2009). Isopentenyl pyrophosphate (IPP), the
universal precursor of all isoprenoids, can be synthesized by both
MVA and MEP pathways (Laule et al., 2003). Being a kind of
diterpene, tanshinone are generally considered to be mainly
synthesized via the MEP pathway, but MVA pathway also played
a certain role for the crosstalk between the two pathways (Fig. 1)
(Ge and Wu, 2005a; Yan et al., 2009). 3-Hydroxy-3-methylglu-
taryl CoA reductase (HMGR), which catalyzes the formation of
MVA from 3-hydroxy-3-methylglutaryl CoA (HMG-CoA), has been
identified as a key enzyme in the MVA pathway (Chapell, 1995;
Aquil et al., 2009). 1-Deoxy-D-xylulose-5-phosphate synthase
(DXS) catalyzes the first committed step of the MEP pathway
(Lois et al., 2000; Estévez et al., 2001; Enfissi et al., 2005; Munoz-
Bertomeu et al., 2006). Geranylgeranyl diphosphate synthase
(GGPPS) catalyzes the consecutive condensation of the dimethy-
lallyl diphosphate (DMAPP) with three molecules of IPP to
produce geranylgeranyl diphosphate (GGPP), the universal pre-
cursor for biosynthesis of diterpenes such as tanshinone (Wang
and Ohnuma, 1999; Engprasert et al., 2004). GGPPS has been
considered as an important regulatory target in the tanshinone
biosynthetic pathway (Kai et al., 2010).

Manipulating multiple biosynthetic genes at multiple regula-
tory points may be a feasible strategy to achieve considerable
metabolic alterations (Leech et al., 1998). A successful example
for this strategy is the engineering of the scopolamine biosyn-
thetic pathway in Hyoscyamus niger by co-overexpressing the
two key enzymes putrescine N-methyltransferase (PMT) and
hyoscyamine 6 b-hydroxylase (H6H), and the final scopolamine
production in the best transgenic line was increased nine times
than the control (Zhang et al., 2004b). Recently, the cDNAs of
SmHMGR, SmDXR, SmHMGS, SmDXS and SmGGPPS from S. miltior-

rhiza have been successfully cloned by our laboratory (Liao et al.,
2009; Yan et al., 2009; Zhang et al., 2010; Kai et al., 2010), which
provided the possibility to improve the yield of tanshinone by
metabolic engineering of S. miltiorrhiza hairy root cultures. In this
present work, we report the introduction of gene constructs
containing cDNAs of SmHMGR and/or SmGGPPS as well as SmDXS

under the control of the strong constitutive cauliflower mosaic
virus (CaMV) 35S promoter into S. miltiorrhiza cells.
2. Materials and methods

2.1. Construction of plant expression vectors

The complete SmHMGR and SmGGPPS cDNAs were cloned from
the sterile seedlings of S. miltiorrhiza in our laboratory as reported
before (Liao et al., 2009; Kai et al., 2010), and complete SmDXS

cDNA was also isolated recently. The vectors pBI121 (Clontech)
and pCAMBIA1304 (CAMBIA) were double-digested with HindIII
and EcoRI. The purified smaller DNA fragment containing a GUS
expression cassette from pBI121 was cloned into the large
pCAMBIA1304 fragment to generate the recombinant plasmid
pCAMBIA1304+ (Kai et al., 2009). The full-length SmGGPPS cDNA
was inserted into pCAMBIA1304+ in place of the GUS gene of the
GUS gene expression cassette from pBI121 to generate the
expression plasmid pCAMBIA1304+–SmGGPPS containing
SmGGPPS gene (see Fig. S1A), while full-length SmHMGR cDNA
was inserted into the pCAMBIA1304+ in place of the mGFP5 and
GUSA genes originally from pCAMBIA1304 to generate the expres-
sion plasmid pCAMBIA1304+-SmHMGR containing SmHMGR gene
(see Fig. S1B). On the basis of pCAMBIA1304+-SmHMGR, the
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full-length SmGGPPS cDNA was used to replace the GUS gene of
the GUS gene expression cassette from pBI121 to generate the
expression vector pCAMBIA1304+-SmHMGR–SmGGPPS containing
both SmHMGR and SmGGPPS genes (see Fig. S1C). On the basis of
pCAMBIA1304+–SmGGPPS, the full-length SmDXS cDNA was used
to replace the SmGGPPS gene to generate the expression vector
pCAMBIA1304+-SmDXS containing SmDXS gene (see Fig. S1D).
The genes SmHMGR and/or SmGGPPS as well as SmDXS gene were
under the control of the strong cauliflower mosaic virus (CaMV)
35S promoter. The blank vector pCAMBIA1304+ without exogen-
ous genes (such as SmHMGR, SmGGPPS or SmDXS) was used as the
control. The disarmed A. tumefaciens strain C58C1 harboring both
the A. rhizogenes Ri plasmid pRiA4 (Kai et al., 2009) and each of
the five plasmids constructed above was used for plant genetic
transformation.
2.2. Plant transformation and hairy root culture

The sterile S. miltiorrhiza plants were grown and kept in our
lab (Zhou et al., 2007; Liao et al., 2009; Kai et al., 2010). In order to
induce hairy roots with disarmed A. tumefaciens strain C58C1 (pRi
A4), the sterile leaf sections were submerged in the bacterial
suspension for 30 min, blot-dried on sterile filter paper and then
placed in MS medium (Murashige and Skoog, 1962) supplemen-
ted with 30% sucrose, 0.8% agar (pH 5.8), at 22 1C in darkness.
After co-cultivation for 3 days, the cultures were washed with
60 ml sterilized water three times, and blot-dried on sterile filter
paper then transferred to 1/2 MS medium supplemented with
30% sucrose, 0.8% agar (pH 5.8), and 500 mg/l of cefotaxime. After
2–3 weeks, hairy roots were derived from sterile leaves and
rapidly growing hairy roots (exceeded 2 cm) were excised and
cultivated individually on solid 1/2 MS medium supplemented
with 30% sucrose, 0.8% agar (pH 5.8) and different concentrations
of cefotaxime (each subsequent subculture had lesser cefotaxine
than the previous one during this subcultured period) for 3–4
weeks, at 25 1C in darkness. Rapidly growing root lines that
showed hygromycin resistance with no bacterial contamination
were used to establish hairy root lines. Approximately 200 mg of
normally growing hairy roots were inoculated in 250-mL Erlen-
meyer flasks each containing 200 mL 1/2 MS liquid medium on an
orbital shaker controlled at 100 rpm in darkness at 25 1C. The
hairy roots clones were routinely subcultured every 30 days and
harvested after 60 days.
2.3. DNA isolation and PCR analysis

Genomic DNA was isolated from harvested hairy root samples
using the cetyl trimethyl ammonium bromide (CTAB) method
(Doyle and Doyle, 1990). The DNA was then used as the template
in PCR analysis for detecting the presence of SmHMGR, SmDXS and
SmGGPPS genes in transgenic hairy roots. The sequences of 35SF
(forward primer) located at the 35S promoter of pBI121 vector
and GGPPS161R (reverse primer) in the interior of SmGGPPS gene
for the SmGGPPS detection were as follows: 50-GAGGACCTAACA-
GAACTCGCC-30 and 50-ATGAATCCGACCAGGGATTTGGAGGGGCAT-
30, respectively, and those of primers 35SF at the 35S promoter of
pCAMBIA1304 plasmid and HMGR171R (reverse primer) in the
interior of SmHMGR gene used for the amplification of the
SmHMGR gene were as follows: 50-GAGGACCTAACAGAACTCGCC-
30 and 50-CAGAGGCTTTAGGGGAGGAGGGTTGGTGAT-30, respec-
tively. SmDXS gene in transgenic hairy roots was also detected
by the same method as SmHMGR and SmGGPPS genes. The
primers were as follows: 35SF (50-GAGGACCTAACAGAACTCGCC-
30); DXS197R (50-GGAAGAGTAGCAGTAGTGCGA-30). PCR was
carried out in total volume of 25 mL reaction mixtures, containing
1 mL of each primer, 0.5 mL of 10 mmol/L dNTPs, 2.5 mL of
10�PCR buffer (Mg2 + plus), 1 mL genomic DNA as template and
1.25 units of Ex Taq DNA polymerase (TaKaRa), following the
protocol: the DNA template was denatured at 94 1C for 5 min
followed by 35 cycles of amplification (94 1C for 45 s, 58 1C for
60 s, 72 1C for 60 s) and inoculated at 72 1C for 10 min.

2.4. RNA isolation and gene expression analysis by RT-PCR

Total RNA was extracted from the hairy root samples using RNA
prep pure plant kit (Tiangen Biotech Co., Ltd.) according to the
manufacturer’s protocol. RNase-free DNase I (Tiangen Biotech Co.,
Ltd.) was used to digest all DNA from the samples following the
manufacture’s instructions. The quality and concentration of RNA was
checked and stored as described before (Kai et al., 2006). Semi-
quantitative RT-PCR was carried out to investigate the expression of
SmHMGR, SmDXS and SmGGPPS genes in transgenic hairy roots. For
each reaction, aliquots of total RNA (0.5 mg) was used as a template to
generate a total volume of 30 mL RT reaction. HMGRKF (50-ATGGA-
TATCCGCCGGAGGCCA-30) and HMGRKR (50-TCAGGAGCCAATCTTC-
GTGAT-30), DXSKF (50-ATGGCGTCGTCTTGTGGAGTTA-30) and DXSKR
(50-TTACAAGTTGTTGATGAGATGA-30), GGPPSKF (50-ATGAGATCTAT-
GAATCTGGTG-30) and GGPPSKR (50-TTAGTTCTGCCTATGTGCAAT-30)
were used to detect the expression of total (including endogenous
and the cDNA we introduced) SmHMGR, SmDXS and GGPPS genes
whereas HMGRKF and HMGR30R (50-CCAATTCTTGACACCAACCAGT-
30), DXSKF and DXS30R (50-TACTGCTTCCGCTTCTGGCTT-30), GGPPSKF
and GGPPS30R (50-CACCAAACTTTTCATTAGCAGC-30) were used only
for the measurement of the expression of endogenous SmHMGR,
SmDXS and SmGGPPS, respectively. Meanwhile, RT-PCR with primers
18SF (50-CCAGGTCCAGACATAGTAAG-30) and 18SR (50-GTACAA-
AGGGCAGGGACGTA-30), designed on the basis of the conserved
regions of plant house-keeping genes (18 S rRNA genes), was also
performed to normalize equal amounts of RNA among samples as an
internal standard (Liao et al., 2009; Kai et al., 2010).

2.5. Determination of tanshinone by HPLC

The dried hairy roots (200 mg) were powdered and extracted
with 16 mL of methanol/dichloromethane (3:1, v/v), and then
kept at room temperature for 24 h after sonicating for 1 h (Chen
et al., 1997). The extract was evaporated under vacuum and the
deposition was re-dissolved with 1 mL methanol/dichloro-
methane (3:1, v/v) (Yan et al., 2005). The solution was filtered
through a 0.22 mm filter and subjected to HPLC. HPLC analysis
was performed on a HITACHI L2000 apparatus equipped with a
photodiode array detector. Separation was carried out on a
Waters reversed-phase C18 symmetry column (5 mm,
150 mm�4.6 mm i.d.). The temperature of column was 30 1C.
The mobile phase consisted of acetonitrile–water (65:35, v/v). The
detection wavelength was 270 nm and the flow rate was 1.00 mL/
min (Shi et al., 2004). The injection volume was 20 mL. Cryptotan-
shinone (CT), tanshinone I (T1) and tanshinone IIA (T2A) were
detected and quantified by comparison with authentic standard
curves and retention times. Total tanshinone containing CT, T1
and T2A was shown as TT in this paper. Here we use a photodiode
array detector for HPLC to investigate the peak purity (PDA can
provide UV–vis scans data). The UV spectra obtained were found
to the same as the UV–vis scans of standards.

2.6. Measurement of DPPH free-radical scavenging activity

The free-radical scavenging activity of TT from transgenic hairy
roots (H33, G50, HG9 and BC) was measured by the DPPH method
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reported by Adedapo et al. (2008) with slight modifications. Briefly,
the different concentration (0.25–4 mg/mL) of 1 mL of each sample
was added to 1 mL DPPH (0.2 mmol/L) solution in methanol. The
tubes with reaction mixture were vortexed thoroughly and incubated
at room temperature for 30 min. Spectrophotometer was used to
detect the absorbance of the mixture at 517 nm. The DPPH solution in
methanol (0.2 mmol/L) was used as the control. Radical scavenging
activity of TT was calculated according to the following formula:
DPPH radical scavenging activity (%)¼[1�absorbance of the sample/
absorbance of the control]�100. The IC50 value defined as the
amount of antioxidant necessary to decrease the initial DPPH
concentration by 50% was calculated according to dose–response
and used for comparison of DPPH radical scavenging capability from
different samples (Zhang and Lin, 2008).

2.7. Statistical analysis

All the experiments including culture of hairy root clones, PCR
identification, semi-quantitative RT-PCR, HPLC analysis and measure-
ment of antioxidant activity were repeated three times. Results of
tanshinone content are presented as mean values7S.D. The error
bars are due to biological triplicates. The statistical significance of
tanshinone difference was analyzed by one sample t test and the
errors of different hairy root clones were used in the one-way analysis
of variance (ANOVA) using SPSS 11.5 software (SPSS, Inc.).
3. Results

3.1. Transformation of S. miltiorrhiza with SmHMGR, SmDXS

and SmGGPPS

Four plasmids containing the cDNAs encoding SmHMGR and/or
SmGGPPS as well as SmDXS driven by CaMV 35S promoter, were
separately introduced into S. miltiorrhiza by using disarmed
A. tumefaciens C58C1 strain. Totally, 43 SmHMGR single gene
transformed lines (H line), 52 SmDXS single gene transformed
lines (D line), 60 SmGGPPS single gene transformed lines (G line)
and 72 SmHMGR–SmGGPPS double gene transformed lines (HG
line) were generated. Transgenic hairy root lines with abnormal
phenotypic characteristics such as short, brown and aged in
growth stagnation were discarded (see Fig. S2A), 39 H, 46 D, 55
G and 67 HG hygromycin-resistant hairy root lines with normal
phenotype (see Fig. S2B) were remained for further analysis.

3.2. PCR analysis of engineered hairy roots and establishment of

hairy root lines

DNA of all the independent hairy roots was isolated and used
for PCR analysis using primers specially designed to overlapping
part of the SmHMGR, SmDXS or SmGGPPS and the CaMV 35S
promoter sequences. As a positive control (PC), the fragment was
also amplified from the 1304+–SmHMGR, 1304+–SmDXS or
1304+–SmGGPPS plasmids. DNA of wild type root was used as a
Table 1
Gene constructs and derived root cultures.

Number of root lines

Gene constructs Total Hygromycin-resistant

SmHMGR 43 39

SmGGPPS 60 55

SmHMGR+SmGGPPS 72 67

SmDXS 52 46
negative control (NC). Another kind of control hairy root lines
generated from blank-vector transformations were denoted as BC.
In total, the PCR-positive clones amounted for 41.06% (85/207),
with 48.72% (19/39) for H, 45.65% (21/46) for D, 23.64% (13/55)
for G and 47.76% (32/67) for HG hairy root lines (Table 1). None of
the checked DNA bands was detected from NC and BC lines. Parts
of the results were shown in Fig. 2. These results indicated that
the SmHMGR, SmDXS and SmGGPPS genes were introduced into H,
D, and G lines, respectively, while both SmHMGR and SmGGPPS

genes were introduced into HG lines. Here we selected 7 H, 5 D,
6 G and 11 HG of PCR-positive lines for the further experiments
(Table 1).

3.3. SmHMGR, SmDXS and SmGGPPS gene expression in transgenic

hairy roots

To determine the expression patterns of SmHMGR, SmDXS and
SmGGPPS, total RNA was isolated separately from filtered PCR-
positive root lines for semi-quantitative RT-PCR. The results were
shown in Fig. 3. The different expression patterns between
endogenous SmHMGR gene (HMGR B) and total SmHMGR gene
(HMGR A) in transgenic HG and H lines showed that all the HMGR

A transcripts expressed at higher levels, and total SmGGPPS gene
(GGPPS A) also showed higher transcripts than endogenous
SmGGPPS gene (GGPPS B) in transgenic HG and G lines. The
expression patterns of HMGR B showed similar levels to HMGR A

in both transgenic G and BC lines, and no obvious diversity was
observed in transcriptional level between GGPPS B and GGPPS A in
both transgenic H and BC lines. Compared with G and BC lines, the
HMGR A transcripts in all of the HG and H lines expressed at
higher levels, while higher level of GGPPS A mRNA was detected in
all HG and G lines compared with H and BC lines. Similarly, the
expression of DXS A was significantly higher in D lines than in
other transgenic lines (HG, H, G and BC) and also dramatically
higher than DXS B in all of the D lines as well as HG, H, G and BC
lines. These results indicated that all the cDNAs of interest were
introduced into S. miltiorrhiza and expressed in corresponding
transgenic lines, but with varied expression levels.

3.4. Tanshinone content in transgenic hairy roots

To determine the tanshinone (including CT, T1 and T2A) produc-
tion in S. miltiorrhiza hairy root lines, HPLC analysis was conducted.
One sample t test by SPSS 11.5 software was used to analyze
significance of difference of tanshinone content between every single
line and the control. The capacities of transgenic root lines to
synthesize tanshinone are shown in Fig. 4. All the SmHMGR-trans-
formed lines (H line) showed higher level of tanshinone ranging from
0.844 to 1.515 mg/g than the control (0.475 mg/g dw) (Fig. 4A
and Fig. S3B), implying that overexpression of SmHMGR can efficiently
promote the accumulation of tanshinone in S. miltiorrhiza. The levels
of tanshinone in D lines were variable with the range of 1.007–
2.320 mg/g dw, which was higher than the control and H lines
(Fig. 4B and Fig. S3C). Hairy root lines overexpressing SmGGPPS
PCR-positive Established root lines

19 H11 H12 H26 H27 H32 H33 H38

13 G28 G39 G41 G50 G53 G56

32
HG3 HG6 HG9 HG19 HG21 HG43

HG46 HG47 HG49 HG51 HG59

21 D1 D4 D8 D15 D20
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(G line) can also produced higher level of tanshinone with variation
from 1.356 to 2.477 mg/g when compared to the control lines (Fig. 4C
and Fig. S3D). The highest tanshinone production was detected in line
Fig. 2. PCR analyses of transgenic hairy root lines. Representative PCR analyses for

the presence of SmHMGR (A), SmDXS (B) and SmGGPPS (C) genes in transgenic H, D

and G lines, respectively. (D) and (E) represented PCR analyses for the presence of

SmHMGR and SmGGPPS gene in transgenic HG lines, respectively. M, DL-2000

Marker (100–2,000 bp); PC, positive control (vector contains corresponding gene);

NC, negative control (wild type root); BC, blank control (hairy root generate from

blank-vector transformation).

Fig. 3. Effects of transformation on the expression of related genes in the tanshinone bio

and GGPPS A represent total gene of SmHMGR, SmDXS and SmGGPPS respectively, while

respectively. 18S rRNA gene was used as the control to show the normalization of the
HG9 with the concentration of 2.727 mg/g dw, which was 4.74 fold
higher than the control (Fig. 4D and Fig. S3E). Data analysis (Fig. 4)
showed that T1 appeared a significant correlation with TT in all the
transgenic lines, while CT exhibited a positive relationship with TT to
certain degree and T2A has no obvious correlation with TT. Till now,
the specific reaction pathways for the different tanshinone (T1, CT
and T2A) were unknown, so it is difficult to assess the TI, CT and
T2A data further. However, it is certain that all the transgenic lines
showed varied but higher TT content compared with the control lines,
reflecting that transgenic technology is an effective and promising
strategy to improve tanshinone production in S. miltiorrhiza.

One-way analysis of variance (ANOVA) was used to detect the
difference of average content of total tanshinone among H, D, G,
HG, and BC lines to analyze the functional diversity among
SmHMGR, SmDXS and SmGGPPS in tanshinone biosynthesis. It
showed that the average content of TT was higher in H lines,
but much higher in D, G and HG lines compared with BC lines
(Po0.05) (Fig. 4E). Furthermore, the content of T2A is apparently
related with the phenotype of hairy root in this work. There were
two phenotypes (thin and thick) about hairy roots in this study.
All the D and HG (except for HG21) lines, line BC2 and BC4
belonged to the first phenotype of thick hairy root (see Fig. S2C),
and the lowest content of T2A in these lines was about 0.206 mg/g
(line BC4). All the H and G lines, line HG21, BC1, BC3 and BC5, were
attributed to another phenotype of thin hairy root (see Fig. S2D),
and the highest content of T2A in these lines was about 0.165 mg/
g, dw (line G53). So it indicated that the higher content of T2A
(about more than 0.2 mg/g) in hairy root may affect its phenotype
(thick type) in S. miltiorrhiza.

3.5. Antioxidant activity analysis of transgenic hairy roots

The DPPH (1,1-Diphenyl-2-picrylhydrazyl) radical scavenging
activity, based on the reduction of the stable radical DPPH to
yellow-colored diphenylpicrylhydrazine in the presence of a
hydrogen donor, was widely used to evaluate the antioxidant
activity due to its advantage of rapid and simple measure (Wu
and Wang, 2009). Since tanshinone possesses the antioxidant
activities (Wu et al., 2010), the antioxidant activity of tanshinone
from hairy roots was estimated by measuring DPPH radical
scavenging in this study. The samples of H12, G50, HG9 and BC
were diluted to the varied concentration (0.25–4 mg/mL) of 1 mL
with methanol according to their different concentration deter-
mined by HPLC and then 1 mL DPPH (0.2 mM) solution in
methanol was added. As shown in Fig. 5, all the tested samples
were found to possess strong radical scavenging capacity. The IC50

values of line H12, G50, HG9 and BC were determined to
be 0.3375, 0.2990, 0.3045 and 0.3049 mg/mL, respectively,
which suggested that there were no significant differences of
antioxidant activity of per weight of tanshinone among these
transgenic hairy root lines and the control. The result implied that
the transgenic hairy root lines H12, G50 and HG9 owned higher
total antioxidant activity of tanshinone due to higher content of
total tanshinone.
synthetic pathway during S. miltiorrhiza hairy roots culture period. HMGR A, DXS A

HMGR B, DXS B and GGPPS B represent endogenous SmHMGR, SmDXS and SmGGPPS

templates in PCR reactions. The experiment was repeated three times.



Fig. 4. Tanshinone production analyzed by HPLC from transgenic hairy root lines

(A–D) and the differences of average level of total tanshinone production among

various transgenic hairy root lines (E). H, SmHMGR transgenic hairy root lines; D,

SmDXS transgenic hairy root lines; G, SmGGPPS transgenic hairy root lines; HG,

transgenic hairy root lines containing both SmHMGR and SmGGPPS genes; BC, the

control hairy root cultures generate from blank-vector transformation. TT, total

tanshinone; CT, cryptotanshinone; T1, tanshinone I; T2A, tanshinone IIA. The

values are means7S.D of triplicate analyses. *, **, and *** Significant difference at

Po0.05, 0.01, and 0.001 respectively. Different letters indicate significant differ-

ences (Po0.05). Tamhane is one of multiple comparisons used for the average

level of TT in this study.

Fig. 5. DPPH scavenging activities of tanshinone from four different hairy root

lines (H12, G50, HG9 and BC). Results represent means7standard deviation

(n¼3).
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4. Discussion

Metabolic engineering can be used to produce large amounts
of valuable metabolites by genetic manipulation. The ‘‘push–pull’’
strategy has been successfully applied to significantly increase
provitamin A, flavonols, limonene and artemisinin yields in
several plants such as Oryza sativa, Solanum lycopersicum, Lavan-

dula latifolia and Artemisia annua, respectively (Ye et al., 2000;
Muir et al., 2001; Muñoz-Bertomeu et al., 2008; Aquil et al., 2009),
while for enhanced scopolamine, tropane alkaloid and terpenoid
indole alkaloid accumulation in hairy roots of H. niger, Anisodus

acutangulus and Catharanthus roseus (Zhang et al., 2004b; Kai
et al., 2009; Peebles et al., 2010). To our knowledge, there are no
reports about enhancement of tanshinone content in S. miltior-

rhiza by means of metabolic engineering. Recently several genes
such as SmHMGS, SmHMGR, SmGGPPS and SmDXR involved in the
tanshinone biosynthesis pathways have been cloned by our
laboratory (Zhang et al., 2010; Liao et al., 2009; Yan et al.,
2009; Kai et al., 2010) as well as SmDXS, which provides the
possibilities to enhance the yield of tanshinone by metabolic
engineering. In the present study, Agrobacterium-mediated meta-
bolic engineering of hairy roots of the plant S. miltiorrhiza was
successfully performed with significantly improved tanshinone
yield. SmHMGR, SmDXS and SmGGPPS may be considered as three
of the key enzymes from early stages in tanshinone biosynthesis
in S. miltiorrhiza.

HMGR is a rate-limiting enzyme of the mevalonate (MVA)
biosynthetic pathway in plants (Liao et al., 2009). Up-regulation
of an N-terminal truncated HMGR enhances production of essen-
tial oils and sterols in transgenic L. latifolia (Muñoz-Bertomeu
et al., 2007). Recently, overexpression of the HMGR gene leads to
enhanced artemisinin biosynthesis in transgenic A. annua plants
(Aquil et al., 2009). The above reports indicated the contribution
of MVA pathway to monoterpene and sesquiterpene biosynthesis
by genetic manipulation, but there are no reports for diterpenes
including tanshinone in plants. In the present study, the expres-
sion levels of the HMGR varied from line to line but correlated
with their corresponding tanshinone content apparently in most
of H lines. Our results showed that overexpression of SmHMGR

can lead to enhanced tanshinone production (up to 2.2-fold
higher) than the control (Fig. 4A), which suggested that MVA
pathway also play an important role in diterpene biosynthesis at
least in S. miltiorrhiza.

1-Deoxy-D-xylulose-5-phosphate synthase (DXS) catalyzes the
first committed step of the MEP pathway for isoprenoid biosynthesis,
which is an alternative isoprenoids biosynthetic pathway that has
been recently discovered in plants. Overexpression of DXS gene
resulted in enhanced isoprenoids production in Arabidopsis thaliana,
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S. lycopersicum and L. latifolia (Estévez et al., 2001; Enfissi et al., 2005;
Munoz-Bertomeu et al., 2006). Here, the content of tanshinone in
these transgenic lines exhibited a positive correlation with the
expression of SmDXS gene, and the SmDXS single-gene transgenic
hairy root lines obviously showed higher levels of tanshinone (up to
3.9-fold higher) than the control (Fig. 4B), which implied that SmDXS

is an effective regulatory site for the biosynthesis and accumulation of
tanshinone. Furthermore, SmDXS showed much more powerful
pushing effect than SmHMGR in tanshinone production. Our results
indicated that genetic manipulation of the MEP pathway resulted
in significantly higher yields than MVA pathway enhancement in
S. miltiorrhiza, which was in good agreement with that previous
deduced viewpoint that the tanshinone accumulation was mainly
synthesized via the MEP pathway (Ge and Wu, 2005a).

Geranylgeranyl diphosphate synthase (GGPPS) catalyzes the
biosynthesis of geranylgeranyl diphosphate (GGPP), which is a
key precursor for diterpenes including tanshinone (Kai et al.,
2010). Although isopentenyl pyrophosphate (IPP) is biosynthe-
sized from both MVA pathway in the cytosol and MEP pathway in
the plastids, it is necessary to increase the metabolic flux towards
GGPP. In order to produce much more tanshinone, the sufficient
precursor geranylgeranyl diphosphate is necessary. It is reported
that the taxol production showed a positive correlation with the
expression level of GGPPS gene, which demonstrated that GGPPS is
the important regulatory target in the diterpene biosynthetic
pathway (Hefner et al., 1998; Engels et al., 2008). GGPPS was
considered as a key enzyme in the forskolin (diterpene) biosyn-
thetic pathway in Coleus forskohlii (Engprasert et al., 2004), but
the role of GGPPS in S. miltiorrhiza was never identified. In this
study, the levels of tanshinone in most of G lines were variably
corresponded to its transcript level of GGPPS gene. Furthermore,
tanshinone production in SmGGPPS single-gene transgenic hairy
root lines (G lines) was much higher than the control lines
(Fig. 4C), testifying that SmGGPPS was a key regulatory site for
the biosynthesis of tanshinone for metabolic engineering.
SmGGPPS exhibited a more powerful pulling effect than did
SmHMGR and SmDXS, which may be due to SmGGPPS is closer in
the reaction pathway to tanshinone (Fig. 4E).

Manipulating multiple genes at multiple control sites in target
metabolites production may achieve desired metabolic flux altera-
tions (Nims et al., 2006). In this study, the highest tanshinone
production (2.727 mg/g dw) was observed in HG line (HG9)
(Fig. 4D), which was about 5.74, 1.80, 1.18 and 1.11 times as that
of the control group (0.475 mg/g dw), H12 (the highest H line,
1.515 mg/g dw), D20 (the best D line, 2.320 mg/g dw) and G50
(highest tanshinone-producing G line, 2.477 mg/g dw), respectively.
This result showed that co-expression of SmHMGR and SmGGPPS can
produce a positive cooperative effect on stimulating tanshinone
accumulation. To our knowledge, this is the first report on enhance-
ment of isoprenoids production using HMGR and GGPPS in plants by
means of presented ‘‘push–pull’’ strategy. The present results (Fig. 4E)
showed that SmGGPPS and SmDXS exhibited more powerful pulling
effects in tanshinone production than does SmHMGR. Hence, the
strategy of co-overexpression of these genes (SmGGPPS and SmDXS, or
even all the three genes) in S. miltiorrhiza would be more promising
for further investigation in the future. Alternatively, introduction of a
global transcription factor that positively regulates the pathway is
more effective than modifying multiple biosynthetic pathway genes
(Peebles et al., 2009). Recently, it has been reported that considerable
increase in scopolamine was found in the transgenic H. niger hairy
roots after MJ treatment (Zhang et al., 2006). Thus, combination of
transgenic technology with elicitor treatments may be another
feasible strategy to further improve tanshinone yield in S. miltiorrhiza

hairy roots in the near future.
The current study provides good basement and helpful infor-

mation for commercial large-scale production of tanshinones by
means of the hairy roots system in future. This report on
engineering SmHMGR and SmGGPPS simultaneously into S. mil-

tiorrhiza results in significantly improved tanshinone accumula-
tion in cultured transgenic hairy root lines. Furthermore, the
content of tanshinone in the intact plant was within the range of
1.7–9.7 mg/g according to different region (Li et al., 2000). In this
study, the content of tanshinone in the control hairy root is about
0.475 mg/g, which was much lower than that in the plant.
However, the average content of tanshinone in the transgenic
hairy root lines were significantly enhanced (2.727 mg/g in the
best line HG9). Transgenic lines have reached to similar order
magnitude as the plant. Furthermore, it also can be concluded
from the DPPH radical scavenging activity analysis that total
antioxidant activities of tanshinone from the tested transgenic
hairy root lines were also higher than the control, due to their
stable antioxidant activity of per weight of tanshinone and higher
total tanshinone content compared with the control in this study,
which indicated the transgenic hairy root cultures was an
attractive and promising system for tanshinone production in
the future. To our knowledge, this is the first report on significant
enhancement of tanshinone production and antioxidant activity
achieved through metabolic engineering in S. miltiorrhiza, which
serves as a good first step in tanshinone-rich lines for commercial
application. However, tanshinone yield need to be an order of
magnitude higher in the hairy roots than in the plant for promise
for commercial larger-scale production. Thus, a more detailed
study of the genes (especially those unknown key genes in the
specific steps) involved in the tanshinone biosynthesis pathway
as well as a deep understanding of the different regulation
mechanism between S. miltiorrhiza plants and hairy roots would
be helpful for further improving tanshinone production in hairy
root cultures by metabolic engineering.
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