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Abstract

tive compounds to meet increasing demand.

tion of tanshinone.

Background: Tanshinones are diterpenoid compounds that are used to treat cardiovascular diseases. As current
extraction methods for tanshinones are inefficient, there is a pressing need to improve the production of these bioac-

Results: Overexpression of SmMMDS (2-c-methyl-p-erythritol 2,4-cyclodiphosphate synthase, a tanshinone biosyn-
thesis gene) in transgenic Salvia miltiorrhiza hairy roots significantly increased the tanshinone yield compared to the
control, and total tanshinone content in SmMDS-overexpressing lines increased after elicitor treatment. Total tan-
shinones increased to 2.5, 2.3, and 3.2 mg/g DW (dry weight) following treatment with Ag™, YE (yeast extract), and
MJ (methyl jasmonate), respectively, compared with the non-induced transgenic line (1.7 mg/g DW). Also, gRT-PCR
analysis showed that the expression levels of two pathway genes was positively correlated with increased accumula-

Conclusions: Our study provides an effective strategy for increasing the content of tanshinones and other natural
compounds using a combination of genetic engineering and elicitor treatment.
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Background

Salvia miltiorrhiza Bunge (Lamiaceae), also known as
Chinese sage, is a traditional Chinese medicinal herb
with remarkable medical and economic value that is
widely used to treat menstrual, cardiovascular, and vari-
ous inflammation-related diseases [1-5]. Tanshinones are
bioactive diterpenoid compounds produced in roots of S.
miltiorrhiza that have versatile pharmacological activities
including antibacterial, antioxidant, anti-inflammatory,
cardiovascular protective, and antineoplastic activities
[6-10]. However, the low yield of tanshinones, which
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usually requires a large amount of plant material, has
become a major obstacle to the further pharmaceutical
development of S. miltiorrhiza [11-13].

The biosynthetic pathway of tanshinones has been
well studied in S. miltiorrhiza, that are mainly derived
from two common precursors, dimethylallyl diphosphate
(DMAPP) and isoprene diphosphate (IPP) (Additional
file 1: Fig. S1) [14-18]. These two precursors are syn-
thesized in separate cell compartments by two different
pathways; the MVA (mevalonate) pathway is found in
the cytoplasm, while the MEP pathway is active in the
plastid. The MEP (methylerythritol phosphate) path-
way includes seven enzymatic reactions, starting from
G3P and pyruvate, and is considered to be the main
source for the biosynthesis of the C5 precursors of tan-
shinone [17, 19, 20]. IPP is a common intermediate in
the two pathways, which is converted into diterpenoids
by GGPPS (geranylgeranyl diphosphate synthase), CPS
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(copalyl diphosphate synthase), KSL (kaurene synthase-
like), CPR (cytochrome P450 reductase) and several
other unknown enzymes [3, 9, 17, 19]. According to the
stated pathway, increased accumulation of the target
metabolite can be achieved by elevating genes encod-
ing key enzymes in the biosynthetic pathway or via the
inhibition of gene expression in the competitive pathway
in S. miltiorrhiza plants or hairy roots [12, 21, 22]. Com-
pared with the control lines, production of tanshinone
was significantly enhanced in transgenic hairy root lines
overexpressing SmGGPPS and/or SmHMGR (hydroxym-
ethylglutaryl-CoA reductase) as well as SmDXS (1-deoxy-
D-xylulose 5-phosphate synthase) [21]. The co-expression
of SmGGPPS and SmHMGR led to the highest yield of
tanshinone in line HG9 (2.73 mg/g DW), which was sig-
nificantly higher (5.7-fold) than the control (0.48 mg/g
DW) [21]. MDS (2-c-methyl-p-erythritol 2,4-cyclodi-
phosphate synthase), which catalyzes the conversion of
CDP-ME2P (2-phospho-4-(cytidine 5’-diphospho)-2-
c-methyl-p-erythritol) to a cyclic intermediate MEcPP
(2-c-methyl-p-erythritol 2,4-cyclodiphosphate) in the
MEP pathway, has been successfully isolated from S.
miltiorrhiza [17]. However, to date, there is no report on
the effect of MDS gene on the accumulation of tanshi-
none in S. miltiorrhiza.

Hairy root cultures, which are induced by the natu-
rally occurring soil bacterium Agrobacterium rhizogenes
infects plant tissues [20, 23, 24], have been widely used to
develop bioreactor processes suitable for hairy root cul-
tures, to elucidate biosynthetic pathways, and to produce
valuable plant-derived secondary metabolites [25-27].
Elicitors, which are defined as signaling compounds, can
enhance or induce the biosynthesis of metabolites by
activating pathways that respond to external stress [28,
29]. As with other in vitro culture systems, the accumu-
lation of target metabolites can be readily increased by
adding elicitors to hairy root cultures [30-32]. Previous
studies have documented the effect of endogenous hor-
mones and elicitors, such as salicylic acid (SA), methyl
jasmonate (M]J), and yeast extract (YE), on tanshinone
metabolism in hairy root cultures of S. miltiorrhiza [11,
22, 33].

Accordingly, we hypothesized that a combination of
elicitor treatment and metabolic engineering might be
a promising way to increase the yield of tanshinone. In
the present study, manipulation of the MEP pathway
(through over-expression of SmMDS) was carried out to
increase tanshinone accumulation in S. miltiorrhiza hairy
roots. To test whether the accumulation of tanshinone
can be further increased by adding an elicitor to trans-
genic hairy roots, SmMDS-overexpressing lines were
treated with different elicitors. The results of our study
show that the combination of transgenic technology and
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elicitor treatment is an effective strategy to increase tan-
shinone levels in hairy root cultures, and potentially pro-
viding a way to improve tanshinones yields from current
extraction procedures in hairy roots of S. miltiorrhiza.

Methods

Construction of plant expression vectors

The SmMDS open reading frame (ORF; accession No.
JN831097.1) was PCR-amplified from an S. miltiorrhiza
seedling (30 d) ¢cDNA library using primers contain-
ing the restriction sites Xba I and Xma I at their 5’ ends
(Additional file 6: Table S1). The PCR product (718 bp)
was first cloned into the pMD18-T vector (TaKaRa Bio-
tech). After digestion with Xba I and Xma 1, the SmMDS
OREF fragment was inserted into a modified pBI121 vec-
tor that contains a 2A peptide linked to the N-terminus
of the GUS reporter gene, and the NPT II gene for kana-
mycin resistance as a selectable marker (Additional file 2:
Fig. S2). The disarmed Agrobacterium tumefaciens strain
C58C1 containing both the recombinant SmAMDS binary
vector plasmid and the A. rhizogenes Ri plasmid (pRiA4b)
was used for plant genetic transformation. The C58C1
strain containing only Ri plasmid was used as transfor-
mation control.

Plant transformation, molecular detection, and hairy root
cultivation

The aseptic S. miltiorrhiza plants were grown in half-
strength Murashige and Skoog (0.5X MS) basal medium
containing 3% sucrose and 0.7% agar (pH 5.8+0.1), at
2541 °C with a 16 h light/8 h dark photoperiod. Leaves
of aseptically-grown S. miltiorrhiza seedlings (30 d) were
cut into 0.5 cm x 0.5 cm squares, infected with the Agro-
bacterium strain C58C1 for 25 min, and then co-cultured
on MS medium with 100 pmol/L AS (acetosyringone)
in the dark for 2-3 days. The infected leaves were trans-
ferred to 0.5X MS medium containing 400 mg/L Cef
(cefotaxime sodium) and cultured for 2—3 weeks to con-
trol the Agrobacterium overgrowth. The hairy roots were
then excised from the leaf pieces (2-3 cm in length) and
transferred to B5 Medium containing 400 mg/L Cef and
50 mg/L Kan (kanamycin) for selecting transgenic hairy
roots (Fig. 1). The wild-type hairy roots did not grow on
the medium containing 50 mg/L Kan (Additional file 3:
Fig. S3), so they were placed on a medium containing
only 400 mg/L Cef. Hairy root lines were established
using rapidly growing root lines that were free from bac-
terial contamination [30].

A modified cetyltrimethyl ammonium bromide (CTAB)
method was used to extract genomic DNA from the kan-
amycin-resistant hairy roots [13]. The forward primer
35S-F and the reverse primer SmMDS-R, which were
designed to the sequences of the CaMV 35S promoter
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Fig. 1 Agrobacterium-mediated transformation and transgenic hairy root proliferation in Salvia miltiorrhiza. a Tissue co-cultured with agrobacteria
for 0 d; b induction culture at 0 d; ¢ transgenic hairy roots proliferation after 20 d; d Antibiotic screening culture (400 mg/L Cef and 50 mg/L Kan) at
0 d; e Antibiotic screening culture (400 mg/L Cef and 50 mg/L Kan) after 6 d; f Liquid proliferation culture after 15 d

and the SmAMDS gene, respectively, were used to identify
the p35S::SmMDS transgenic lines. Rol A-F and rol A-R
primers were used to check the transformation with the
Agrobacterium rhizogenes Ri plasmid. The sizes of these
two amplification products were 746 bp and 304 bp,
respectively. PCR amplification of an actin gene fragment
(267 bp) was used as the internal control. The PCR-pos-
itive hairy roots were cut into approximately 4-cm-long
sections and transferred to 150 mL Erlenmeyer flasks
containing 100 mL of 0.5X B5 medium and grown on an
orbital shaker at 150 rpm in the dark at 25 °C. The hairy
root cultures were sub-cultured in 0.5X B5 medium every
28 days.

GUS staining and analysis of gene expression by qRT-PCR

X-Gluc was used as a chromogenic substrate for his-
tochemical localization of GUS enzyme activity [34].
A buffered sodium phosphate solution (50 mM, pH
7.2) containing 1 mM X-Gluc was used as the reaction
mixture. The hairy root samples were incubated in the
X-Gluc solution (containing 50 mM Potassium ferri-
cyanide and 50 mM Potassium ferrocyanide) at 37 °C

for 12 h, and the pigments were removed by clearing in
100% ethanol before observation.

Total RNA was extracted from hairy roots as
described previously [35]. The integrity of the RNA
was analyzed by 1.5% agarose gel electrophoresis (data
not shown). Equal amounts of total RNA (2 pg) was
used to synthesize cDNA using M-MLV reserve tran-
scriptase (Promega) with a final concentration of 10 U/
uL. qRT-PCR assays were performed on iCycler iQ5™
(Bio-Rad) real time PCR using the SYBR Green q-PCR
kit. Each amplification reaction (20 uL) contained 10
uL of 2 x SYBR Green Mix, 1 uL of cDNA, and 0.25 M
of the forward and reverse primers. The amplification
program was initiated with an initial denaturation step
at 95 °C for 3 min, followed by 40 cycles of 30 s at 95 °C,
30 s at 60 °C and 30 s at 72 °C. The dissociation curve
at the end of each run was used to monitor amplicon
specificity. Relative gene expression levels were deter-
mined by using the 27*2°T method and normalized
to the expression of GAPDH and actin. All of the spe-
cific genes were analyzed three times under the same
conditions.
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Elicitor preparation and elicitation

Elicitation was performed by treating the hairy roots with
Ag", YE, and MJ. AgNO, was dissolved in distilled water
at a concentration of 30 mmol/L and filter sterilized
through a 0.22 um membrane [36]. The yeast extract elic-
itor was made as described previously [28]. The M] was
first dissolved in a small amount of dimethylsulphoxide,
then dissolved in distilled water to a storage concentra-
tion of 10 mmol/L, and sterilized through a 0.22 pm filter
[33]. The elicitors were added to the shake flask cultures
of S. miltiorrhiza hairy roots on day 60. The elicitor treat-
ments were performed at the following concentrations:
Ag?' 30 pmol/L, YE 100 mg/L, and MJ 100 pmol/L, and
the hairy roots were collected for RNA extraction and
tanshinone content analysis 45 days after treatment with
the individual elicitors.

Determination of tanshinone concentration by HPLC

After harvested from the shake flask cultures, the hairy
roots were dried at 50 °C until a constant dry weight was
reached. Tanshinone was isolated and detected according
to previous report [37]. The dried samples were ground
into powders and extracted with 80% methanol for 1 h in
a constant temperature bath at 80 °C. The filtrates were
analyzed on a Shimadzu LC-20AT high performance liq-
uid chromatography (HPLC) system equipped with a C18
column (4.6 mm ID x 250 mm). The mobile phase con-
sisted of gradient elution of solvent A (0.2% phosphoric
acid) and B (acetonitrile). The flow rate was 0.7 mL/min,
the detection wavelength was 270 nm, and the column
temperature was 35 °C. For determination, the procedure
was 0—25 min, solvent A (0.2% phosphoric acid) 15-30%,
solvent B (acetonitrile), 85-70%; 25-30 min, solvent
A, 30-60%, solvent B, 70-40%; 30—-70 min, solvent A
60—-80%, solvent B 40—20%. Based on the retention time
and peak area, tanshinone was quantified by comparison
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with authentic standards. The total tanshinone content
was calculated as the sum of tanshinone IIA, tanshinone
I, cryptotanshinone, and dihydrotanshinone 1.

Statistical analysis

All reported data are expressed as the average value + SD
of at least three replicates. Statistical analyses (ANOVA)
was performed using SAS software version 9.1 to test the
significant differences between WT and transgenic or
elicitor-induced hairy root lines. Duncan’s test (P <0.05)
was used to compare the mean value of each treatment

group.

Results

Generation of transgenic hairy root lines

The vector containing the full-length SmMDS cDNA
(Additional file 2: Fig. S2) was introduced into the modi-
fied Agrobacterium strain C58C1 which was then used
to transform S. miltiorrhiza to produce transgenic hairy
roots (Fig. 1). The hairy root lines that showed kanamy-
cin resistance, a normal phenotype and normal growth,as
WT hairy roots grow on kanamycin-free medium (data
not shown), were used for further analysis. Genomic
DNA was extracted from the selected S. miltiorrhiza
hairy root lines and PCR analysis was performed using
primers specifically designed to amplify the CaMV35S
promoter and the N-terminal portion of the SmMDS
gene. PCR primers rol A-F/R were used to identify hairy
roots containing the A. rhizogenes rol A gene from A.
tumefaciens strain C58C1 (Fig. 2). The PCR positive rate
of the SmMDS hairy roots was 46/68 (67.6%). The GUS
staining assays showed that the expression level of the
GUS gene varied in the different hairy root lines (Fig. 3a).
To investigate the expression of the introduced gene,
we performed quantitative RT-PCR analysis of six inde-
pendent transgenic lines that showed high levels of GUS

M 1 2

3 4 5 6 7 8 9 101112 WTV M

Rol A

Actin

Fig. 2 PCR analysis of primary transformants using primers specific to the 355:SmMDS, rol A and actin genes. Lanes M, DNA size marker ladder;
lanes 1-12, PCR products from putative transformants; lane WT, untransformed controls; lane V, DNA from plasmid p355:SmMDS
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Fig. 3 GUS staining (a) and expression of the SmMMDS gene (b)

in transgenic hairy roots (antibiotic screening culture for 15 d)

of S. miltiorrhiza. WT, wild type; p355:SmMDS-07, p35S:SmMDS
transgenic line 07; p355:SmMMDS-10, p355:SmMDS transgenic line 10;
p355:SMMDS-11, p35S:SmMDS transgenic line 11; p355:SmMDS-16,
p355:SMMDS transgenic line 16; p355:SMMDS-17, p35S:SmMDS
transgenic line 17; p355:SmMDS-23, p355:SmMDS transgenic line 23.
Values are presented as mean = SD, n=3.The y-axis in b shows the
normalized expression pattern after log2 transformation

expression (Fig. 3b). Two independent p35S:SmMDS
transgenic hairy root lines (11 and 16) that expressed
SmMDS at high levels were selected for further analysis.

Morphology and biomass accumulation in the transgenic
hairy roots

In order to obtain enough material for the assays, both
wild-type and p35S:SmMDS transgenic hairy root
lines were cultured in liquid medium. The SmMDS-
expressing lines were slightly brown in color compared
with the wild-type control after 60 days (Additional
file 4: Fig. S4). To further enhance the production of
tanshinone, elicitors were added to the control and
the transgenic hairy root cultures on the 60th day after
inoculation. After treatment for 45 days, the SmMDS-
expressing lines, elicitor treated wild-type lines, and
elicitor treated SmMDS-expressing lines were all darker
brown in color than the wild-type lines. Among these,
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the color of the MJ-treated SmAMDS transgenic lines
was the darkest (Additional file 5: Fig. S5). We next
measured the biomass of the hairy root cultures, which
showed that the dry weights of the SmAMDS-expressing
lines, the elicitor-treated wild type lines, and the elici-
tor-treated SmMDS-expressing lines were all reduced,
especially the MJ-treated lines, compared to the control
(Fig. 4).

Content of tanshinone in transgenic S. miltiorrhiza hairy
roots

To investigate the effects of over-expression SmMDS
and/or elicitor treatment on the S. miltiorrhiza hairy
root lines, the contents of tanshinone IIA, tanshinone
I, dihydrotanshinone I, and cryptotanshinone were
determined by high performance liquid chromatogra-
phy (HPLC) (Fig. 5). The results showed that the MJ-
treated p35S:SmMDS-16 line had the highest content
of dihydrotanshinone I (1.3 mg/g DW), the MJ-treated
p35S:SmMDS-11 line had the highest content of crypto-
tanshinone (1.26 mg/g DW) and tanshinone I (0.69 mg/g
DW), the YE-treated p35S:SmMDS-11 line had the
highest content of tanshinone IIA (0.35 mg/g DW). The
sum of the four tanshinones was taken as the total tan-
shinone content. HPLC analysis revealed that, compared
to the WT lines, the total tanshinone contents were sig-
nificantly higher in the SmMDS lines, the elicitor-treated
wild-type lines, and the elicitor treated SmMDS lines
(Fig. 6). The M]J treated p35S::SmMDS-16 line had the
highest content of total tanshinones (3.2 mg/g DW), 5.2-
fold higher than that of the WT hairy root lines.

Expression analysis of terpenoid biosynthetic genes

after elicitor treatment

In order to further investigate the expression profiles of
terpenoid pathway genes, we used the same samples that
we had used for tanshinone quantification to conduct
qRT-PCR assays with nine genes known to be related
to the MEP and MVA pathways. As shown in Fig. 7, the
relative expression levels of all nine genes were up-regu-
lated in the SmMDS lines, elicitor treated wild-type lines,
and the elicitor treated SmAMDS lines. The highest rela-
tive expression levels of SmMCT, SmCMK, and SmHDR
were detected in the MJ-treated p35S:SmMDS-16 line.
The highest expression of SmMDS and SmCPS was in
the Ag™-treated p35S:SmMDS-16 line. In the YE-treated
p35S:SmMDS-16 line, we detected elevated expression
of SmHMGR, SmPMK, SmIDI, and SmKSL. The above
results indicate that the observed changes in tanshinone
content and expression of genes in the tanshinone bio-
synthesis pathways were generally consistent.
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Fig. 4 Dry weights of transgenic hairy roots on day 45 after elicitor treatments. WT, wild type; p355:SmMDS-11, p35S:SmMDS transgenic line 11;
p355:SMMDS-16, p355:SmMDS transgenic line 16. Values are presented as mean£SD, n=3
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Fig. 5 Contents of dihydrotashinone |, cryptotashinone, tanshinone | and tashinone A in transgenic hairy roots on day 45 after elicitor treatments.
WT, wild type; p355:SmMDS-11, p35S:SmMDS transgenic line 11; p35S:SmMDS-16, p355:SmMDS transgenic line 16. Values are presented as
mean=+SD, n=3

Discussion by Agrobacterium rhizogenes carrying the Ri T-DNA
Secondary metabolites with complex structures and plasmid, have become the preferred biocatalyst over
remarkable activities found in plant cell suspension cul-  plant cell/callus and suspension cultures because of their
tures and tissues have been extensively explored [38]. biochemical/genetic stability, multi-enzyme synthesis
Hairy root cultures, which are transformed plant roots  potential, hormone-autotrophy, and relatively low-cost
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Fig. 6 Total tanshinone production in transgenic hairy roots on day 45 after elicitor treatments. WT, wild type; p35S:SmMDS-11, p355:SmMDS
transgenic line 11; p35S:SMMDS-16, p355:SmMDS transgenic line 16. Values are presented as mean +SD, n=3

culture requirements [28, 39]. To date, hairy root cultures
have been used to produce bioactive components of sev-
eral medicinal plants [40, 41]. By successfully isolating
tanshinone biosynthesis genes, such as SmDXS, SmDXR,
SmHMGR, and SmGGPPS, from S. miltiorrhiza, attempts
have been made to increase the yield of tanshinone in S.
miltiorrhiza hairy roots by genetic engineering [22, 36,
42]. The tanshinone content in hairy roots overexpress-
ing SmHMGR (H line) was found to be 1.567 mg/g, ~2.5-
fold higher than in the control (0.613 mg/g) [36]. In our
study, we report for the first time that overexpression of a
single MDS gene in hairy roots of S. miltiorrhiza resulted
in a large increase in the tanshinone content, indicating
that MDS is a key regulatory point for regulating iso-
prene metabolism.

Because chemical elicitation is an effective strategy for
increasing the biosynthesis of tanshinone, many abiotic
(Ag", Co*", and Cd*") and biotic elicitors (YE, MJ, and
SA) have been previously used to treat hairy root cultures
of S. miltiorrhiza [26, 43]. It has been widely reported
that Ag™ can enhance the production of tanshinone in
hairy roots of S. miltiorrhiza [44]. After treatment with

30 uyM Ag+, the maximum content of total tanshinones in
S. miltiorrhiza hairy roots was 1.2-fold higher than in the
control [45]. In another study, 25 pM Ag? increased the
content of tanshinone I, cryptotanshinone, and tanshi-
none IIA by 0.87-, 30.0-, and 3.9-fold, respectively [43]. In
the present study, Ag™ was also effective at inducing the
production of the four tanshinone components (Fig. 5),
and the contents of tanshinone I, tanshinone IIA, dihy-
drotanshinone I, and cryptotanshinone were 1.43-, 6.57-,
1.7-, and 2.38-fold higher than in the control, respec-
tively. The total tanshinone content was doubled, which
indicates that Ag* is a potent elicitor of tanshinone pro-
duction, and that tanshinone IIA is more sensitive to Ag+
elicitation than the other three tanshinone compounds.
Methyl jasmonate (M]) and vyeast extract (YE)
are also considered to be effective elicitors that can
increase the accumulation of tanshinone [22, 26].
Previous work has shown that, after treatment with
100 uM M], tanshinone levels increased after 3 days
and reached a maximum of 0.93 mg/g DW on the 9th
day, about 5.8-fold higher than the control (0.16 mg/g
DW) [46]. The expression of many pathway genes was

(See figure on next page.)

Fig. 7 Relative expression of genes involved in tanshinone biosynthesis in transgenic hairy roots of Salvia miltiorrhiza. WT, wild type;
p355:SmMMDS-11, p355:SmMDS transgenic line 11; p35S:SmMDS-16, p35S:SmMDS transgenic line 16. Values are presented as mean = SD,
n=3.The y-axis shows the normalized gene expression after log2 transformation. MCT, 2-c-methyl-p-erythritol 4-phosphate cytidylyltransferase;
CMK, 4-(cytidine 5'-diphospho)-2-c-methyl-o-erythritol kinase; MDS, 2-c-methyl-p-erythritol 2,4-cyclodiphosphate synthase; HDR,
4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HMGR, hydroxymethylglutaryl-CoA reductase; PMK, 5-phosphomevalonate kinase; 1D,
isopentenyl diphosphate isomerase; CPS, copalyl diphosphate synthase; KSL, kaurene synthase-like
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also shown to be up-regulated by MJ [46]. Yeast extract
(YE) treatment can also increase the biosynthesis of
tanshinone in hairy root cultures of S. miltiorrhiza,
and the total content of tanshinones increased from
0.46 mg/g to 1.37 mg/g dry weight (DW) in a dose-
dependent manner [47]. The contents of tanshinone
IIA and cryptotanshinone (CT) were also increased by
YE treatment. The results of a previous study showed
that the accumulation of tanshinone increased after
3 days, and the level peaked at 0.643 mg/g DW on the
6th day, which was 3.99-fold higher than the control
[46]. In our present study, tanshinone accumulation
was also found to be induced by both MJ and YE treat-
ment, and tanshinones increased by 2.8-fold and 1.5-
fold, respectively, which was consistent with previous
reports of elicitation.

Increased accumulation of tanshinones can be
induced by co-overexpression of different pathway
genes or a combination of different elicitors treatment.
Co-overexpression of SmDXSII and SmGGPPS was
shown to have a positive synergistic effect in stimulat-
ing the accumulation of plastid-derived isoprenoids and
the diterpene tanshinone [42]. Cheng et al. reported
that YE+ Ag® and YE + Ag™ + M]J were the most effec-
tive combinations of elicitors to stimulate accumula-
tion of tanshinones, especially cryptotanshinone and
dihydrotanshinone I, and the combined elicitors were
more effective than individual elicitors at increasing
tanshinone levels [28]. In addition, the combination of
transgenic technology and elicitor treatment may be a
viable strategy for tanshinone large-scale production in
hairy roots of S. miltiorrhiza [33]. In this study, trans-
genic SmMDS-expressing hairy root lines were used
for further elicitor treatment experiments. The maxi-
mum content of total tanshinones were significantly
enhanced to 2.5, 2.3, and 3.2 mg/g DW by treatment
with Ag™, YE, and MJ, respectively, compared with the
non-induced p35S:SmAMDS-16 line (1.7 mg/g DW),
indicating that these elicitors have a significant effect
on tanshinone accumulation of the transgenic SmMDS
hairy root lines. Our results show that a combination of
the two methods can improve tanshinone production
in S. miltiorrhiza hairy root cultures more effectively
than either genetic modification or elicitor treatment
alone. In addition, S. miltiorrhiza hairy root culture
has been proven to be a more effective alternative to
farm growth of whole plants for tanshinone production
[28]. In our previous research, the total tanshinones
in the roots of S. miltiorrhiza plant was measured as
2.28 mg/g DW, after growth in an experimental field for
5 months [13], which was significantly lower than that
of the MJ treated p35S::SmMDS-16 line (3.2 mg/g DW)
on the 45th day in this study.
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Conclusion

Our research shows that combining transgenic tech-
nology with elicitor treatment (Agt, YE, or MJ) can
effectively increase the level of tanshinones in hairy
root cultures of S. miltiorrhiza, making this an effec-
tive and feasible strategy for tanshinone production.
Furthermore, our study also demonstrated that the
accumulation of tanshinones is positively correlated
with the expression levels of key biosynthesis genes in
transgenic hairy roots of S. miltiorrhiza. The results
presented here will pave the way for the metabolic
engineering of tanshinone biosynthesis in hairy roots in
the future.
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