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Abstract A new putative gene encoding 3-hydroxy-3-
methylglutaryl coenzyme A synthase (designated as
SmHMGS, GenBank Accession No. FJ785326), which
catalyses the condensation of acetyl-CoA and acetoacetyl-
CoA to form 3-hydroxy-3-methylglutaryl-CoA as an early
step in the mevalonic acid pathway, was isolated from
young leaves of Salvia miltiorrhiza by rapid amplification
of cDNA ends (RACE) for the first time. The full-length
cDNA of the putative SmHMGS was 1,655 bp containing a
1,381 bp open reading frame (ORF) encoding a polypep-
tide of 460 amino acids. Comparative and bioinformatic
analyses revealed that SmHMGS showed extensive
homology with HMGSs from other plant species. Phylo-
genetic tree analysis indicated that SmHMGS belonged to
the plant HMGS super family and had the closest rela-
tionship with HMGS from Hevea brasiliensis. Tissue
expression pattern analysis revealed that the putative
SmHMGS was constitutively expressed in all the tested
tissues and strong in leaf, moderate in stem, weak in root,
which was in contrast to SmHMGR reported before. The
putative SmHMGS was found to be an elicitor-responsive
gene, which could be induced by exogenous elicitors,
including salicylic acid (SA) and methyl jasmonate (MJ).
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These results will help in understanding the role of HMGS
in tanshinones biosynthesis in S. miltiorrhiza.
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Introduction

Danshen, the dried root of Salvia miltiorrhiza, has been
widely used in China and many other countries in the
world for the treatment of cardiovascular and cerebro-
vascular diseases (Zhou et al. 2005). Being one of the two
major active constituents of DanShen, tanshinones, such
as tanshinone I, tanshinone IIA (TanlIA), tanshinone IIB
and cryptotanshinone, etc. showed a variety of biological
activities, including anti-ischemic, antioxidant, and anti-
inflammation properties (Hu et al. 2005). For example, it
is proved that tanshinone I has the anticancer effect on
breast cancer cells (Nizamutdinova et al. 2008) and tan-
shinone ITA has been regarded as an effective anticancer
and antioxidant (Li et al. 2008). Recent study also proved
that cryptotanshinone showed neuroprotective effects by
protecting primary cortical neurons from glutamate-
induced neurotoxicity (Zhang et al. 2009). Therefore, it is
necessary to improve the production of tanshinones by
biotechnological method to meet the rapidly increasing
clinical need.

Tanshinones, as a group of diterpenoids, are essentially
biosynthesized from two C5 precursors: isopentenyl
diphosphate (IPP) and its isomer dimethylallyl diphos-
phate (DMAPP) (Zhang et al. 2007). In higher plants,
there are two different pathways for the synthesis of IPP
(Scheme 1): the deoxyxylulose phosphate (DXP) pathway
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Scheme 1 Biosynthesis of tanshinon via the MVA pathway and the
DXP pathway. The genes, encoding DXS, DXR, HMGS, HMGR and
GGPPS of Salvia miltiorrhiza were cloned by our laboratory and are
marked with boxes. AACT acetoacetyl-CoA thiolase, CMK, 4-(cytidine
5'-diphospho)-2-cmethylerythritol kinase, CMT 2-cmethylerythritol
4-phosphate cytidyl transferase, CPS copalyl diphosphate synthase,
DXR deoxyxylulose 5-phosphate reductoisomerase, DXS deoxyxylu-
lose S-phosphate synthase, FPPS farnesyl diphosphate synthase,
GGPPS geranylgeranyl diphosphate synthase, GPPS geranyl diphos-
phate synthase, HDR 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphos-
phate reductase, HDS hydroxymethylbutenyl 4-diphosphate
synthase, HMGR 3-hydroxy-3-methylglutaryl-CoA reductase, HUGS
3-hydroxy-3-methylglutaryl-CoA synthase, I/PPI peppermint isopentenyl
diphosphate isomerase, KSL kaurene synthase-like, MDC mevalonate
5-diphosphate decarboxylase, MECPS 2-C-methylerythritol 2,4-
cyclodiphosphate synthase, MK mevalonate kinase, PMK phospho-
mevalonate kinase

in the plastids and the mevalonic acid (MVA) pathway in
the cytosol (Lange et al. 2000; Eisenreich et al. 2001; Yan
et al. 2009; Liao et al. 2009). There is some sort of
crosstalk between the above two pathways to provide
basic precursor for tanshinone biosynthesis (Ge and Wu
2005a, b).

The 3-hydroxy-3-methylglutaryl-coenzyme A synthase
(HMGS, EC 2.3.3.10, formerly EC 4.1.3.5) catalyses the
condensation of acetyl-CoA with acetoacetyl-CoA to form
HMG-CoA in MVA pathway (Nagegowda et al. 2004; Kai
et al. 2006). The HMG-CoA is then converted by HMG-
CoA reductase (HMGR) to yield MVA which is subse-
quently converted to IPP, the universal precursor for the
synthesis of isoprenoids, including tanshinones. Being a
rate-limiting enzyme in MVA pathway, HMGR has been
well documented and much is known about plant HMGR
which is regulated by light, growth regulators, wounding
and treatment with pathogen or elicitors (Alex and Bach
2000; Jiang et al. 2006; Kai et al. 2006; Liao et al. 2009),
whereas limited information concerning HMGS genes is
available. Recently, some plant HMGS genes have been
isolated from plant species, such as Arabidopsis thaliana
(Montamat et al. 1995), Pinus sylvestris (Wegener et al.
1997), Brassica juncea (Alex and Bach 2000), Hevea
brasiliensis (Suwanmanee et al. 2002) and Taxus x media
(Kai et al. 2006). However, not much is known about gene
encoding HMGS in S. miltiorrhiza or their expression
regulation mechanism.

As far as we know, some chemical elicitors, such as
methyl jasmonate (MJ) have positive effect on accumula-
tion of tanshinones (Ge and Wu 2005a; Wang et al. 2007,
Yan et al. 2005). However, until now, there is limited
information about the mRNA expression profile of
SmHMGS either in different plant tissues or under various
kinds of elicitor treatments. Several genes, such as HMGR,
DXR and GGPPS involved in tanshinones biosynthetic
pathway from S. miltiorrhiza have been isolated by our
laboratory recently (Liao et al. 2009; Yan et al. 2009; Kai

et al. 2010). It is also meaningful to explore expression
profiles of SmHMGS and compare it with the above iso-
lated genes involved in tanshinones biosynthesis.

In this paper, we report for the first time the cloning,
characterization of the full-length putative HMGS cDNA of
S. miltiorrhiza (designated as SmHMGS). The expression
profiles of the putative SmHMGS in various tissues and
under the induction by salicylic acid (SA) and MJ were
also investigated, which will be useful to know more about
the role of SmHMGS in tanshinones biosynthesis and
regulate this important step at the level of molecular
genetics in the future.

Materials and methods
Materials

Salvia miltiorrhiza plants, collected from Henan province
of China, were cultured in pots in the greenhouse of our
laboratory under 25°C with 16-h light period (white fluo-
rescent tubes: irradiance of 350 pmol m > s~') and rela-
tive air humidity of 50% (Yan et al. 2009; Liao et al. 2009).
The pMD-18T vector and one-step RNA PCR Kit were
purchased from TaKaRa Biotechnology Co., Ltd. Primers’
synthesis and DNA sequencing were performed by
Shanghai Sangon Biotechnological Company, China. All
the other chemicals used were of analytical grade.

Plant treatment and total RNA isolation

RNA of the leaves from S. miltiorrhiza plants was
extracted using the method reported previously (Yan et al.
2009; Liao et al. 2009; Kai et al. 2010). 4-week-old
seedlings of S. miltiorrhiza were spayed with the solution
of 50 uM MIJ and 10 mg/L SA, respectively, with water as
control for each treatment. MJ was first dissolved in a small
volume of DMSO, and then diluted with distilled water to
form final concentration 50 uM. SA (Salicylic acid,
Shanghai Zhanyun Chemical Co., Ltd) was dissolved in
distilled water to form the SA solution. 0.5 g leaves of
seedlings treated with SA and MJ was harvested, respec-
tively, at 0, 6, 12, 24, 48, 72, 96 h. The quality and con-
centration of the extracted RNA were checked and stored
as described before (Kai et al. 2006).

Cloning of the putative SmHMGS full-length cDNA
by RACE

Total RNA was used to synthesize the first-strand cDNA

(5'-ready ¢DNA) in 5-RACE, which was performed
according to the manual of the SMART™ RACE cDNA
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Amplification Kit (Clontech Laboratories Inc., USA) using
the 5-RACE CDS Primer (5'-(T),sN.;N-3') provided by
the kit. The complementary reverse degenerate primer R2
(5'-TGTACAAG(C/T)TT(G/A)TTGTA(A/T)GGAGA-3')
was designed and synthesized according to the conserved
region of several plant HMGSs (Montamat et al. 1995;
Wegener et al. 1997; Alex and Bach 2000; Suwanmanee
et al. 2002; Kai et al. 2006) that had been reported. The
5'-RACE-PCR was carried out using primers R2 as the
reverse primer and the universal primer A mix (UPM, long:
5'-CTAATACGACTCACTATAGGGCAAGCAGTGGTA
TCAACGCAGAGT-3; short: 5-CTAATACGACTCACT
ATAGGGC-3') as the forward primer provided by the kit
under the following condition: the template (the 5'-ready
cDNA) was denatured at 94°C for 2 min followed by 35
cycles of amplification (94°C for 45 s, 58°C for 60 s and
72°C for 90 s) and by 10 min at 72°C. The PCR product
was purified and cloned into the pMD-18T vector followed
by sequencing.

The first-strand cDNA (3/-ready cDNA) using SMART™
RACE cDNA Amplification Kit (Clontech Laboratories
Inc., USA) with the 3'-RACE CDS Primer A (5-AAGC
AGTGGTATCAACGCAGAGTAC (T)30N_{N-3) provided
by the kit. Base on 5’-RACE product, one specific primer F2
(5'-CGACCTTGCCAGTGAATATCCAG-3') was synthe-
sized as the forward primer, and the universal primer A mix
(UPM) was used as the reverse primer to perform the
3/-RACE. Polymerase chain reaction (PCR) was conducted
in a total volume of 50 pl containing 2 pl cDNA, 20 pmol of
F2, 20 pmol of UPM, 10 umol dNTPs, 1x Ex PCR buffer
and 5U Ex Tagq polymerase, following the protocol: the
cDNA was denatured at 94°C for 3 min followed by 35
cycles of amplification (94°C for 30 s, 58°C for 30 s, 72°C
for 60 s) and by 10 min at 72°C. The amplified product was
purified and cloned into pMD-18T vector, and transformed
into E. coli DH5«. Based on the color reaction using Xgal—
IPTG System and PCR identification; the positive clones
were picked out and sequenced by ABI 3730 Sequencer
(Perkin—Elmer, USA).

After aligning and assembling the sequences of the
5-RACE and 3'-RACE products, the full-length ¢cDNA
sequence of the putative SmHMGS gene was deduced, and
subsequently amplified via PCR using a pair of primers F1
(5-ACACCATTCAGCCACCCATTCTC-3') and R1 (5'-CG
ATAAAGAAACTACAGATAAT-3') with 3’-RACE-ready
cDNA as template under the following condition: 5 min at
94°C followed by 35 cycles of amplification (45 s at 94°C,
60 s at 58°C, 100 s at 72°C) and by 10 min at 72°C. The
PCR product was purified and cloned into the pMD-18T
vector followed by sequencing. To avoid PCR errors, the
PCR amplification and sequencing of the full-length cDNA
of the putative SmHMGS was repeated for three times.
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Bioinformatics analysis

Several websites and bioinformatics softwares were used
for analyses of the putative SmHMGS. The nucleotide
sequence, deduced amino acid sequence and open reading
frame (ORF) were analyzed, and the sequence comparison
was conducted through database search using BLAST
program (NCBI, National Center for Biotechnology
Services, http://www.ncbi.nlm.nih.gov). The putative
SmHMGS and other HMGSs retrieved from GenBank were
aligned with CLUSTAL W using default parameters. A
phylogenetic tree was constructed using MEGA 2 (Kumar
et al. 2001) combined with CLUSTAL W alignments.

Expression profile analysis

To investigate the expression pattern of the putative
SmHMGS in different tissues (roots, stems and leaves) as
well as its expression under elicitor treatments, semi-
quantitative one-step reverse transcriptase (RT)-PCR was
carried out according to the manufacturer’s instruction
(Takara, Japan). Aliquots of total RNA (0.5 ng) extracted
from roots, stems and leaves of S. miltiorrhiza, were used
as templates in one-step RT-PCR reaction with the forward
primer SMHMGSKF (5-AGATCTATGGCCAAGAATGT
CGGGATCCT-3') and reverse primer SmHMGSKR (5'-G
GTCACCTCAGTGGCCGTTCGCAACTGTGC-3')  spe-
cific to the encoding sequence of the putative SmHMGS
using one-step RNA PCR kit. RT-PCR reactions for the
house-keeping gene (/8S rRNA gene) using the specific
primers I8SF (5-CCAGGTCCAGACATAGTAAG-3')
and I8SR (5-GTACAAAGGGCAGGGACGTA-3') desi-
gned according to the conserved regions of plant /8S rRNA
genes were performed as an internal control to estimate
whether equal amounts of RNA among samples were used
in semi-quantitative RT-PCR. Amplifications were per-
formed under the following condition: 50°C for 60 min and
94°C for 2 min followed by 28 cycles of amplification
(94°C for 45 s, 58°C for 60 s and 72°C for 1 min 30 s).

Results and discussion

Cloning of the full-length cDNA of the putative
SmHMGS

According to the sequences of the conserved regions of
HMGSs from other plant species, the degenerate primers R
was designed and used to amplify about 900-bp 5’-end
product of the putative SmHMGS with UPM. And a
5'-untranslated region (UTR) of 117 bp was found
upstream from the first ATG codon in the amplified
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sequence. Then, this 5'-RACE fragment was used to design
a gene-specific primer for 3’-RACE of the putative
SmHMGS. By 3'-RACE, about 950 bp PCR products was
obtained in which a 3’-UTR of 142 bp was found down-
stream from the stop codon. Based on the sequences of the
5" and 3’-RACE products, the full-length cDNA fragment
was deduced and amplified by PCR using a pair of primers
F1 and R1. The cloned full-length cDNA of the putative
SmHMGS was 1,655 bp with 5" and 3'-untranslated regions
(UTR) and a poly A tail and contained a 1,383 bp ORF
encoding a protein of 460 amino acids (Fig. 1). Using the
software of Computer pI/Mw Tool at http://www.expasy.
org, the calculated isoelectric point (p/) and molecular
weight of the deduced SmHMGS were predicted to be 6.19
and 50.7 kDa, respectively.

Sequence analysis of the putative SmMHMGS

Sequence comparison by performing Blast P Search
(http://www.ncbi.nih.gov) showed that SmHMGS had
higher homology with other HMGSs, such as Hevea bra-
siliensis HMGS2 (Sirinupong and Suwanmanee 2005),
Camptotheca acuminate HMGS, Medicago truncatula
HMGS, Arabidopsis thaliana HMGS (Montamat et al.
1995) and Brassica juncea HMGS2 (Alex and Bach 2000;
Nagegowda et al. 2004) from plant species indicating
that SmHMGS belonged to plant HMGS superfamily. On
the protein level, SmMHMGS was 83, 83, 80, 80 and
79% identical to MtHMGS, HbHMGS2, BjHMGS and
AtHMGS (Fig. 2). From the results of multiple alignment
of SmMHMGS with other HMGSs (Thompson et al. 1994,
1997), it is also revealed that SmHGMS contained the
active site peptide (amino acids G'’-A'?®) for HMGS
activity, which is essential to the physiological and bio-
chemical function of HMGS, and showed conservation
across other species (Fig. 2, marked in black box) (Kai
et al. 2006).

With the CLUSTAL W and MEGA 2 program, a phy-
logenetic tree was constructed based on the deduced amino
acid sequences of SmMHMGS and other HMGSs from dif-
ferent organisms, including mammalians, fungi and plant
to investigate the evolutionary relationships among differ-
ent HMGSs. The results revealed that HMGSs were
derived from a common ancestor and evolved into four
groups and SmHMGS belongs to the plant group and has
close relationship with HMGS from H. brasiliensis
(Fig. 3).

Expression analysis of the putative SmHMGS
in different tissues of S. miltiorrhiza

The roots and stems of S. miltiorrhiza plants are usually
used as the major parts for traditional Chinese medicine, as

tanshinone content in the parts is much higher than other
parts, such as leaves (Li et al. 2001). Hence, it is also very
interesting to explore the expression pattern of the putative
SmHMGS in these parts. Total RNA was isolated from
different tissues, including leaves, roots and stems, and
subjected to one-step RT-PCR analysis using the primers
SmHMGSKF and SmHMGSKR. The results showed that
the putative SmHMGS was differentially expressed in
various tissues and was found to be highest in leaf followed
by stem and root (Fig. 4), which was similar to SmDXR and
SmGGPPS expression (Yan et al. 2009; Kai et al. 2010),
whereas was contrary to SmHMGR. SmHMGR showed the
highest expression in roots, while weak expression was
detected in leafs (Liao et al. 2009). Although these four
genes (SmHMGS, SmDXR, SmGGPPS and SmHMGR)
showed the highest expression level either in leaves or
roots, they are still all constitutively expressed gene.

Expression analysis of the putative SmHMGS
under induction of SA and MeJA elicitor

Salicylic acid is a phenolic phytohormone and a key signal
molecule with plays role in plant responses to different
abiotic stresses, such as UV radiation and ozone exposure
(Rao and Davis 1999; Senaratna et al. 2000; Huang et al.
2008; Lu et al. 2009). It also plays an important role in
plant growth and development, photosynthesis, transpira-
tion, ion uptake and transport (Hayat and Ahmad 2007).

The putative SmHMGS expression under the SA treat-
ment was first analyzed. The results showed that the
expression of the putative SmHMGS in leaves varied along
with the treatment time (Fig. 5a). The expression of the
putative SmHMGS was strongly induced by SA, reaching
the first peak 12 h after treatment and considerably
decreased 24 h, and later it is significantly increased 48 h
followed by gradual decrease after 72 h, but still can be
detected at 96 h. The results were not similar to BJHMGS
expression tendency upon SA treatment (Alex and Bach
2000), which may be due to difference of species and
concentrations of elicitor. Our results revealed that the
putative SmHMGS was induced by SA at least at tran-
scriptional level. In the comparison of SmHMGR (Liao
et al. 2009), the expression of the putative SmHMGS is
much higher than SmHMGR by comparing the expression
of 18s rRNA. What is impressive is that the four genes
including SmHMGS, SmHMGR, SmDXR and SmGGPPS
showed the highest expression level at 48 h after SA
induction treatment (Liao et al. 2009; Yan et al. 2009; Kai
et al. 2010).

Methyl jasmonate was also proved as a signal molecule
of altered gene expression in various plant responses to
biotic and abiotic stresses and also as one kind of elicitor
triggering the pathway of secondary metabolism in plant
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1 acaccattcagccacccattetetete
28 tacctctctgattcctgagetctgegactactgtgtgtgetgtttaactgatecgetatttcettcatttcgtcaactcaagaagtegag
118 @cca&ga&tgtcgggatcctcgccatggmtctacttccctcccacttgcatccagcaggaggtattggaagctcacgatggagca
MAKNVYGILAMETIYTFPPTT CTIAOQQETVILEAHRTDGA
208 agcaaagggaagtacacaattgggcttggccaagattgeatggcattitgttcggaggttgaagatgteatttegatgageatgacageg
S K6GKYTTIGLGQDT CMATFCSEVETDVTISMSMHMTA
298 gttacttcgcttctagggaagtacaatgttgatccgaagcagattggacgtcttgaagttggaagtgagaccgtactcgacaagageaaa
VTSLLGEKTYNVDPI KO QIO GRLEVGSE ETVLUDIE KSHEK
388 tccattaagacatttctgatgccgatcttcgagaaatgtggeaatattgacatcgaaggtgttgactcaageaatgettgetatggtegs

S TKTFLMPTITFETZ KT CSGNTIDTIETGTVYVYDSSNACYGGC

478 actgcagcactatttaactgtgtcaattgggtggaaagtagttctigggatggaagatatgggcttgttgtctgecacagacagtgeggta
TAALFNCVNWVESSSWDGRYGLVYVCTDS SA AV
568 tatgccgagggaccagctagacctactggtggggetgcagetattgccatgetaataggaccaaatgcacccattgettttgaaageaag
YAEGPARPTGOGAAATIAMLTIGPNAPTIATFESHK
658 cttagggcgaatcacatggctcatgtttatgatttttacaageccgaccttgecagtgaatatccagttgttgatggcaagettteteag
LRANHMAHYYDFYI KPDLASETYPVVDGE KTLSAQ
748 acttgttgccttacggcactggatgcttgttacaaaggcttctgccaaaagtttgagaagcaggagggcaageagttctegatettggat
T CCLTALDACYZ KGFCQKTFETZ KA QEGEK® QFSTITLTD
838 gccgactactttgtatttcattctccatacaacaagcttgtacagaaaagcttctctagattigttgttcaatgacttttcgagaaatgee
ADYFVFHSPYNIEKLVQEKSFSRLLTFNDTFS SR RNA
928 agctccatcgatgaggctgctaaagaaaagetggcaccattttcatcattaagcaacgaggaaagctaccaaagtcgtgatcttgagaag
S SI DEAAKEIKLAPFSSLSNEES STYAQSTRDLEHK
1018 gcatctcaacaagtcgctaaacctttctttgataccaaggtgcaaccatctactctcgtcccaaaacaagtgggaaacatgtatactgea
A S QQVAEKPFFDTIEKVQPSTLVPEQV GNMWYTA
1108 tcgctctatgctgeatttgetteccteatccacaacaagagtageactttggetgggcagagggtcatattgttttectacggcagtesgt
S LYAAFASLTIHNIEKSSTLAGQRVYILTFSYGSSG
1198 ctgtcagccatcatgttctctettegtttcactgagggagaacatcctttcagectgtecaacattgeatetgttatgaatgtttcagag
LSAIMTFS SLRFTETGEUHPTF STLSNTIASYMNYSE
1288 aagttgaagtcaaggcacgagttcccaccagagaaattcgtcgaactgatgcagetcatggagcacagatatggaggcaaagacttceate
KLKSRHETFPPETI KT FVELUMWOQLMEUHRYG GGI KT DTFI
1378 acaagcaaggactgcagccttcttgcaccaggtacatactatctcactgaagtcgactcccaataccgaagattctatgecaagaaggee
T SKDCSLLAPGTYYLTEV VDS SOQYRRPFTYAIKTEKA
1468 attgcgaatggcacagttgcgaacggccac fgaagatgtgatatgecataaagttggetcttcttctgtctagttgattcageacataga
I ANGTV ANGH *
1558 aaaataatctaatctattttcattgtttgatacaagcatttgagttggtttgacagatgaattattatctgtagtttctttatcgaaaaa

1648 aaaaaaaa
Fig. 1 The full-length cDNA sequence and deduced amino acid and the stop codon (TGA) was underlined italically. The conserved

sequence of S. miltiorrhiza 3-hydroxy-3-methylglutaryl (HMG)-CoA motifs were underlined
synthase (the putative SmHMGS). The start codon (ATG) was bolded
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HbHMGS2 76
CaHMGS 79
MtHMGS 80
SmHMGS 76
AtHMGS 76
BjHMGS2 NG ; v Ik 76
KNVGILAG I\:Pp 60QEa6EaHDGASKGKYTIGLGADCH FC3e6EDVISMs aVv33Ll KY 6DPKQIG
* 100 2 220 * 140 * 160

HbHMGS2 = 156
CaHMGS 159
MtHMGS 160
SMHMGS 156
AtHMGS 156
BIHMGS2 156
HbHMGS2 23

CaHMGS 239
ML HMGS 240
SmHMGS 236
At HMGS 236
BjHMGS2 : HME B 236

RPTGGAAAGAMLEGP API FESKE R sHM H YDFYKPlLASEY PWD(;]'\LSQTCI‘LHALD C5K

HbHMGS2 316
CaHMGS 319
MtHMGS 320
SmHMGS 316
AtHMGS 316
BIHMGS2 316

BT LVPRQVGNMY

.'\SLL"

Fig. 2 Multiple alignment of SmMHMGS with the following other
plant HMGSs: Hevea brasiliensis HMGS2 (BAF98279.1); Camptot-
heca acuminate HMGS (ACD87446.1), Arabidopsis thaliana HMGS
(NP_192919.1), Brassica juncea HMGS (AAG32922.1), Medicago

cells (Creelman and Mullet 1997; Wasternack and Parthier
1997; Pauwels et al. 2008). Exogenously applied JA or MJ
are capable of inducing the synthesis of defense proteins
and secondary defense metabolites in a wide range of plant
species (Huang et al. 2008). MJ treatment can effectively
induce tanshinones biosynthesis in Salvia miltiorrhiza
hairy root indicating that there was positive correlation
with tanshinones biosynthesis upon MJ treatment (Wang

=]
» !-4

L]

5 :.-; <=3
RGHE

truncatula HMGS (ABE73758.1). Black boxes indicate identical
residues; gray boxes indicate identical residues for at least three of the
sequences

et al. 2007). The HMGR expression of S. miltiorrhiza was
induced under the treatment of MJ in earlier study from our
laboratory (Liao et al. 2009). Hence, it is interesting to
uncover the expression profiles of the putative SmHMGS
gene involved in tanshinone biosynthesis under MJ treat-
ments, which will be meaningful to compare whether the
expression profile of the putative SmHMGS is identical
with HMGR of S. miltiorrhiza.
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Fig. 3 Phylogenetic tree analysis of the putative SmMHMGS and other
HMGSs. T. castaneum (XP_973437), D. jeffreyi (AAF89580), D. mela-
nogaster (NP_524711), H. sapiens (CAAS58593), R. norvegicus
(CAA36852), C. glabrata (XP_446972), A. fumigatus (XP_747519),
M. truncatula (ABE73758), C. acuminata (ACD87446), H. brasiliensis
(BAF98279), A. thaliana (NP_192919), B. juncea (AAG32922)

SmHMGS

18s RNA

-]
1}
b~

Fig. 4 Expression pattern analysis of the putative SmHMGS in
different tissues of S. miltiorrhiza. Total RNA (0.5 pg/sample) from
roots, stems and leaves, respectively, was subjected to one-step RT-
PCR amplification with 28 cycles (upper panel). 185 rRNA gene was
used as the control to show the normalization of the templates in PCR
reactions (lower panel). The experiment was performed in triplicate,
representative results are shown. R, S and L indicate roots, stems and
leaves, respectively

A Oh 6h 12h 24h 48h 72h 96h

SmHMGS

185 rRNA

B Oh 6h 1Zh 24h 48h 72h 96h

SmHMGS

188 rRNA

Fig.. 5 Expression profile of the putative SmHMGS upon 10 mg/L
SA (a) and 50 pmol MJ (b) induction treatment. RT-PCR analysis
was performed using total RNA isolated from treated tissues at
different time points (0, 6, 12, 24, 48, 72 and 96 h). The 18S rRNA
gene was used as the control. The experiment was performed in
triplicate and representative results are shown

@ Springer

The results showed that the putative SmHMGS expres-
sion was effectively induced by MJ (Fig. 5b). The putative
SmHMGS transcript level reached the highest level after
12 h of the treatment and then gradually decreased, but
reached the second peak at 96 h, which was different from
BjHMGS expression profile upon MJ treatment (Alex and
Bach 2000). Our results revealed that the putative
SmHMGS was MJ elicitor-responsive and could be effec-
tively elicited at least at transcription level, coinciding with
their induction effects for improving the tanshinones pro-
duction as reported previously (Ge and Wu 2005b; Wang
et al. 2007).

In addition, the expression of SmHMGR can also be
induced by MJ, but with weaker level in the leaf than the
putative SmHMGS. SmHMGR expression reached the high-
est level after 48 h of the MJ treatment in roots and stems,
and after 96 h of the MJ treatment in leaf (Liao et al. 2009).
However, the expression of SmDXR and SmGGPPS was
inhibited by MJ treatment in leaf (Yan et al. 2009; Kai et al.
2010), which was different from the putative SmHMGS.

In this paper, we have successfully cloned and charac-
terized a new putative gene encoding HMGS involved in
the biosynthesis of tanshinones from S. miltiorrhiza and
multiple alignments showed that the deduced SmHMGS
had high identity to other plant HMGSs, and contained all
conserved substrate-binding motifs of HMGSs. Detailed
expression analysis of the putative SmHMGS were per-
formed and the expression profiles revealed in different
tissues and under different elicitor treatments, such as SA
and MJ were compared for the first time. The character-
ization and expression profile of the putative SmHMGS is
instrumental to elucidate the tanshinone biosynthesis at
molecular level and the regulatory mechanisms involved in
the MVA pathway.

Acknowledgments This work was supported by Zhejiang Provin-
cial Natural Science Fund (Y2080621), National Natural Science
Fund (30900110), Shanghai Education Committee Fund (09ZZ138,
J50401, 06DZ015), Project from Ministry of Science and Technology
of China (NC2010AE0075; NC2010AE0372), Shanghai Science and
Technology Committee Project (10JC1412000, 09QH1401900,
06QA14038, 08391911800, 073158202, 075405117, 065458022,
05ZR14093), National Transgenic Organism New Variety Culture
Key Project (20092X08012-002B), Fujian Science and Technology
Committee Key Special Project (2008NZ0001-4), Project from
Shanghai Normal University (SK200830, CH030).

References

Alex D, Bach TJ, Chye ML (2000) Expression of Brassica juncea
3-hydroxy-3-methylglutaryl CoA synthase is developmentally
regulated and stress-responsive. Plant J 22:415-426

Creelman RA, Mullet JE (1997) Biosynthesis and action of jasmo-
nates in plants. Annu Rev Plant Physiol Plant Mol Biol
48:355-381



Acta Physiol Plant (2011) 33:953-961

961

Eisenreich W, Rohdich F, Bacher A (2001) Deoxyxylulose phosphate
pathway to terpenoids. Trends Plant Sci 6(2):78-84

Ge XC, Wu JY (2005a) Induction and potentiation of diterpenoid
tanshinone accumulation in Salvia miltiorrhiza hairy roots by
f-aminobutyric acid. Microbiol Biotechnol 68:183—188

Ge XC, Wu JY (2005b) Tanshinone production and isoprenoid path
ways in Salvia miltiorrhiza hairy roots induced by Ag+ and
yeast elicitor. Plant Sci 168:487

Hayat S, Ahmad A (2007) Salicylic acid: a plant hormone. Springer,
The Netherlands, ISBN 1402051832

Hu P, Luo GA, Zhao ZZ, Jiang ZH (2005) Quality assessment of
Radix salvia miltiorrhiza. Chem Pharm Bull 53:481-484

Huang B, Yi B, Duan Y, Sun L, Yu X, Guo J, Chen W (2008)
Characterization and expression profiling of tyrosine amino-
transferase gene from Salvia miltiorrhiza (Dan-shen) in rosmari-
nic acid biosynthesis pathway. Mol Biol Rep 35:601-612

Jiang JH, Kai GY, Cao XY, Chen FM, He DN, Liu Q (2006)
Molecular cloning and function identification of a new HMG-
CoA reductase gene from Eucommia ulmoides Olive. Biosci Rep
26(2):171-181

Kai GY, Miao ZQ, Zhang L, Zhao DL, Liao ZH, Sun XF, Zhao LX,
Tang KX (2006) Molecular cloning and expression analyses of a
new gene encoding 3-hydroxy-3-methylglutaryl -CoA synthase
from Taxus x media. Biol Plant 50(3):359-366

Kai GY, Liao P, Zhang T, Zhou W, Wang J, Xu H, Liu Y, Zhang L
(2010) Characterization, expression profiling and functional
identification of a gene encoding geranylgeranyl diphosphate
synthase from Salvia miltiorrhiza. Biotechnol Bioprocess Eng 15
(in press)

Kumar S, Tamura K, Jakobsen IB, Nei M (2001) MEGA2:
molecular evolutionary genetics analysis software. Bioinformat-
ics 12:1244-1245

Lange BM, Rujan T, Martin W, Croteau R (2000) Isoprenoid
biosynthesis: the evolution of two ancient and distinct pathways
across genomes. Proc Natl Acad Sci USA 97:13172-13177

Li L, Hu GL, Frank SCL, Wang XR (2001) Content and distribution
characteristics of anti-oxidant components from Salvia miliorrh-
iza Bge. Acta Agric Univ Jiangxiensis 23:487—491 (in Chinese)

Li QF, Shi SL, Liu QR, Tang J, Song J, Liang Y (2008) Anticancer
effects of ginsenoside Rgl, cinnamic acid, and tanshinone IIA in
osteosarcoma MG-63 cells: nuclear matrix downregulation and
cytoplasmic trafficking of nucleophosmin. Int J Biochem Cell
Biol 40(9):1918-1929

Liao P, Zhou W, Zhang L, Wang J, Yan XM, Zhang Y, Zhang R, Li
L, Zhou GY, Kai GY (2009) Molecular cloning, characterization
and expression analysis of a new gene encoding 3-hydroxy-3-
methylglutaryl coenzyme A reductase from Salvia miltiorrhiza.
Acta Physiol Plant 31(3):565-572

LuY, Wang HS, Wang W, Qian ZY, Li L, Wang J, Zhou GY, Kai GY
(2009) Molecular characterization and expression analysis of a
new cDNA encoding strictosidine synthase from Ophiorrhiza
Jjaponica. Mol Biol Rep 36:1845-1852

Montamat F, Guilloton M, Karst F, Delrot S (1995) Isolation and
characterization of a cDNA encoding Arabidopsis thaliana
3-hydroxy-3-methylglutaryl-coenzyme A synthase. Gene 167:
197-201

Nagegowda D, Bach TJ, Chye ML (2004) Brassica juncea HMG-
CoA synthase 1: expression and characterization of recombinant
wild-type and mutant enzymes. Biochem J 383:517-527

Nizamutdinova IT, Lee GW, Lee JS, Cho MK, Son KH, Jeon SJ,
Kang SS, Kim YS, Lee JH, Seo HG, Chang KC, Kim HJ (2008)

Tanshinone I suppresses growth and invasion of human breast
cancer cells, MDA-MB-231 through regulation of adhesion
molecules. Carcinogenesis 29(10):1885-1892

Pauwels L, Morreel K, Witte ED, Lammertyn F, Montagu MV,
Boerjan W, Inzé D, Goossens A (2008) Mapping methyl
jasmonate-mediated transcriptional reprogramming of metabo-
lism and cell cycle progression in cultured Arabidopsis cells.
Proc Natl Acad Sci USA 105:1380-1385

Rao MV, Davis KR (1999) Ozone-induced cell death occurs via two
distinct mechanisms in Arabidopsis: the role of salicylic acid.
Plant J 17:603-614

Senaratna T, Touchell D, Bunn E, Dixon K (2000) Acetyl salicylic
acid (aspirin) and salicylic acid induce multiple stress tolerance
in bean and tomato plants. Plant Growth Regul 30:157-161

Sirinupong N, Suwanmanee P (2005) Molecular cloning of a new
cDNA and expression of 3-hydroxy-3-methylglutaryl-CoA syn-
thase gene from Hevea brasiliensis. Planta 221(4):502-512

Suwanmanee P, Suvachittanont W, Fincher GB (2002) Molecular
cloning and sequencing of a cDNA encoding 3-hydroxy-3-
methylglutaryl coenzyme A synthase from Hevea brasillensis
(HBK). Mull Sci Asia 28:29-36

Thompson JD, Higgins DG, Gibson TJ (1994) Improving the
sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight
matrix choice. Nucl Acids Res 22:4673—4680

Thompson JD, Gibson TJ, Plewniak F (1997) The CLUSTAL X
windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucl Acids Res
25:4876-4882

Wang XY, Cui GH, Huang LQ, Qiu DY (2007) Effects of methyl
jasmonate on accumulation and release of tanshinones in
suspension cultures of Salvia miltiorrhiza hairy root. Zhongguo
Zhong Yao Za Zhi 32:300-302

Wasternack C, Parthier B (1997) Jasmonate-signalled plant gene
expression. Trends Plant Sci 2(8):302-307

Wegener A, Gimbel W, Werner T, Hani J, Ernst D, Sandermann HJ
(1997) Molecular cloning of ozone-inducible protein from Pinus
sylvestris L. with high sequence similarity to vertebrate
3-hydroxy-3-methylglutaryl- CoA-synthase. Biochim Biophys
Acta 1350:247-252

Yan Q, Hu Z, Tan RX, Wu JY (2005) Efficient production and
recovery of diterpenoid tanshinones in Salvia miltiorrhiza hairy
root cultures with in situ adsorption, elicitation and semi-
continuous operation. J Biotechnol 119:416-424

Yan XM, Zhang L, Wang J, Liao P, Zhang Y, Zhang R, Kai GY
(2009) Molecular characterization and expression of 1-deoxy-p-
xylulose 5-phosphate reductoisomerase (DXR) gene from Salvia
miltiorrhiza. Acta Physiol Plant 31(5):1015-1022

Zhang C, Liu L, Xu H, Wei ZY, Wang YL, Lin YJ, Gong WM (2007)
Crystal structures of human IPP isomerase new insights into the
catalytic mechanism. J Mol Biol 366(5):1437-1446

Zhang FY, Zheng WH, Pi RB, Mei ZR, Bao YX, Gao J, Tang WJ,
Chen SR, Liu PQ (2009) Cryptotanshinone protects primary rat
cortical neurons from glutamate-induced neurotoxicity via the
activation of the phosphatidylinositol 3-kinase/Akt signaling
pathway. Exp Brain Res 193(1):109-118

Zhou L, Zuo Z, Chow MS (2005) Danshen: an overview of its
chemistry, pharmacology, pharmacokinetics, and clinical use.
J Clin Pharmacol 45:1345-1359

@ Springer



	Molecular cloning and expression analysis of a new putative gene encoding 3-hydroxy-3-methylglutaryl-CoA synthase from Salvia miltiorrhiza
	Abstract
	Introduction
	Materials and methods
	Materials
	Plant treatment and total RNA isolation
	Cloning of the putative SmHMGS full-length cDNA by RACE
	Bioinformatics analysis
	Expression profile analysis

	Results and discussion
	Cloning of the full-length cDNA of the putative SmHMGS
	Sequence analysis of the putative SmHMGS
	Expression analysis of the putative SmHMGS in different tissues of S. miltiorrhiza
	Expression analysis of the putative SmHMGS under induction of SA and MeJA elicitor

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


