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Abstract : Sesquiterpenes are found naturdly in plants and insects as defensive agents or pheromones. They are produced
in the cytosolic acetate/mevalonate pathway for isoprenoid biosynthesis. The inducible sesquiterpene synthases (STS),
which are responsible for the transformation of the precursor farnesyl diphosphate, appear to generate very few olefinic
products that are converted to biologically active metabolites. In this study, we isolated the STS gene from Panax ginseng
C.A. Meyer, designated PgSTS, and investigated the correlation between its expression and various abiotic stresses using
redl-time PCR. PgSTS cDNA was observed to be 1,883 nucleotides long with an open reading frame of 1,707 bp, encod-
ing a protein of 568 amino acids. The molecular mass of the mature protein was determined to be 65.5 kDa, with a pre-
dicted isodectric point of 5.98. A GenBank BlastX search reveded the deduced amino acid sequence of PgSTSto be
homologous to STS from other plants, with the highest similarity to an STS from Lycopersicon hirsutum (55% identity,
51% similarity). Red-time PCR analysis showed that different abiotic stresses triggered significant induction of PgSTS

expression at different time points.
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INTRODUCTION

Sesquiterpenes, the C,; member of the terpenoid family
of natural products, play a variety of ecologica roles in
higher plants. Those are derived from the cytosolic ace-
tate/meval onate pathway for isoprenoid biosynthesis. The
inducible sesquiterpene synthases responsible for the
transformation of the precursor farnesyl diphosphate
(FPP) appear to generate very few olefinic products which
are converted to biologicaly active metabolites, such as
todomatuic acid, an insect hormone mimic that can alter
larval and pupa development [1]. More than 300 types of
cyclic sesquiterpenes have been characterized to date and
each is derived from the common acyclic precursor FPP
in a reaction catalyzed by a sesquiterpene synthase. Some
of sesquiterpenes compounds exhibit antifeedant and anti-
fungal activities [2]. In addition, many sesquiterpenes are
volatile compounds that are commonly emitted from
flowers and leaves of the plant that function as volatile
cues to attract pollinators or parasitic and predatory
insects [3]. Interestingly, volatile sesquiterpenes have also
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been found to be synthesized and accumulated in rhi-
zomes and roots or released from these below ground tis-
sues [4]. Sesquiterpene synthases frequently appear to be
rate-determining regulatory enzymes for the pathways in
which they participate [5].

In the biosynthetic pathway of terpenes, various terpene
synthases catalyze cyclization reactions, converting a few
dlylic diphosphates into a surprising array of cyclic prod-
ucts [6]. Gene cloning of severd sesquiterpene synthases
from different plant sources has been reported such as 5-epi-
arigolochene synthase from Nicotiana tabacum [7] and
Capsicum annuum [8], vetispiradiene synthase from Hyos-
cyamus muticus [9] and Solanum tuberosum [10], (1)-d-
cadinene synthase from Gossypium arboreum [6], and germa:
crene C synthase from Lycopersicon esculentum cv. VENT
Cherry tomato [11]. These plant terpene synthases exhibit a
significant degree of smilarity a the amino acid leve [12].

Ginseng (Panax ginseng C. A. Meyer), a perennial herb
from the Araliaceae family, is one of the most commonly
utilized medicina plants. The roots of ginseng plant har-
bor a host of pharmaceutical components including ginse-
nosides (sgponins), polyacetylenes, polyphenalic compounds,
and acidic polysaccharides [13]. In this study, we report
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on the isolation and characterization cDNA for the ses-
quiterpene synthase (STS) gene from P. ginseng and
investigate the correlation between the PgSTS expression
and different abiotic stresses by real-time PCR.

MATERIALS AND METHODS

Plant materials

Panax ginseng hairy roots were collected from Korean
Ginseng Center and Ginseng Genetic Resource Bank,
Kyung Hee University and cultured in hormone free lig-
uid Murashige & Skoog medium [14]. The roots were
maintained by regular subculture in every 4 weeks. Abi-
otic stress treatment was carried out with one month sub-
cultured roots.

RNA purification and construction of a cDNA library

Total RNA was isolated from a 4-year-old ginseng root
by using the agueous phenol extraction method [15]. Poly
(A)* RNA was isolated by oligo (dT) cellulose column
using the Poly (A) Quick mRNA isolation kit (Stratagene,
US). A commercial cDNA synthesis kit was used to con-
struct library according to the manufacturer’s instruction
manua (Clontech, US). Size-selected cDNA was ligated
into ATriplEx2 vector and was packaged in vitro using
Gigapack 111 Gold Packaging Extract kits (Stratagene, US).

Nucleotide sequencing and sequence analysis

The pTriplEx phagemids were excised from the
ApTriplEx2 and used as templates for sequence analysis.
The 5' ends of cDNA inserts were sequenced by an auto-
matic DNA sequencer (ABI prism 3700 DNA sequencer,
Perkin-Elmer, USA). Homologous sequences of STS EST
are searched against the GenBank databases using a
BLASTX dgorithm. A pTriplEx phagemid for STS cDNA
was excised from the ApTriplEx2 and used as templates
for sequence analysis. Nucleotide and amino acid sequence
analyses were performed using DNASIS program (Hita-
chi, Japan). The PgSTS gene was analyzed using soft-
wares BioEdit, ClustalX, Mega3 and the other databases
listed bellow; NCBI (http://www.ncbi.nlm.nih.gov/BLAST),
ProtParam (http://us.expasy.org/tools/protparam.html),
HMMTORP (http:/Aww.enzim.huw/hmmtop), SOPMA (http://
npsa-pbil.ibep.fr/cgi-bin/npsa_automat.pl ?page=/NPSA/
npsa_server.html) and Prosite (http://www.expasy.ch/
prosite/) [16-18].

Stress treatment
To investigate the response of PgSTS gene to various
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stresses, one month subcultured hairy roots were used.
For chemical stress treatments, hairy roots were placed in
MS [14] media containing indicated concentrations of
chemicals; 100 mM abscisic acid (ABA), 10 mM sdlicylic
acid (SA), and 0.2 mM jasmonic acid (JA). Chilling stress
was applied by exposing the hairy roots to a temperature
of 4°C. Stresstreated plantlet samples were collected after
1, 2, 4, 8, 12, 24 and 48 hrs posttreatment. Control plants
held in a growth room at 25°C under a 16 hrs photope-
riod. The stressed plant materials from al completed
treatments were immediately frozen in liquid nitrogen and
stored at -70°C until required.

Real-time PCR analysis

Total RNA was extracted from stress treated hairy roots
of P. ginseng using RNeasy mini kit (Qiagen, Vaencia,
CA, USA). For RT-PCR, 2 ug of total RNA was used asa
template for reverse transcription. Oligo (dT),5 primer
(0.2 mM) (INTRON Biotechnology, Inc., South Korea)
was added and the mixture was heated for 5 min at 75°C.
Then reaction mixture was incubated with AMV Reverse
Transcriptase (10 U/ul) (INTRON Biotechology, Inc.,
South Korea) for 60 min at 42°C. The reaction was inac-
tivated by heating the mixture at 94°C for 5 min. Real-
time quantitative PCR was performed using 3 ul of cDNA
in a 10 pl reaction volume using SYBR® Green Sensimix
Plus Master Mix (Quantace, Watford, England). Specific
primers for PgSTS (forward) 5- CTG GCC CGA AGA
TTA ATG ACA AA -3 and (reverse) 5- GAT GTC TAT
ACT GAA ATG GAG GAA GAA ATG -3 wereused. As
a control, the primers specific to P. ginseng actin gene
were used (forward, 5- CGT GAT CTT ACA GAT AGC
TTG ATG-3 and reverse, 5- AGA GAA GCT AAG ATT
GAT CCT CC-3). The thermal cycler conditions recom-
mended by the manufacturer were used as follow: 10 min
at 95°C, followed 40 cycles of 95°C for 10 s, 60°C for 10
s, and 72°C 20 s. The fluorescent product was detected at
the last step of each cycle. Amplification, detection, and
data analysis were carried out with a Rotor-Gene™ 6000
rea-time rotary analyzer (Corbett Life Science, Sydney,
Australia). Threshold cycle (Ct) represents the number of
cycles at which the fluorescence intensity was signifi-
cantly higher than the background fluorescence at the ini-
tial exponentia phase of PCR amplification. To determine
the relative fold differences in template abundance for
each sample the Ct value for PgSTS was normalized to
the Ct value for B-actin and calculated relative to a cali-
brator using the formula 222, All experiments replicated
3 times.
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RESULTS AND DISCUSSION

Isolation and characterization of a cDNA encoding
PgSTS gene

As part of a genomic project to identify genes of the
medicinal plant P. ginseng, a cDNA library consisting
about 20,000 cDNAs were previoudy congtructed. A cDNA
encoding Sesquiterpene Synthase (STS), designated PgSTS,
was isolated and sequenced. Asshown in Fig. 1, PgSTSis
1,883 bp in length, and it has an open reading frame
(ORF) of 1,707 bp encodes a precursor protein of 568
amino acids. The ORF of PgSTS starts at nuclectide posi-
tion 39 and ends at position 1,745. The calculated molec-
ular mass of the matured protein is approximately 65.5
kDa with a predicted isodlectric point of 5.98. In the
deduced amino acid sequence of PgSTS protein, the total
number of negatively charged residues (Asp and Glu) was
80 while the total number of positively charged residues
(Arg and Lys) was 65 (ProtParam).

Homology and secondary structure analysis of pro-
tein PgSTS

A GenBank Blast search revealed that PgSTS has the
highest sequence homology to Lycopersicon hirsutum STS
(AAG41892) with identity 55% and similarity 51%.
Sequence analysis of BLASTX program in NCBI database
also showed high and similar identities with other species
such as Lycopersicon esculentum (AAG41890) (identity
53% & smilarity 51%), Santalum album (ACF24768)
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(identity 53% & similarity 50%) and Fabiana imbricata
(AAX40666) (identity 51% & similarity 48%) (Fig. 2).
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Fig. 1. Nucleotide sequence and deduced amino acid sequence
of a PgSTS cDNA isolated from P. ginseng. Numbers
on the left indicate nucleotide positions. The deduced
amino acid sequence is shown below the nuclectide
sequence, using the single letter code.
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Fig. 2. Multiple amino acid sequence alignment of PgSTS with other closaly related STS enzymes. The putative enzyme encoded by
PgSTS shares a high degree of homology with enzymes from Lycopersicon hirsutum (AAG41892), Lycopersicon esculentum
(AAG41890), Santalum album (ACF24768), and Fabiana imbricata (AAX40666).
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Secondary structure analysis and molecular modeling
for PgSTS were performed by SOPMA. The secondary
structure analysis revealed that PgSTS consists of 388 -
helices, 17 B-turns jointed by 27 extended strands, and
136 random coils. Thisis highly similar to the secondary
structure of STSs of Lycopersicon hirsutum which con-
tains 388 a-helices, 18 B-turns jointed by 22 extended
strands and 118 random coils; to Lycopersicon esculentum
STSs which contains 369 a-hdlices, 19 -turns jointed by
32 extended strands and 132 random coils; to Santalum
album STSs which contains 372 o-helices, 18 B-turns
jointed by 25 extended strands, and 144 random coils; to
Fabiana imbricata STSs which contains 392 a-helices,
17 B-turns jointed by 22 extended strands, and 115 ran-
dom cails (Fig. 3).

ClustalX and the MEGA 3 Program were used for the
congtruction of phylogenetic tree based on STSs amino
acid sequences. PgSTS shares the highest homology with
the STSs from tomatoes (L. hirsutum and L. esculentum)

(Fig. 4).
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Fig. 3. Comparison of the secondary structure of STSshy SOPMA.
(8 PgSTS, (b) Lycopersicon hirsutum (AAG41892), (c)
Lycopersicon esculentum (AAG41890), (d) Santalumalbum
(ACF24768), and (e) Fabiana imbricata (AAX40666).
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Fig. 4. A phylogenetic tree of PgSTS and other related STSs.
The tree was congtructed using Clusta X and the neighbor-
joining methods. The bar represents 0.1 substitutions per
amino acid position.
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Differential expressions of the PgSTS under various
abiotic stresses

The expression patterns of the PgSTS under various abi-
otic stresses, such as stress-related chemicals including
SA (10 mM), ABA (100 mM), JA (0.2 mM) and chilling
(4°C) were investigated by real-time PCR.

SA is a universal inducer of plant defensive metabolite
production, it induces gene expression related to biosynthe-
sis of some classes of secondary metabolites in plants [19].
Under SA trestment, the PgSTS expression increased till
maximum 8.76 fold a 4 hr post treatments and then the
expression was gradually decreased until at 48 hrs (Fig. 5a).
Faldt et al. [20] reported that SA treatment did not
induce any expression of terpene synthase in Arabidopsis
thaliana. ABA, defined as a stress hormone, plays a cen-
trd rolein responsesto biotic and abiotic stresses[21]. It was
reported that ABA could stimulate the accumulation of
some secondary metabolites [22, 23]. Under ABA treatment,
the PgSTS expression level was increased to 3.56 fold at 2
hr and rapidly decreased to minimum value at 4 hr, and
then the expression increased gradually to top point 4.56
fold at 48 hr post treatments (Fig. 5b). Jasmonates have
been reported to be elicitor signal transducers for produc-
tion of plant secondary metabolites [24]. They induce
accumulation of compounds belonging to different struc-
tural classes, including phenolics, terpenoids, akaloids
and others. For JA stress, the expression of PgSTS was
increased 1 hr with 1.47 fold and then gradually decreased
(Fig. 5¢). RT-PCR anaysis showed the expression of
AITPS03 a 16 hr post treatments was higher than 2 hr
post treatments under JA treatment [20]. In chilling treat-
ment, PgSTS transcript level was increased 2.95 fold at 1
hr, and then decreased 2.20 fold at 2 hrs. The expression
reached highest point at 4 hr with 3.57 fold and then
sustained as normal (Fig. 5d). Similar result showed in
soybean, the gene expression of L-asparaginase was
highly expressed after 6 hr post treatments at low temper-
ature [25].

In conclusion, we isolated STS gene from ginseng hairy
root and characterized its expression in response to various
stresses. PgSTS strongly induced by SA, ABA and chilling
stresses. Therefore the expression level of PgSTS revealed
that STS gene may play a crucia role in protection of
ginseng plant under environmental abiotic stresses.
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