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Abstract Triterpenoid saponins are a class of plant sec-
ondary metabolites with structure derived from the precursor
oxidosqualene in which one or more sugar residues are added.
They have a wide range of pharmacological applications,
such as antiplatelet, hypocholesterolemic, antitumoral, anti-
HIV, immunoadjuvant, anti-inflammatory, antibacterial,
insecticide, fungicide and anti-leishmanial agents. Their accu-
mulation in plant cells is stimulated in response to changes
mediated by biotic and abiotic elicitors. The enhancement of
saponin yields by methyl jasmonate in plants and cell cul-
tures in several species indicates the involvement of these
metabolites in plant defence mechanisms. The elucidation of
their biosynthesis at the molecular level has advanced
recently. Most studies to date have focused on the partici-
pation of early enzymes in the pathway, including oxido-
squalene cyclase, squalene synthase and dammarenediol
synthase, as well as in isolating and characterizing genes that
encode ff-amyrin synthase. Yields of bioactive saponins in
various plant species and experimental systems have been
successfully increased by treating cells and tissues with
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jasmonate or by exposing these to oxidative stress. These
elicitation and molecular studies are consolidating a robust
knowledge platform from which to launch the development
of improved sources for commercial supply of bioactive
saponins.

Keywords Biosynthetic pathways - f-Amyrin synthase -
Methyl jasmonate - Ginsenosides - 2,3-Oxidosqualene

Saponin Structure and Occurrence

Saponins are a class of high molecular weight secondary
metabolites widely distributed in plants. Their relevance is
a consequence of their industrial use and potential phar-
macological activity as antiplatelet, hypocholesterolemic,
antitumoral [1-3], anti-HIV [3], immunoadjuvant [4, 5],
anti-inflammatory [6, 7], antibacterial, insecticide, fungi-
cide [8] and anti-leishmanial [9, 10] agents.

These metabolites are characterized by the presence of a
skeleton derived from a 30-carbon 2,3-oxidosqualene pre-
cursor. Besides showing a complex and diverse molecular
structure, they can be classified in two subgroups, according
to their polar nucleus, known as aglycone or sapogenin;
triterpenoid (C30) or steroidal (C18—C29). This polar
nucleus, linked to one or more sugar residues, is responsible
for the main characteristics of these compounds, i.e. the
amphiphilic nature and the marked ability to form foam in
water [11].

Secondary metabolites, which often occur in low con-
centration, do not participate directly in plant growth and
development. Their production and accumulation are fre-
quently stimulated in response to environmental changes
[12]. One of the most important roles of secondary
metabolites in plants is to protect them from herbivore and
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pathogen attacks and to improve their survival under abi-
otic stress. Therefore, some strategies and molecular tar-
gets for the production of metabolites in culture based on
this principle have been developed in order to increase
yields of secondary metabolites of interest. This approach
represents an important step in understanding secondary
metabolite biosynthesis and achieving sustained production
of these molecules.

The various biological properties, allied to the diversity
of the reported compounds, make saponins promising
candidates for the development of pharmaceutical and/or
nutraceuticals in natural or synthetic forms. There is sig-
nificant demand for saponins, particularly due to their
presence in phytomedicines and as modern immunoadju-
vants in commercial vaccines. The annual global market
for herbal medicines was over US$ 63 billion in 2003 [13],
and the ever growing vaccine market is approaching US$
15 billion [14]. Since the knowledge of agents and condi-
tions that stimulate saponin accumulation is of great
interest, several studies have been carried out with that aim.
The elucidation of the steps of their biosynthesis at the
molecular level is well underway. So far, however, cell and
tissue culture systems have failed to afford commercially
attractive yields of these metabolites. This review presents
and discusses the literature reported in recent years aiming
at the identification of key factors and molecular targets,
which control the biosynthesis and accumulation of bio-
active triterpenoid saponins in plants. This information will
hopefully aid in the design of protocols to improve sus-
tainable production of these molecules of interest.

Biosynthesis of Triterpenoid Saponins

Earlier Steps: IPP, FPP, Squalene, 2,3-Oxidosqualene,
Triterpenoid Skeleton

Triterpenoid saponins are synthesized starting from the
isoprenoid pathway through farnesyl diphosphate (FPP) by
the cyclization of 2,3-oxidosqualene, leading to the for-
mation of triterpenoid skeletons such as oleanane (f-am-
yrin), ursane («-amyrin), lupeol or dammarane. The
subsequent structural modifications, like oxidation, substi-
tution and glycosylation, mediated by various enzymes,
result in different skeletons [15].

Saponin biosynthesis derives from the isoprenoid path-
way, in which two molecules of isopentenyl diphosphate
are condensed with one molecule of dimethylallyl
diphosphate by the head to tail link, creating the molecule
FPP (15C). Two FPP molecules are joined by the link tail
to tail, originating the 30 carbon product squalene, a
reaction catalysed by squalene synthase (SS). Squalene is
oxidized by squalene epoxidase (SE) to 2,3-oxidosqualene,

the first step leading to the cyclizations, which will origi-
nate the triterpenoid saponins [11]. Their principal route of
formation is from f-amyrin, one of the most common tri-
terpenes in plants. It is made of a pentacyclic carbon
skeleton, derived from the precursor 2,3-squalene after a
series of processes mediated by 2,3-oxidosqualene cyclase
(OSC) and f-amyrin synthase (B-AS) (Fig. 1).

Ginsenosides are likely the best studied bioactive sap-
onins at the molecular level to date. Their aglycones can be
classified as oleananes and dammaranes. The first step for
the ginsenoside pathway of the dammarane-type skeleton is
the cycling of 2,3-oxidosqualene to dammarenediol-II, a
reaction catalysed by an enzyme from the squalene group:
dammarenediol synthase (DDS) (Fig. 2). Han et al. [16]
investigated the expression of DDS and other genes
involved in ginsenoside biosynthesis. The silencing of the
gene encoding DDS led to an 84.5% decrease in ginseno-
side production.

Later Steps: Oxygenation and Glycosylation
of the Triterpene Skeleton

In an effort to characterize the genes involved in ginse-
noside biosynthesis, about 12,000 expressed sequence tags
(ESTs) of five Panax ginseng libraries were sequenced,
yielding candidate genes for 4 oxydosqualene cyclases, 9
cytochrome P450 oxygenases and 12 glycosyltransferases
(GTs) [17]. It is believed that a hydroxylation by a cyto-
chrome P450 dependent enzyme [18] and glycosylation via
GT, as well as subsequent formation of ginsenosides [19],
take place after cyclization.

Glycosyltransferases transfer a glycosyl group from a
donator to a hydroxyl group of a receptor and, in general,
the ones that employ secondary metabolites as substrate
constitute a small fraction of the total protein in plant cells
and have an important role in the final steps of biosyn-
thesis. Yue and Zhong [20] isolated a GT of Panax noto-
ginseng. Named UGRAGT, this enzyme is involved in the
synthesis of Rb1l ginsenoside from Rd.

An overview scheme of some triterpenoid saponins
derived from f-amyrin in plants is shown in Fig. 3. In spite
of the large structural diversity of the various metabolites,
the sequential reactions of oxygenation and glycosylation
in the production of saponins are a common feature among
pathways.

Genes and Metabolic Engineering Strategies
of Triterpenoid Saponin Biosynthesis
The application of technologies to obtain desired metabolic

profiles has been based on the balance between result
output and application flexibility. Nevertheless, many
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Fig. 1 a Synthesis of squalene from condensation of farnesildiphosphate (FPP). b Cyclization of 2,3-oxidosqualene to triterpene f-amyrin
mediated by f-amyrin synthase
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Fig. 2 Biosynthesis of dammarene type ginsenosides in Panax ginseng from 2,3-oxidosqualene. PNA gene encodes dammarenediol-1I synthase,
P450 is a cytochrome P450 oxygenase, GT is a glycosyltransferase
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Fig. 3 Schematic summary of biosynthetic pathways of bioactive
triterpenoid saponins in plants derived from fS-amyrin, indicating
identified enzymes. Sadl, Sad2, Sad3 encode f-amyrin synthase,
cytochrome P450 monooxygenase, and glycosyltransferase, respec-
tively. Capital letters indicate pathways occurring in different

obstacles remain, mainly in the studies on triterpenoid
saponins. Resources such as ESTs, for example, are useful
in the identification of putative biosynthetic genes, mostly
when incorporated with the knowledge of the place and/or
specific conditions in which the metabolites are synthe-
sized [17, 21]. However, for many plant species that
accumulate triterpenoid saponins this knowledge is not
available.

The isolation of two cDNAs was obtained from
molecular studies in Centella asiatica. The first, named
CaFPS, encodes a FPP synthase. The sequence contains
1,029 nucleotides and encodes 343 amino acids, displaying
84, 79 and 72% of identity with the FPP synthase of
Artemisia annua, Arabidopsis thaliana and Oryza sativa,
respectively. Southern blot analysis indicated that there is a
single copy of this gene in the genome of C. asiatica [22].

The overexpression of the SS-encoding gene (PgSSI) in
P. ginseng positively regulated genes encoding SS, SE, B-
AS, as well as cycloartenol synthase (CAS), the latter being
specific for sterols and steroidal saponins; the positive
regulation by the overexpressed gene increased yields of

species: A—Saponaria vaccaria, B—Glycyrrhiza glabra, C—Cen-
tella asiatica, D—Avena strigosa, E—Glycine max, F—Nigella
sativa, G—Medicago truncatula, H—FEleutherococcus senticosus,
I—Panax ginseng

phytosterols and triterpenoid saponins [23]. That was the
first report showing a gene for SS regulating triterpene
biosynthesis. The expression of this gene in leaves of
Eleutherococcus senticosus corroborates this fact. The
expression of PgSSI gene increased not only the production
of phytosterols, but also the synthesis of ciwujianosides
(triterpenoid saponins which aglycones are noroleandien-
olic acid and oleanolic acid) [24]. The antisense suppres-
sion of CAS caused an increase of 50-100% in ginsenoside
content of hairy roots of P. ginseng [25]. This effect was
associated with lower CAS and higher DDS activity, pre-
sumably due to increased availability of 2,3-oxidosqualene,
the common precursor to phytosterols and ginsenosides.
The corresponding reduction in phytosterol contents lead to
a slower initial growth rate in the antisense CAS hairy roots
[25].

Successful cloning of the cDNA of dammarenediol-II
synthase (DDS, also known as PNA) in roots of P. ginseng
was reported by Tansakul and collaborators [26]. The
dammarane-type aglycones, protopanaxadiol and proto-
panaxatriol are hardly detected in roots and adventitious
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roots of Panax, suggesting higher expression levels of
hydroxylases and GTs compared to that of DDS. The for-
mation of dammarenediol-II can be a limiting step in
ginsenoside biosynthesis, which was supported by a larger
production of ginsenosides via overexpression of a DDS
encoding gene.

A cDNA isolated from C. asiatica, named CabAS, has
similarities with sequences reported for B-AS, and, based
on the predicted sequence of amino acids, it was initially
believed that it encoded an enzyme, which synthesized
p-amyrin [27]. The analysis by Southern blot indicated a
single copy of this gene, whereas northern blot revealed
that the gene was only expressed in leaves, the organs
where asiaticosides are accumulated. The expression of
CabAS in leaves is positively regulated by MeJA. The
expression of this cDNA, together with that of the cDNA
that encodes for SS (CaSQS), was compared with the
production of centellosides (asiaticoside, madecassoside
and their respective aglycones) in plants and callus cultures
[28]. It was shown that a lower expression of CaSQS and
CabAS in roots was associated with lower concentration of
centellosides.

Further characterization of CabAS was carried out by
functional expression of the gene in a lanosterol synthase-
deficient yeast mutant. Liquid chromatography and mass
spectrometry of the recombinant enzyme product showed
the absence of f-amyrin and the presence of dammarene-
diol [29]. Therefore, CabAS was renamed to C. asiatica
dammarenediol synthase (CaDDS). Although tetracyclic
triterpene saponins such as ginsenoside have not been
reported for C. asiatica, it is possible that new saponins of
this class are produced by the species. It has been been
suggested that transformation of P. ginseng with CaDDS
could improve dammarane-type ginsenoside production by
upregulating triterpene aglycone formation [29].

Besides Centella and ginseng, studies with other species
have provided new data regarding enzymes involved in the
biosynthesis of triterpenoid saponins. The cDNA for the
triterpene synthase of Euphorbia tirucalli (first report for
the family Euphorbiaceae) showed 82% of identity in
amino acid sequence with that of B-AS of P. ginseng [30].

In Aster sedifolius, a new gene for B-AS was isolated
from leaves and roots (AsOXAI) with function in the pro-
duction of astersedifoliosides (A, B and C). This gene
shares an identity of 79% with PNY2 of P. ginseng, and the
analysis by Southern blot demonstrates that it belongs to a
multi-gene family with similar sequences [15]. A B-AS
gene was isolated from Gentiana straminea, displaying
76% similarity at deduced peptide level with the corre-
sponding enzyme of P. ginseng [31]. The 756 residue
enzyme has key features of triterpene synthases, such as
four QW and one DCTAE motif, and its heterologous
expression in microbial systems was shown to yield a gene
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product with appropriate size and antibody reactivity. The
gene was mostly expressed in leaves [31].

Transformation of Medicago truncatula with the gene of
B-AS from A. sedifolius (AsOXAI) driven by the strong
promoter 35S resulted in enhanced accumulation of triter-
penes, such as bayogenin, medicagenic acid and zanhic
acid in leaves and bayogenin, hederagenin, soyasapogenol
E and 2 f-hydroxyoleanolic acid in roots [32]. A good
correlation was found between B-AS expression levels and
triterpene accumulation. In addition, plants expressing
AsOXAl showed consistently better nodulation rates
(higher number and size of nodules per root dry weight)
when compared to control plants. This enhancement was
concomitant with a significant increase in soyasapogenol B
in the transformed plants [32].

A cDNA corresponding to a gene encoding a f-AS
(SvBS) was identified from Saponaria vaccaria. The
expression of SvBS is larger in leaves than in roots and
germinated seeds, and its sequence of amino acids has
identity of 81% with Glycyrrhiza glabra and of 80% with
M. truncatula [33].

Most saponins from the Caryophyllaceae family are based
on f-amyrin. The more common aglycones are quillaic acid,
gypsogenic acid and gypsogenin. The ones found in S. vac-
caria are monodesmosidics (vaccaroside B) and bidesmos-
idics (vaccaroside E) and, based on the structures, the
synthesis steps seem to include f-amyrin oxidation in posi-
tions 16,23 and/or 28, as well as glycosylation in position 28.
For the biosynthesis of bidesmosidic saponins, the glyco-
sylation must also occur in position 3, as well as sugar
acylation, with acetyl and 2-hydroxy-2-methylglutaryl [33].

Monodesmosidic saponins are formed from the trans-
ference of one activated monosaccharide (like UDP-Glc),
which first step would probably be an ester link of glucose
with the carboxyl group in C28. Afterwards, additional
sugars can be transferred and also acylated. In the study of
the steps involved in the assembly of monodesmosides, a
cDNA encoding a GT (UGT74M1) was also identified.
UGT74M1 appears to take part in monodesmoside bio-
synthesis by the formation of a hexose ester in C28 of
specific sapogenins [33].

It was also identified a cDNA that encodes for a triter-
pene hydroxylase in Glycine max [18], which hydroxylates
the C-24 position of f-amyrin and sophoradiol. The
expression of the gene CYP93E] (that encodes for a cyto-
chrome P-450 oxygenase) together with B-AS led to the
product olean-12-ene-3f, 24-diol (24-hydroxy-f-amyrin),
an intermediate in the soyasaponin biosynthesis of legumes.

Medicago truncatula contains more than 30 saponins,
characterized by the soyasapogenol B and E aglycones,
medicagenic acid, hederagenin and bayogenin. It seems
that the biosynthesis of these saponins includes a series
of hydroxylations/oxidations, which are dependent on
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Table 1 Examples of target genes to modify the production of triterpenoid saponins
Enzyme Gene Enzyme products/target metabolites Species Tissue References
B-AS AsOXAl Bayogenin, medicagenic and zanhic acid, Medicago Leaves and roots Confalonieri
hederagenin, soyasapogenol E and 2f- truncatula et al. [32]
hydroxyoleanolic acid
SvBS Monodesmosidic saponines Saponaria Leaves, roots, Meesapyodsuk
vaccaria and germinated et al. [33]
seeds
AsbAS1 Avenacins Avena strigosa Roots Qi et al. [36]
PAS Oleanolic acid Gentiana Leaves, roots and Liu et al. [31]
straminea stems
AsOXAl Astersedifoliosides A,B and C Aster sedifolius  Leaves and roots Cammareri
et al. [15]
Carboxylic acid pSv33B0S5 Monodesmosidic saponines Saponaria Leaves and roots Meesapyodsuk
GT vaccaria et al. [33]
CAS CAS Ginsenosides Panax ginseng  Hairy roots Liang et al.
[25]
CYP450 CYP93EI Olean-12ene-3b,24-diol and soyasapogenol B Glycine max Leaves Shibuya et al.
oxygenase [18]
Dammarenediol DDS Ginsenosides Panax ginseng ~ Roots Han et al. [16]
synthase CaDDS Unknown tetracyclic triterpene saponin Centella asiatica Leaves Kim et al. [29]
Dammarenediol- PNA Ginsenosides Panax ginseng  Hairy roots Tansakul et al.
II synthase [26]
FPS CaFPS Farnesyldiphosphate Centella asiatica Leaves Kim et al. [22]
GT Sad 3 / Sad 4 Avenacin Al Avena strigosa  Roots Mylona et al.
[38]
Monoxygenase  AsCyp51HI0 Avenacins Qi et al. [37]
SS PgSS1 Phytosterols and ciwujianosides Eleutherococcus Whole plants Seo et al. [24]
senticosus
SS and B-AS CaSQS + CabAS Centellosides Centella asiatica Callus, leaves Mangas et al.
and roots [28]
SS, SE, B-AS,  PgSSI Phytosterols and ginsenosides Panax ginseng  Adventitious Lee et al. [23]
CAS roots

cytochrome P450 and reactions of transference of sugar
catalysed by GTs. Two uridine diphosphate GTs have
already been functionally characterized: UGT73K1, spe-
cific for hederagenin and soyasapogenol B and E; and
UGT71Gl, specific for medicagenic acid, apparently act-
ing in position C23 and C28, since that GT does not gly-
cosylate in the hydroxyl in C3. Besides these GTs, f-AS are
mostly expressed in flowers, roots, stems and petioles [34].

The relevance of GTs in the control of triterpenoid
saponin biosynthesis has also been observed for P. ginseng.
Three ESTs related to GTs were found to be up regulated
by MeJA treatment of hairy roots of P. ginseng, and this
response was correlated with higher triterpenoid saponin
accumulation [35].

Most of the studies with triterpenoid saponins focus on
dicotyledonous species. A notable exception, however, are
avenacins, triterpenoid saponins produced in the oat Avena
strigosa. The gene AsbASI (Sadl), which encodes B-AS, is
grouped (in non- conserved sections in other cereals) with
other genes necessary for at least four distinctive processes

in avenacin biosynthesis: the cyclization of 2,3-oxido-
squalene, ff-amyrin oxidation, glycosylation and acylation
[36]. Whereas Sad 1 encodes B-AS, Sad 2 (or As-
Cyp51H10) encodes a cytochrome P450 monoxygenase
[37]. Sad 3 and/or Sad 4 may encode GTs, which are
required for the addition of a p-glucose molecule in -1, 4
link to the triterpenoid skeleton of avenacin A-1 or be
involved in the regulation of avenacin A-1 glucosylation or
its transport/sequestering [38].

A summary of representative identified genes for which
changes in expression have been associated with modified
production/accumulation of triterpenoid saponins is shown
in Table 1.

Environmental Control of Triterpenoid Saponin
Production

Elicitors can be defined as molecules originated from
various sources, which may trigger both physiologic and
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morphologic responses, as well as phytoalexin accumula-
tion. Abiotic elicitors include metal ions and inorganic
compounds, whereas biotic elicitors derive from fungus,
bacteria, virus, plant cell walls or even molecules accu-
mulated by the plant upon pathogen and/or herbivore attack
[39].

Jasmonic acid (JA) and its methyl jasmonate ester
(MeJA) derive from the catabolism of linolenic acid and
act as secondary messengers that modulate several physi-
ological processes in plants, including root development,
senescence and defense response against pathogen and
herbivore attacks. JA triggers or increases the biosynthesis
of various secondary metabolites, which are important in
plant adaptation mainly upon biotic environmental chal-
lenges. Recently, it has been established that the active
form of JA is actually JA-Ile, a complex with isoleucine
that regulates selective proteolysis of sequestering proteins
(JAZ) capable of blocking the action of MYC2 transcrip-
tion factors, which transactivate JA responsive genes [40].
JA and its derivatives are the most frequently employed
elicitors in studies aiming at the induction of triterpenoid
compounds.

The increase of madecassoside, asiaticoside and their
respective sapogenins in cell cultures, roots and whole plants
of C. asiatica was reported after the application of 100 uM
of MeJA in culture medium [41, 42]. The stimulation of
soyasaponin biosynthesis and the participation of JA in the
positive regulation of B-AS, SS and glycuronic acid-UDP:
soyasapogenol B glucuronosyltransferase (enzyme catalys-
ing the last step of soysaponin biosynthesis) were also
observed in cell cultures of Glycyrrhiza glabra [43].

The treatment with jasmonate yielded greater accumu-
lation of f-amyrin [44], as well as B-AS activity, SS and
SE in M. truncatula [45]. A strong co-ordinated induction
of transcripts encoding B-AS, SS and one form of SE
correlated with triterpene accumulation upon MeJA treat-
ment in cell suspensions of M. truncatula [46]. B-AS
activity and oleanolic acid accumulation were promoted by
treatment with 0.1 mM MeJA in Gentiana straminea [31].
JA or yeast extract were effective in promoting oleanolic
acid production in cell cultures of Calendula officinalis
[47]. MeJA also stimulated the expression of an SE gene
(NSSQEI) in Nigella sativa plants [48]. The gene was
found to be expressed in all organs, including roots, which
do not produce triterpenoid saponins, leading the authors to
suggest that it is probably a housekeeping gene in triter-
pene metabolism in this species. MeJA stimulated the
production of o-hederin and of kalopanaxsaponin I in
Nigella sativa [49], of ginsenoside in roots and callus of
P. ginseng [50, 51] and of ginsenosides Rgl, Re, Rbl and
Rd in cell cultures of P. notoginseng [52].

Exposure to MeJA at 0.1 mM in hairy roots of P. gin-
seng induced the expression of several genes involved in
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triterpene biosynthesis, such as SS, SE and DDS, with a
slight decrease being observed for CAS [35]. The content
of protopanaxadiol-type saponins (Rb group) increased
between 5.5 and 9.7 times after MeJA treatment, whereas
that of protopanaxatriol-type saponins (Rg group) increased
between 1.9 and 3.8 times. Interestingly, Rgl ginsenoside
was negatively affected by the same treatment, unlike what
was observed for cell cultures of P. notoginseng [52].

Some studies employed new JA derivatives, as well as JA
mixed with other substances. Two-hydroxyethyl jasmonate
(HEJ) proved to be a powerful stimulator of ginsenoside
production in cell cultures of P. notoginseng [53]. A com-
bination of ethephon (2-chlorethyl phosphonic acid), a
synthetic precursor of the phytohormone ethylene, with
MelJA increased in synergic fashion the production of gin-
senosides in P. ginseng [54]. In contrast, addition of gib-
berellin A3 to cell cultures of Glycyrrhiza glabra caused
down regulation of steady-state mRNA encoding B-AS [43].
Another phytohormonal product, the synthetic cytokinin
thidiazuron (TDZ, 1-phenyl-3(1,2,3-thidiasol-5-yl) urea),
resulted in a larger production of asiaticosides in whole
plants of C. asiatica, whereas the synthetic auxin 2,4-D (2,4-
dichlorophenoxyacetic acid) caused reduced accumulation
of the same metabolites [55]. In the case of TDZ, it was
suggested that the observed effect might have been a con-
sequence of biomass gain, although the proportion of
increment of accumulation of asiaticosides was quite supe-
rior to the increment in biomass. On the other hand, the
accumulation of an immunoadjuvant fraction of Quillaja
brasiliensis saponins was not significantly affected by dif-
ferent auxins applied in the rooting of microcuttings culti-
vated in vitro [56]. JA spraying on leaves or UV light
exposure stimulated saponin accumulation in leaves of
Q. brasiliensis (J.D. Fleck, G. Gosmann and A. Fett-Neto,
unpublished results). Similarities between JA and UV-
induced metabolic profiles have been previously reported
for secondary metabolites, such as monoterpene indole
alkaloids [57].

A permeabilization and feeding strategy was described
for the production of centellosides in C. asiatica. Cell
cultures at the mid to late log phase of growth were treated
with dimethyl sulfoxide (DMSO) or DMSO plus o-amyrin
dissolved in acetone [58]. DMSO alone was capable of
effectively permeabilizing cells, increasing eight-fold the
total centelloside content in medium. The same treatment
also had a positive effect on centelloside production,
increasing it by 213% relative to control concentrations.
The combined application of DMSO and a-amyrin (1% v/v
and 0.01% mg/ml) improved the total centelloside content
by approximately four-fold, presumably due to improved
uptake of o-amyrin [58]. Besides showing that o-amyrin is
an adequate substrate for conversion into centellosides,
these experiments suggested that enzymes involved in later
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steps of centelloside biosynthesis are not the bottleneck for
low product formation in control cell cultures in presence
of adequate substrate amounts.

Light and temperature conditions favourable for ginse-
noside production are within conventional ranges used for
in vitro culture. It has been suggested that the accumulation
of ginsenosides can be promoted with the exposure of hairy
roots to white fluorescent light, right after a period of
culture in the dark [59]. The use of 200 uM of salicylic
acid, a pathogen attack signalling molecule in plants, also
induced the accumulation of ginsenosides [50]. Two oli-
gosaccharides from Paris polyphylla var. yunnanensis
stimulated saponin production in P. ginseng hairy roots

ginsenosides was obtained with the supply of additional
oxygen (40%) [61], or by means of exposure to osmotic
stress achieved by supplementation with sorbitol and with
sorbitol combined with sucrose [12]. In root cultures of
P. ginseng, exposure to 25 UM of copper increased hydro-
gen peroxide and superoxide generation, and improved gin-
senoside production by approximately 35% after 20 days
[62]. Since the production of reactive oxygen species is a
common theme in the signal transduction of all of these
environmental stress responses, ginsenoside metabolism
seems to be modulated by oxidative stress.

The overt evidence for the participation of MeJA as a
positive regulator of production and accumulation of gin-

[60]. In cell cultures, the induction of the accumulation of senosides led to more detailed studies, providing
Table 2 Examples of treatments effective for increasing production and/or accumulation of triterpenoid saponins
Species Treatment Induced genes, enzymes Tissue References
or phytochemicals
Calendula officinalis  MeJA or yeast extract  Oleanolic acid Cell culture Wiktorowska et al. [47]

Centella asiatica TDZ Asiaticoside
Auxin
MelA Asiaticoside/madecassoside/

Whole plant Kim et al. [55]

Mangas et al. [41]

madecasid/asiatic acid

Asiaticoside

Kim et al. [42]

Gentiana straminea

Glycyrrhiza glabra

Medicago truncatula

Nigella sativa

Panax ginseng

Panax notoginseng

Asiaticoside/madecassoside/
madecasid/asiatic acid

DMSO + o-amyrin

MeJA B-AS activity and oleanolic

acid accumulation
Soyasaponin

p-Amyrin and soyasapogenol
B and E glycosides

B-AS, SS, SE
a-Hederin/kalopanaxsaponin I
SE gene (NSSQEI)

Ginsenosides

SS, SE, DDS
Linolenic acid Ginsenosides
Sorbitol
Sorbitol + sucrose
Salicylic acid
Oxygen (40%)
Ethephon + MeJA
Light
Oligosaccharides

Copper
MeJA Ginsenosides

Ginsenosides Rg;, Re, Rb;, Rd
HEJ Ginsenosides

Cell culture
Leaves, roots and stems

Cell culture

Shoots
Seedlings/plants

Adventitious roots

Cell culture
Hairy roots
Adventitious roots
Cell culture

Adventitious roots
Cell culture
Adventitious roots

Hairy roots

Adventitious roots
Cell culture

Hernandez-Vazquez et al. [58]
Liu et al. [31]

Hayashi et al. [43]
Broeckling et al. [44]

Suzuki et al. [45]
Scholz et al. [49]
Lipinski et al. [48]
Ali et al. [50]

Lee et al. [23]
Thanh et al. [51]
Kim et al. [35]
Dewir et al. [65]
Wu et al. [12]

Ali et al. [50]
Thanh et al. [61]
Bae et al. [54]

Yu et al. [59]
Zhou et al. [60]
Ali et al. [62]

Hu and Zhong [63]
Wang et al. [52]
Wang et al. [53]
Hu and Zhong [63]
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information on gene expression and the participation of
certain enzymes. From cell cultures of P. notoginseng, Hu
and Zhong [63] cloned three cDNA fragments of genes
encoding SS, SE and CAS; the accumulation of these
transcripts was investigated in cell cultures elicited with
HEJ and MeJA. A positive regulation of genes encoding SS
and SE with treatment with MeJA and, mainly, with HEJ,
was observed possibly as a result of enhanced contents
of endogenous JA, subsequently leading to ginsenoside
accumulation. Positive regulation was also observed for a
late enzyme in the pathway, UDGP-ginsenoside Rd GT,
leading to the formation of Rblginsenoside [53]. The data
point to a co-ordinated regulation of ginsenoside biosyn-
thesis by JA and its derivatives. Auxin and MeJA simul-
taneous treatment has also yielded synergistic increases in
ginsenoside production by adventitious roots of P. ginseng
[64]. In the same type of root culture, the application of the
jasmonate precursor linolenic acid at 1 pmol/l on the 40th
day of culture resulted in a three-fold increase in total
ginsenoside yield after 7 days, particularly those of the Rb
group, without causing growth reduction [65]. The strategy
of using octadecanoid derivatives to enhance saponin
production has also important implications for large-scale
culture systems. Factors affecting biomass accumulation
and ginsenoside production in large-scale adventitious
roots of ginseng have recently been reviewed [66].

Further studies on P. ginseng reported the MeJA-medi-
ated induction of transcription of SE, B-AS, SS (PgSSI) [23]
and OSC [19]. Data to date clearly indicates that the exposure
of cells, organs or plants to jasmonate and its derivatives has
been one of the main strategies to stimulate the production of
bioactive saponins. A list of examples of elicitation strate-
gies to improve saponin yields is shown in Table 2.

The increased yield of triterpenoid saponins by JA or its
methyl ester treatment in most studies, not only in cell and
root cultures but also in plants, may simply reflect the
involvement of saponins in mechanisms of plant defense.
Octadecanoid signaling molecules such as JA perform a
significant role in the transduction process of the signals
that regulate plant defense genes. Furthermore, the enzyme
induction of the early steps of the biosynthetic pathway
leads to the formation of both triterpenoid compounds and
steroids, denoting a broader role to those elicitors. The
mechanisms of action of these and several other factors are
not clearly elucidated yet, and future studies with that aim
should be pursued.

Concluding Remarks
The generation of ESTs from cDNAs of a specific plant

tissue is an efficient approach to identify genes that are
involved in the biosynthesis of secondary metabolites. The

M,
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identification of consistent and robust elicitation signals for
triterpene biosynthesis suggests that subtractive hybridiza-
tion methods for comparative gene expression in elicited and
control conditions may also be a useful strategy to identify
genes involved in the production of these metabolites.
Through genomic sequence, heterologous gene expression,
enzymology and analytical chemistry, an increasing number
of triterpenes has been associated to the enzymes that pro-
duce them and the genes encoding these enzymes. Although
a few 2,3-oxidosqualene cyclases have been characterized,
the development in the area is fast-growing. Most of these
OSCs originate from dicotyledonous species, but detailed
studies with oat, for instance, provide important evolutionary
and comparative insights about the biosynthesis of triter-
penes in monocotyledonous plants.

A great deal of the present studies concentrates on the
first biosynthetic phase of triterpenoid saponins, mainly
isolating and characterizing genes that encode B-AS. This
enzyme, as exclusive member of the triterpenoid route, is
considered a limiting step in the production and accumu-
lation of saponins (Fig. 3). The knowledge of the genes
that encode B-AS, as well as of the ones that encode the
subsequent enzymes of the pathway, in addition of the
regulatory factors modulating enzyme activity and bio-
synthetic gene expression, are key elements for a rational
and sustainable production of bioactive triterpene saponins
at industrial scale.
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