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Abstract This chapter proposes the concept of rational manipulation of secondary
metabolite heterogeneity in plant cell cultures. The heterogeneity of plant secondary
metabolites is a very interesting and important issue because these structure-similar nat-
ural products have different biological activities. Both taxoids and ginsenosides are two
kinds of preeminent examples in the enormous reservoir of pharmacologically valuable
heterogeneous molecules in the plant kingdom. They are derived from the five-carbon
precursor isopentenyl diphosphate, produced via the mevalonate or the non-mevalonate
pathway. The diterpenoid backbone of taxoids is synthesized by taxadiene synthase
and the triterpenoid backbone of ginsenosides is synthesized by dammarenediol syn-
thase or B-amyrin synthase. After various chemical decorations (oxidation, substitution,
acylation, glycosylation, benzoylation, and so on) mediated by P450-dependent monooxy-
genases, glycosyltransferases, acyltransferases, benzoyltransferases, and other enzymes,
the terpenoid backbones are converted into heterogeneous taxoids and ginsenosides with
different bioactivities. Although detailed information about accumulation and regulation
of individual taxoids or ginsenosides in plant cells is still lacking, remarkable progress has
recently been made in the structure and bioactivity identification, biosynthetic pathway,
manipulation of their heterogeneity by various methodologies including environmental
factors, biotransformation, and metabolic engineering in cell/tissue cultures or in plants.
Perspectives on a more rational and efficient process to manipulate production of de-
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sired plant secondary metabolites by means of metabolic engineering and “omics”-based
approaches (e.g., functional genomics) are also discussed.

Keywords Plant cell - Heterogeneity - Taxus spp. - Ginseng - Manipulation -
Secondary metabolite

1
Introduction

Higher plants, about 400000 species in the world [1], are a valuable source
of numerous metabolites, which are used as pharmaceuticals, agrochemi-
cals, flavors, fragrances, colors, biopesticides, and food additives. More than
100000 plant secondary metabolites have already been identified, which
probably represent only 10% of the actual total in nature and only half the
structures have been fully elucidated [2-4]. Molecular diversity is a widely
existing phenomenon in nature, and many plant secondary metabolites are
structure-similar but bioactivity-different. The enormous heterogeneity of
plant secondary metabolites is usually derived from differential modification
of common backbone structures. For example, over 5000 different flavonoids
and 300 different glycosides of a single flavonol, quercetin, have already
been identified [5]. The immense diversity of plant secondary metabolites
is often obtained by derivatization of specific lead structures through post-
biosynthetic events such as hydroxylation, glycosylation, methylation, acy-
lation, prenylation, sulfation, and benzoylation [6]. Hundreds of secondary
metabolite modifying enzymes (e.g., oxidases, acyltransferases, methyltrans-
ferases, glycosyltransferases, sulfotransferases, and benzoyltransferase) have
been cloned and characterized [7, 8].

Generally, the function of each plant secondary metabolite is different. Fig-
ure 1 shows terpenoids as an extremely fascinating example; they are present
in all organisms but are especially abundant in plants, with more than 30000
compounds reported to date [9-11]. Terpenoids are the most functionally
and structurally diverse group of plant natural products that include diter-
penoid alkaloids, sterols, triterpene saponins, and related structures. The
most basic function of triterpenes is to give membranes stability, such as 8-
sitosterol (1 in Fig. 1) does in plants. By further oxygenation, for example,
castasterone (2 in Fig. 1), acts as signals that interfere with morphological
differentiation in plants. Furthermore, triterpene glycosides, such as saponin
phytoalexins (3 in Fig. 1), damage fungal membranes by significantly reduc-
ing their stability [12].

Many structure-similar but bioactivity-different secondary metabolites are
usually generated in one plant. Both taxoids (diterpenoid alkaloids origi-
nally isolated from the bark of the Pacific yew, Taxus brevifolia) and ginseng
saponins (ginsenoside, an active group of triterpene saponins mostly from
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Fig.1 Triterpenes with diverse biological activities: B-sitosterol (1) confers membrane sta-
bility in plants; castasterone (2), a brassinosteroid growth hormone; avenacin A-1 (3),
antifungal saponin phytoalexin. Refer to the text for details

Panax ginseng, P. notoginseng or P. quinquefolium) are tremendously hetero-
geneous. Anticancer potency of each taxoid is different [13]. The biological
activities of some ginsenosides even oppose each other. For example, Rg; has
the effect of stimulating the central nervous system, whereas Rb; has tran-
quilizing effects on the central nervous system and Rc inhibits the central
nervous system [14, 15]. However it is difficult to manipulate their hetero-
geneity in field-cultivated plants; therefore, the pharmacodynamic instability
of these herbs often takes place owing to the change of the quality of the
raw materials (especially in both the composition and the distribution of re-
lated metabolites). The purification of an individual compound is a current
approach for maintaining certain specific potency, but the metabolite (taxoid
and ginsenoside) content is usually quite low, while the physicochemical char-
acteristics of various analogues (taxoids or ginsenosides) are very similar;
therefore, their separation and purification is an expensive and very compli-
cated process, and the yields of active compounds from plants are season-
and environment-dependent. Cell and tissue culture is an attractive alterna-
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tive source to a whole plant for production of the high-value-added secondary
metabolites. This chapter proposes the concept of rational manipulation of
secondary metabolite heterogeneity in plant cell cultures. It is very advanta-
geous to intentionally manipulate the heterogeneity of secondary metabolites
in plant cell and tissue cultures by altering or stimulating their genome
and/or the subsequent processes, which result in the desired enzymatic syn-
theses of secondary metabolites. The manipulating techniques utilized in-
clude elicitation, hormone treatment, enzyme inhibition, growth-retardant
treatment, and precursor-directed biosynthesis resulting in the production of
previously undiscovered plant metabolites or a change of the production ratio
of certain secondary metabolites [16]. Of course, other engineering strate-
gies, such as temperature shift and change of oxygen partial pressure, also
affect the heterogeneity of plant secondary metabolites in cell cultures. Bio-
transformation by various organisms and enzymes is an effective method for
changing the heterogeneity of plant secondary metabolites. Metabolic engin-
eering approaches are promising in manipulating the accumulation of plant
secondary metabolites. In the following, by taking taxoid and ginsenoside as
typical examples, progress in the structure and activity identification, biosyn-
thesis, and manipulation of their heterogeneity in plants, their tissues or cells
is reviewed.

2
Heterogeneity of Taxoid and Its Manipulation

2.1
Taxoid and Its Diversity

Taxoids are complex, substituted diterpenoids, one of which, the famous taxol
(paclitaxel), was first isolated from the bark of T. brevifolia Nutt and its struc-
ture was defined in 1971 [17]. Subsequently, paclitaxel and taxoid derivatives
have been reported from foliage and bark of several other species of Taxus,
like T. wallichinan, T. baccata, T. canadensis, T. cuspidata, and T. yunnane-
sis [18-22]. In addition to the plant source, some endophytic fungi, such as
Tubercularia sp., Sporormia minima, and Seimatoantlerium tepuiense, have
also been reported to produce taxol and other taxoids [23-25].

Until now, over 350 taxoids have been classified into 16 groups (Table 1)
[26]. Chemical derivatization of taxoids contributes to the diversity of tax-
oid function. Taxoids are well-known antineoplastic drugs, and are used to
treat a range of cancers, either alone or in combination with other chemother-
apeutic agents [27,28]. Guéritte [29] summarized the general structure-
antitubulin activity relationship (Fig. 2). Paclitaxel is a highly functionalized
taxoid that acts by promoting tubulin polymerization, ultimately leading to
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Table 1 Classification of taxoids

Class Structure

Neutral taxoids Rg Bs Ry
with a C-4(20) double bond ;

Basic taxoids
with a C-4(20) double bond

5-Cinnamoyl taxoids
with a C-4(20) double bond

Taxoids with a C-4(20)
double bond and oxygenation at C-14

Taxoids with a C-12(16)-oxido
bridge and a C-4(20)double bond

Taxoids with a C-4(20) epoxide

Taxoids with an oxetane ring
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Table 1 (continued)

Class Structure

Taxoids with an oxetane ring
and a phenylisoserine C-13 side chain

Taxoids with an open oxetane
or oxirane ring

11(15f1)-abeo-Taxoids
with a C-4(20) double bond

11(15f1)-abeo-Taxoids
with an oxetane ring

11(15f1)-abeo-Taxoids
with an open oxetane or oxirane ring

3,8-seco-Taxoids

cell death [30]. The structural elements (pharmacophores) responsible for the
cytotoxicity of paclitaxel, in addition to the rigid taxane skeleton, include the
oxetane ring (D-ring), the N-benzoylphenylisoserine side chain appended to
C-13, the benzoate group at C-2, and the acetate function at C-4 of the tax-
ane ring [31]. In 120 taxoids isolated from the Japanese yew, T. cuspidate, only
four non-paclitaxel-type taxoids (taxuspine D, taxezopidines K and L, and
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Table 1 (continued)

Class Structure

Taxoids with a C-3(11) bridge
and a C-4(20) double bond

2(3f20)-abeo-Taxanes

Other miscellaneous taxoids

taxagifine) exhibit potent inhibitory activity against Ca?*-induced depoly-
merization of microtubules, while taxuspine D induces spindles with strong
birefringence in the same manner as paclitaxel [32].

2.2
Taxoid Biosynthesis and Manipulation of Taxoid Heterogeneity

2.2.1
Taxoid Biosynthesis

A typical biosynthetic pathway of taxoids, by taking paclitaxel as an ex-
ample, is illustrated in Fig. 3. The diterpenoid skeleton of taxoids, as with
other terpenoids of plastid origin, was observed by using labeling stud-
ies with !*C-labeled glucose to be derived via the 1-deoxy-p-xylulose-5-
phosphate pathway [33-37], in which the isopentenyl diphosphate formed
is employed in the biosynthesis of carotenoids, phytol, plastoquinone, iso-
prene, monoterpenes, and diterpenes. The committed step in the biosyn-
thesis of paclitaxel and other taxoids is represented by the cyclization of
the universal diterpenoid precursor geranylgeranyl diphosphate (GGPP) to
taxa-4(5),11(12)-diene [38]. Taxadiene synthase, a 79-kDa diterpene cyclase,
catalyzes this reaction, which is slow but apparently not rate-limiting [39, 40].
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Fig.2 The general structure-antitubulin activity relationships of taxoids (modified from
the literature [29])

On the other hand, the enzyme was demonstrated to be a key one in
the biosynthesis of a taxoid, taxuyunnanine C (2¢,5c,108,148-tetraacetoxy-
4(20),11-taxadiene, Tc), by suspended cells of T. chinensis in response to
methyl jasmonate (MJA) elicitation [41]. The second specific step in tax-
oid biosynthesis is considered to be the cytochrome P450 dependent hy-
droxylation at the C-5 position of the taxane ring, which is accomplished
by allylic rearrangement of the 4(5) double bond to the 4(20) position
to yield taxa-4(20),11(12)-diene-5x-ol [42]. Taxa-4(20),11(12)-diene-5c-ol is
a branching point in the paclitaxel pathway to form other naturally oc-
curring taxanes. The enzymes taxadien 13«-hydroxylase and taxadien-5a-ol
acetyltransferase, which catalyze taxa-4(20),11(12)-diene-5x-ol to produce
different taxoids, were reported [43,44]. Taxadiene-5x-108-diol monoac-
etate was another possible branching point in the paclitaxel pathway. It
can be transformed into 5c-acetoxy-108,148-dihydroxy taxadiene by tax-
oid 148-hydroxylase, but it is still not known how it is transformed into
2-debenzoyltaxane or taxasin [45,46]. However, previous evaluations [47]
of the relative abundance of naturally occurring taxanes [26,48] have sug-
gested that hydroxylations at positions C-5, C-10, C-9, and C-2 are ear-
lier than that at positions C-13, C-1, and C-7 of the taxane ring in pacli-
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Fig.3 The proposed paclitaxel biosynthetic pathway. The enzymes indicated are a taxadi-
ene synthase, b taxadiene 5¢-hydroxylase, ¢ taxadien-5x-ol acetyltransferase, d taxadien
13c-hydroxylase, e 10a-hydroxylase, f 14B-hydroxylase, g 2a-O-benzoyltransferase, h
10-O-acetyltransferase, i phenylpropanoyltransferase, j 3'-N-debenzoyl-2'-deoxytaxol N-
benzoyltransferase, k 78-hydroxylase, and I 2c-hydroxylase. The broken arrow indicates
multiple convergent steps (modified from Refs. [43-46, 51-54])
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taxel biosynthesis, and several biosynthetic mechanisms have been proposed
for formation of the oxetane ring (D-ring) [49,50]. Taxusin, a presumed
dead-end metabolite of yew heartwood, may also be from taxa-4(20),11(12)-
dien5w,138-diol and/or taxadiene-5x-108-diol monoacetate, although the
details are unclear. Taxusin is another node in the biosynthesis of taxoids, and
can efficiently be converted to the corresponding 2«-hydroxytaxusin and 78-
hydroxytaxusin by the taxoid 2a-hydroxylase and the taxoid 78-hydroxylase,
respectively. It is also possible that 78-hydroxytaxusin will be converted to
2-debenzoyltaxane [46]. Until now the pathway from 2-debenzoyltaxane to
paclitaxel has been clear, and includes the formation of 2-benzoxy taxoid by
taxane 2«-O-benzoyltransferase, the conversion of 10-deacetylbaccatin III to
baccatin III by 10-O-acetyltransferase, side-chain attachment by the phenyl-
propanoyltransferase, and side-chain benzamidation by 3'-N-debenzoyl-2'-
deoxytaxol N-benzoyltransferase to form paclitaxel [51]. Given the very large
number of structurally defined taxoids, and that there are even multiple path-
ways from taxadiene to paclitaxel, there must also exist several side routes
and diversions responsible for the formation of various taxoids. The substrate
selectivities of the taxoid hydroxylases and acyltransferases almost certainly
play a central role in the formation of heterogeneous taxoids.

2.2.2
Manipulation of Taxoid Heterogeneity

Since paclitaxel has been found to exhibit significant antitumor activity
against various cancers, and there is poor availability of paclitaxel from nat-
ural sources (only 50-150 mg/kg of dried trunk bark can be isolated from
several species of yew), great attention has been paid to other supply sources.
Except for semisynthesis from its natural precursor 10-deacetylbaccatin III,
which is mainly obtained from leaves of Taxus species, plant cell and tissue
culture of Taxus species is considered as one of the most promising ap-
proaches to obtain paclitaxel and related taxoids. It is practical to manipulate
taxoid heterogeneity in cell cultures via environmental factors and molecular
biology techniques.

2.2.2.1
Effect of Temperature Shift

Biosynthesis of taxoids in cultured Taxus cells was affected by temperature
shift during cultivation. When the temperature was shifted from 24 to 29 °C at
day 21 in cell cultures of T. chinensis treated with 4 uM silver nitrate at the ini-
tial cultivation time, the yield of paclitaxel increased from 49.6 to 82.4 mg/L
at day 35, while that of Tc decreased from 885.9 to 512.9 mg/L [55]. The re-
sults imply that the biosyntheses of different taxoids might have their own
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temperature preference, and the temperature-shifting strategy to produce
a specific taxoid by cultured cells should be varied accordingly.

2.2.2.2
Effect of Methyl Jasmonate

New taxoids may be produced or primary taxoids lost in cultured Taxus cells
after elicitation with MJA, a key signal compound which is widely used in the
production of secondary metabolites by plant cells. In the CR-5 callus cul-
ture of T. cuspidate [56], it is reported that after stimulation with 100 uM
MJA, five more taxoids, cephalomannine, 18-dehydroxybaccatin VI, taxinine
NN-11, baccatin I, and 2a-acetoxytaxusin, and one more abietane, taxam-
airin C, were produced in addition to known taxoids, paclitaxel, 7-epi-taxol,
taxol C, baccatin VI, taxayuntin C, taxuyunnanine C and its analogues, and
yunnanxane, and an abietane, taxamairin A. After 60-days elicited cultiva-
tion, the levels of taxuyunnanine C and its analogues increased 3.1-fold, and
paclitaxel and its analogues increased 5.2-fold compared with those in CR-
5 without MJA elicitation. The production of phenolic abietane derivatives,
taxamairin A and taxamairin C, was promoted a little [56]. Ketchum et al. [57]
reported that after MJA elicitation MhOOD cell lines of T. x media cv. Hicksii
produced a new taxoid, 18-dehydroxybaccatin VI, and lost baccatin III and
10-deacetylbaccatin III, but MhOOW cell lines of T. x media cv. Hick-
sii produced new taxoids, 18-dehydroxybaccatin VI, baccatin III, and
5a,7 B8,9,108,13c-pentaacetoxy-2a-benzoyloxytaxa-4(20),11-diene, and lost
baccatin VI. These results imply that MJA altered the heterogeneity of taxoids
by activating certain pathways of taxoid synthesis and/or reducing certain
primary pathways in different cell lines. It is necessary to have the metabolic
and physiological characterization of cell lines while manipulating the hetero-
geneity of the products.

In T. canadensis (CO93P) suspension cultures with or without 200 mM
MJA elicitation, the distribution of taxoids was similar [58]. All of the ma-
jor taxoids present in the elicited cultures were also present in the nonelicited
cultures, but the relative proportion of the taxoids was different. These ob-
servations may indicate that MJA elicitation affects the relative abundance of
existing taxoids in certain Taxus species, even if elicitation does not result
in the production of novel taxoids. This may be caused by the accumulation
of intermediates as a result of one or more rate-limiting steps in the taxoid
biosynthetic pathway.
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2.2.23
Effect of Precursors, Growth Retardants, and
Phenylalanine Ammonia Lyase Inhibitors

Veeresharm et al. [59] reported that precursors and growth retardants showed
different improvement of the production of paclitaxel, deacetylbaccatin III,
and baccatin III in T. wallichiana cell cultures (Fig.4). The accumulation
of deacetylbaccatin III, baccatin III, or paclitaxel enhanced by addition of
the precursors phenylalanine (1 mM), sodium benzoate (0.2 mM), hippuric
acid (1 mM), and leucine (1 mM) was different in cell cultures. Hippuric
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Fig.4 Effect of a precursors and b growth retardants on taxoid production in cell cultures
of Taxus wallichiana (modified from Ref. [56])
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Fig.5 Single or combined addition of cinnamic acid (CA, 0.15 mM) and phenylalanine
(Ph, 0.15 and 1.5 mM) to CO93P T. canadensis cultures at day 7. Taxoids were measured
at day 15. The baccatins consist of greater than 96% 13-acetyl-9-dihydrobaccatin IIT and
9-dihydrobaccatin III (modified from Ref. [57])

acid was most favorable for accumulation of paclitaxel, sodium benzoate
for baccatin III, and phenylalanine for deacetylbaccatin III. Like precursors,
growth retardants 2-chloroethyl phosphonic acid (50 pM) and chlorocholine
chloride (1 mM) were beneficial to the production of paclitaxel and deacetyl-
baccatin III, respectively. This may be due to the different response of 2a-O-
benzoyltransferase, 10-O-acetyltransferase, phenylpropanoyltransferase, and
3’-N-debenzoyl-2'-deoxytaxol N-benzoyltransferase to these precursors and
growth retardants. These precursors and growth retardants can be potential
regulators of the taxoid heterogeneity.

Brincat et al. [60] reported the effect of cinnamic acid (a phenylala-
nine ammonia lyase, PAL, inhibitor) and phenylalanine on the synthesis of
total taxanes in CO93P T. canadensis cultures (Fig. 5). The concentration of
13-acetyl-9-dihydrobaccatin III and 9-dihydrobaccatin III at least doubled in
CO93P cells treated with 0.15 mM cinnamic acid, although phenylalanine had
very little effect on the taxane profile. Considering o-aminooxyacetic acid
(a PAL inhibitor), which almost entirely shut down paclitaxel production,
and L-o-aminooxy-S-phenylpropionic acid (another PAL inhibitor), which
slightly enhanced paclitaxel production, they suggested that the impact of
cinnamic acid on paclitaxel might be related not to its effect on PAL but rather
to a specific effect on the taxane pathway.
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2.2.24
Biotransformation

Biotransformation is a biosynthetic or degradation process using enzymes
in living organisms or isolated from living cells as biocatalysts. The charac-
teristics of biotransformation are regioselective and stereoselective reaction
under mild conditions and easy production of optically active compounds.
It is one of the methodologies to produce diverse taxoids. The investiga-
tion of biotransformation of taxoids is gaining more and more interest, with
their reactions performed by bacteria, fungi, plant cells, and isolated en-
zymes. Hydroxylation, acylation, epoxidation, hydrolysis, recomposition, and
other reactions are generated in biotransformation of taxoids. For example,
sinenxan A (a taxoid) can be easily transformed by many organisms (Fig. 6,
Table 2). Taxoids can also be transformed directly by various cell-free en-
zymes, which are very useful in manipulation of taxoid heterogeneity. Pa-
tel [68] reported that C-13 taxolase (which catalyzes the cleavage of the C-13
side chain of various taxanes) derived from Nocardioides albus SC 13911, C-10
deacetylase (which catalyzes the cleavage of C-10 acetate of various taxanes)
derived from N. luteus SC 13912, and C-7 xylosidase (which catalyzes the
cleavage of C-7 xylose from various xylosyltaxanes) derived from Morexella
sp. SC 13963 converted various taxanes in extracts of Taxus cultivars to
10-deacetylbaccatin III, whose concentration was increased by 5.5- to 24-fold.
The C-10 deacetylase also can transform 10-deacetylbaccatin III to baccatin
IIT with a reaction yield of 51% [69]. Recently, conversion from 7-deoxy-
10-deacetylbaccatin III into 6-hydroxy-7-deoxy-10-deacetylbaccatin III by
N. luteus SC 13912 (ATCC 55426) was reported [70].

sinenxan A sinenxan A analogs

Fig.6 Biotransformation of sinenxan A by various organisms. The R groups and biocata-
lysts are shown in Table 2
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Table 2 Biotransformation of sinenxan A by various organisms

Structures of products

Species of organisms

Rs = OH, R; = Ryg = Ry4 = AcO

R10 = OH, Rz = R5 = R14 = AcO

R; = OH, R; = Rg = Rjp = Ry3 = AcO
Ris = OH,Rs = Rg = Rjg = Ry3 = AcO
R5 =Rj9p =Ryjs =OH,R; = AcO

Rs =Rs = Rjp = Ri4 = OH, Ry = AcO
R5 = R6 = RIO = OH, R2 = R14 = AcO
Rs =Rjp = OH,R; = Rg = Rj4 = AcO
R¢ =Rjo = OH,R; = R5 = Rjy = AcO

R5 :Rg :RIO :OH,R2:R5 :R14:ACO
R5 = OH, Rz = R5 = R10 = R14 = AcO

R's =Ry = OH, R, = Rs = Rj4 = AcO

R7 = OH, Rz = R5 = R10 = R14 = AcO

Ry = Rjg = OH, R; = R5 = Ryy = AcO

Rg = R14 = OH, R2 = R5 = R10 = AcO

Rg = OH, Rz = R5 = R10 = R14 = AcO

Ry = OCHO, R, = Rs = Rjp = Ry4 = AcO
R10 = OCHO, R2 = R5 = RIO = R14 = AcO
R¢ = Rg = Rjp = OH, R, = Rs = Ry4 = AcO

Catharanthus roseus [61]
Platycodon grandiflorum [61, 62]
Absidia coerulea [63]

A. coerulea [63]
Cunninghamella echinulata [64]
C. elegans [64]

C. echinulata [64]

C. echinulata [64]

C. roseus, C. echinulata,

Ginkgo biloba [61, 65, 66]

C. roseus, G. biloba [61, 66]

. elegans [64]

. echinulata [67]

. coerulea [63]

. biloba [66]

. biloba [66]

. biloba [66]

. biloba [66]

. biloba [66]

. roseus, G. biloba [61, 66]

OO0

The skeletons of sinenxan A analogs are shown in Fig. 6.

2225
Metabolic Engineering Approach

A metabolic engineering approach to engineer cells is a new method for
directed production of desired taxoids. It was reported that in Escherichia
coli cells transformed to express three genes encoding four enzymes of the
terpene biosynthetic pathway (including the committed GGPP synthase and
taxadiene synthase), taxadiene could be conveniently synthesized in vivo at
the unoptimized yield of 1.3 mg/L [71]. Considering a limited pool of pre-
cursors to GGPP and the requirement of P450 monooxygenases for further
biosynthesis of other taxoids, engineered E. coli cells are not better than en-
gineered plant cells; thus, Besumbes et al. [72] reproduced some functional
steps of the paclitaxel biosynthetic pathway in Arabidopsis thaliana plants
to produce taxadiene. A complementary DNA (cDNA) encoding the full-
length taxadiene synthase from T. baccata was successfully integrated into the
A. thaliana genome. The constitutive production of the enzyme in A. thaliana
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led to the accumulation of taxadien, and induction of transgene expression
using a glucocorticoid-mediated system consistently resulted in a more effi-
cient recruitment of GGPP for the production of taxadiene, which reached
a level 30-fold higher than that (around 20 ng/g dry weight) in plants consti-
tutively expressing the transgene.

3
Heterogeneity of Ginsenoside and Its Manipulation

3.1
Ginsenoside and Its Diversity

Ginsenosides are a group of triterpenoid saponins. More than 30 ginsenosides
have been isolated from ginseng plants and their chemical structures have
been identified. As shown in Table 3, representative ginsenosides exhibit con-
siderable structural variation. In the same type ginsenosides, they differ from
one another by the types of sugar moieties, their number, and their site of
attachment. Some sugar moieties present are glucose, xylose, rhamnose, and
arabinose. They are usually attached to C-3, C-6, or C-20 with formation of
chains of a single sugar moiety or oligosaccharide. Ginsenosides also differ
in the number and the site of attachment of hydroxyl groups. Compared with
that of protopanaxadiol-type ginsenosides, the aglycone of protopanaxatriol-
type ginsenosides (protopanaxatriol) has one more hydroxyl group at C-6,
which possibly stems from protopanaxadiol by oxidation. Another factor that
contributes to structural differences between ginsenosides is the stereochem-
istry at C-20. Most ginsenosides that have been isolated are naturally present
as enantiomeric mixtures [73,74]. The binding site of the sugar, the num-
ber of hydroxyl groups, and the stereoisomerism of ginsenosides have been
shown to influence their biological activities.

Numerous reports have been published on the pharmacological and bi-
ological activities of various ginsenosides as summarized in Table 4 [75].
There is a very close relationship between the structure and the function of
ginsenosides. Both ginsenoside Rd and Rb; are protopanaxadiol-type gin-
senosides, which differ only by the presence of two glucose moieties at C-20
in Rb; and one glucose moiety in Rd. Except for vasodilating action, they
do not share the same pharmacological functions (Table 4). Ginsenosides
Rh; and Rh; are also structurally similar. Rh;, inhibited in vitro prolifera-
tion of lung cancer cells 3LL (mice), Morris liver cancer cells (rats), B-16
melanoma cells (mice), and HeLa cells (human) and stimulated melanogen-
esis and cell-to-cell adhesiveness, but Rh; had no effects on cell growth and
cell-to-cell adhesiveness despite its stimulation of melanogenesis [76]. Fur-
thermore, only Rh, was incorporated in the lipid fraction of the B16-BL6
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Table 3 Representative ginsenosides of ginseng congeners

Ginsenoside Ry R,

Protopanaxadiol type

Rh, Glc H

1) Glc Glc

Rgs3 Glc(2-1)Glc H

Rd Glc(2-1)Glc Glc

Rb; Glc(2-1)Glc Glc(6-1)Glc

Rb, Glc(2-1)Glc Glc(6-1)Arap

Rbs Glc(2-1)Glc Gle(6-1)Xyl

Rc Glc(2-1)Glc Glc(6-1)Araf

Ra Glc(6-1)Gle(6-1)Glc Glc(3-1)Gle3-1)Glc
Ra; Glc(2-1)Glc Glc(6-1)Arap(4-1)Xyl
Ra, Glc(2-1)Glc Glc(6-1)Arap(2-1)Xyl
Ras Glc(2-1)Gle Glc(6-1)Arap(3-1)Xyl
Rs; Glc(2-1)Gle(6)Ac Glc(6-1)Arap

Rs; Glc(2-1)Gle(6)Ac Glc(6-1)Araf
Protopanaxatriol type

Re Glc(2-1)Rha Glc

Rf Glc(2-1)Glc H

Rg: Glc Glc

Rg Glc(2-1)Rha H

Rh1 Glc H

F; H Glc

F; H Glc(6-1)Arap
Oleanane type

Ro Glc(2-1)Glc Glc

The skeletons of ginsenosides are shown in Fig. 7.
Glc B-p-glucopyranose, Arap a-L-arabopyranose, Araf «-L-arabofuranose, Xyl B-D-
xylopyranose, Rha «-I-rhamnopyranose, Ac acetyl

melanoma cell membrane. Differences in the number of hydroxyl groups have
also been shown to influence pharmacological activity. Ginsenosides Rh; and
Rhs, which possibly stem form protopanaxadiol, are different only by the
presence of a hydroxyl group at C-20 in Rh;,. Both Rh; and Rhj induced the
differentiation of promyelocytic leukemia HL-60 cells into morphological and
functional granulocytes, but the potency of Rh, was higher [77].

Since the modules with which stereoisomers react in biological systems are
also optically active, they are considered to be functionally different chem-
ical compounds [78]. Consequently, they often differ considerably in potency,
pharmacological activity, and pharmacokinetic profile. Both 20(S) and 20(R)
ginsenoside Rg, inhibited acetylcholine-evoked secretion of catecholamines
from cultured bovine adrenal chromaffin cells [79]. However, the 20(S) iso-
mer showed a greater inhibitory effect. Many factors may contribute to the
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Table 4 Pharmacological actions of various ginsenosides

Ginsenosides
Antiplatelet aggregation Ro, Rg1, Rg,
Fibrinolytic action Ro, Rby, Rbs, Re, Re, Rgy, Rgy
Stimulation of phagocytic action Ro, Rby, Rby, R, Rgs, Rhy, Re, Rgs, Rhy
Vasodilating action Rby, Rd, Rg;

Cholesterol and neutral lipid decreasing Rb;, Rb,, Rc
and HDL-cholesterol increasing effects

Stimulation of ACTH corticosterone Rby, Rb,, Rc, Re
secretion

Stimulation of RNA polymerase, protein Rbi, Re, Rgy
synthesis

Inhibition of cancer cell invasion Rgs

Induction of reverse transformation Rh,

Inhibition of tumor angiogenesis Rb,

multiple pharmacological effects of ginsenosides. The structural isomerism
and stereoisomerism exhibited by ginsenosides increase their pharmacolog-
ical diversity.

3.2
Ginsenoside Biosynthesis and Manipulation of Ginsenoside Heterogeneity

3.2.1
Ginsenoside Biosynthesis

Ginsenosides are synthesized via the isoprenoid pathway by cyclization of
2,3-oxidosqualene to give primarily oleanane dammarane triterpenoid skele-
tons (dammarenediol or f-amyrin). The first committed step in the synthesis
of triterpenoid saponins involves the cyclization of 2,3-oxidosqualene to give
one of a number of different potential products. Ginsenosides are derived
from dammarane skeletons or oleanane. Dammarenyl cation produced by
this cyclization forms a branching point in the ginsenoside biosynthetic path-
way (Fig. 7).

The oleanane or dammarane skeleton undergoes various modifications
(oxidation, substitution, and glycosylation), mediated by cytochrome P450
dependent monooxygenases, glycosyltransferases, and other enzymes, to
form various protopanaxadiol-type, protopanaxatriol-type, and oleanane-
type ginsenosides. Like other saponins, it is believed that the oligosaccharide
chains were likely to be synthesized by the sequential addition of single sugar
molecules to the aglycone [82, 83]. Compared with that of protopanaxadiol-
type ginsenosides, the aglycone of protopanaxatriol-type ginsenosides (pro-
topanaxatriol) has one more hydroxyl group at C-6, which possibly stems
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Fig.7 The proposed ginsenoside biosynthetic pathway (modified from Refs. [80, 81])

from protopanaxadiol by oxidation. Glycosylation sites of protopanaxatriol
are usually C-6 and C-20, but not C-3, at which glycosylation occurs for pro-
topanaxadiol.
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3.2.2
Manipulation of Ginsenoside Heterogeneity

Manipulation of ginsenoside heterogeneity has been performed in cell cul-
tures, especially in P. notoginseng cell cultures. P. notoginseng, a famous
traditional Chinese medicinal herb, is an important source of ginsenosides,
and it has been used as a source of a healing drug and health tonic in
oriental countries since ancient times. Ginsenosides, mostly protopanaxadiol-
type and protopanaxatriol-type, are known as its major bioactive secondary
metabolites. The main strategies for manipulation of individual ginseno-
side biosynthesis are to intentionally change environmental factors in cell
cultures.

3.2.2.1
Addition of Jasmonates

At present, the metabolic pathway engineering of ginseng cells for manipu-
lation of the ginsenoside heterogeneity is very difficult, since it is not clear
how each individual ginsenoside is synthesized. In a primary study, it was
suggested that both the amount and the type of the ginsenoside produced
by the cultured cells of P. notoginseng could be varied under different cul-
ture modes [124]. Elicitation of jasmonates proved to be an effective way to
manipulate ginsenoside heterogeneity [84].

Different jasmonates play different roles in ginsenoside biosynthesis. Di-
hydromethyl jasmonate (HMJA) showed less effect than MJA on ginsenoside
synthesis, and only the 100 uM concentration of HMJA increased the gin-
senoside content. In contrast, MJA showed a significant effect, and more
importantly, MJA changed the ratio of ginsenoside content. The content of
ginsenoside Rb; increased much more than that of ginsenosides Rg; and Re
did. In addition, Rd was easily detected upon the addition of MJA. The ratio
of the Rb (protopanaxadiol-type) to the Rg (protopanaxatriol-type) groups of
the ginsenosides increased from 0.67 (control) to 1.84 (at 100 pM MJA). In
contrast, under HM]JA elicitation, the ratio of Rb to Rg did not change signifi-
cantly, and no Rd was detected. The results suggest that MJA is a promising
compound for the manipulation of the heterogeneity of ginsenosides in P. no-
toginseng cell cultures [84].

The MJA concentration was also significant for the ginsenoside synthe-
sis [84]. Table 5 presents the contents of different ginsenosides at MJA concen-
trations of 20-500 WM. MJA remarkably enhanced the ginsenoside content
and altered its distribution in the cell cultures. The total ginsenoside content
increased with increasing MJA concentration from 20 to 200 M, then a slight
decrease was observed at even higher concentrations of MJA. Upon addition
of MJA, the ginsenoside content of the Rb group increased much more than
that of the Rg group. In particular, the content of Rb; increased far more than



73

Plant Cells: Secondary Metabolite Heterogeneity and Its Manipulation

VI[Nl SUTAJOSSIp J0J Pasn sem YOIYMm ‘[oueyld T/TW] JO UOTIPPE YIIM [01UO0D YL,
(4+139)/ (PE+19Y)=34:qe
(PY+1qY+2Y+[3)=IU2IU0D [EIO],,

6¥'C 0T F¥¥C 6¢°0F8CL SF¥91 I'cF6's€ 0°CFL9¢ 00s
90°C LF €0V 9'0F6°SI 9F9s¢ 90FLV9 0°'0F 899 00¢
79'1 SFeee CIFLTT ¢F 61 S0FS09 ¥0F 699 00T
481 9¢ F+89¢ SY'OFCI6 9T F el 88FV'19 OTIF¥99 0T
790 7'SF6'66 0F0 9TF €8¢ 80FL€Ee 0'CF6'LT 50
6¥°0 9'CFS'88 0Fo0 9TFTI'6C CTFEVE LTFT'ST 0
61 4eq
L0°C IT+£0T ¥9'0F66°S 0T F9¢T ¥'0F89¢ VoFT1°6€ 00s
€0'C SCF0LE 6'GFTTC STF9¢C TlFees S TFL89 00¢
(72! VCF LEC S0FG€T 81+ 061 V1IF9YS 9'€F6'89 00T
70'1 91+ 0S¢ CEFVEL 8FVII V1IF9YS L'€F0'89 0T
S0 SOF 198 0F0 VTFLIT 0°€F6°6C I'TF 96T 50
6¢0 9F 101 0F0 6'TF €8T 9CTF0ve VIFT6c 0
71 4eq
(wm)
#8101, Py Iqy N 139 UOT)BIIUIDUOD
n_wm”n_m (7/8wr) uononpoid spisoussurn VIN

SOPISOUaSUIS [enpIAIpUT JO UOTINGLISIP pue uononpoid 9y} uo uonenuaouod (V[jy) syeuowse( [AYIoW Jo s109Jq ¢ 3|qel



74 J.-J. Zhong - C.-]. Yue

that of Rg; and Re, and Rd was also detected in all cases of MJA supplemen-
tation. An increase in MJA concentration from 0 to 500 .M resulted in an
increase in the ratio of Rb to Rg from 0.39 to 2.07 on day 12 and from 0.49
to 2.49 on day 15. It was also observed that the ratio of Rb to Rg increased
sharply with addition of 200 uM MJA, while there was no significant change
for the control during the entire cultivation period (Fig. 8). The improvement
of ginsenoside production and the alteration of ginsenoside distribution (het-
erogeneity) by jasmonate elicitation were also observed in adventitious root
cultures of P. ginseng [85]. All those facts suggest that jasmonate as a sig-
nal transducer may activate major enzymes in the isoprenoid pathway up to
dammarenediol and may also enhance key enzyme activities in the biosyn-
thetic steps from dammarenediol to individual ginsenosides (especially Rb;
and Rd).

The combination of MJA re-elicitation with sucrose feeding was demon-
strated to be a simple and effective strategy for hyperproduction of gin-
senosides and efficient manipulation of their heterogeneity in a bioreactor.
The maximum cell dry weight (DW), the ginsenoside content when the cells
reached their maximum DW, and the maximum ginsenoside production for
the control, for MJA elicited twice and, for the combination strategy are sum-
marized in Table 6. The maximum DW for the combination strategy was
25.1+0.3 and 27.3+1.5g/L on day 17 in a flask and an airlift bioreactor
(ALR), respectively, which was about 20 and 30% higher than for the con-
trol and for MJA elicited twice in both cases. Similar to MJA re-elicitation,
in both cultivation vessels, the ginsenoside content was also highly enhanced
with the combination strategy, and therefore higher ginsenoside production
was obtained. For example, in the ALR with the combination strategy, the
production of ginsenosides Rg;, Re, Rb;, and Rd was 118.4+£4.7, 117.2+ 4.6,
290.2+5.1, and 32.7+8.1 mg/L, respectively, which was apparently higher

0 5 10 15 20
Cutivation time (d)

Fig.8 Dynamic profiles of the ginsenoside Rb-to-Rg ratio in Panax notoginseng cell
cultures. Control (closed symbols), methyl jasmonate (MJA) addition (open symbols)
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than for the control and for MJA re-elicitation. The results show that MJA
re-elicitation combined with sucrose feeding was also suitable for the biore-
actor cultivation of P. notoginseng cells for hyperproduction of heterogeneous
ginsenosides [86].

Furthermore, our laboratory has used novel chemically synthesized
2-hydroxyethyl jasmonate (HEJA) to induce the ginsenoside biosynthesis
and to manipulate the product heterogeneity in cell suspension cultures of
P. notoginseng [87]. It was interestingly found that HEJA could stimulate gin-
senoside biosynthesis and change the heterogeneity more efficiently than
MJA, and the activity of the Rb; biosynthetic enzyme, i.e., UDPG:ginsenoside
Rd glucosyltransferase (UGRAGT), was also higher in the former case (Fig. 9).
By investigating two signal events in the plant defense response, i.e., oxidative
burst and jasmonic acid (JA) biosynthesis, the results suggest that an oxida-
tive burst might not be involved in the jasmonate-elicited signal transduction
pathway, and MJA and HEJA may induce the ginsenoside biosynthesis via in-
duction of endogenous JA biosynthesis and key enzymes in the ginsenoside
biosynthetic pathway such as UGRAGT. The information is considered useful
for hyperproduction of plant-specific heterogeneous products.

UGRAGT activity
(U/mg)
ECY

N
w

—_ = N
o w o

Rb1 content
(mg/100mg DW)

o
W

0.0 ! L
4 8 12 16

Fig.9 a Dynamic changes of UDPG:ginsenoside Rd glucosyltransferase (UGRAGT) activ-
ity b and the content of ginsenoside Rb; for P. notoginseng cells with 200 pM MJA or
2-hydroxyethyl jasmonate (HEJA) elicited on day 4. Control (circles), 200 uM MJA added
on day 4 (open triangles), 200 uM HEJA added on day 4 (closed triangles)
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3.2.2.2
Change of Oxygen Partial Pressure

Although the oxygen requirement of plant cells is relatively modest compared
with that of microbial cells, high cell density and fluid viscosity could sig-
nificantly reduce the oxygen transfer efficiency in bioreactors. An alternative
approach to avoid oxygen limitation in bioreactors is via manipulation of oxy-
gen partial pressure (pO,). Different pO; levels could be obtained by mixing
air with different ratios of pure oxygen or nitrogen while the total aeration
rate was maintained constant. Different pO, levels affected the distribution of
ginsenosides (heterogeneity) in high-density cell cultures in 1-L ALRs [88].
On day 10, the ratio of Rb to Rg at pO, of 36.5 kPa is 1.8- and 1.5-fold that at
pO3 of 10.6 and 21.3 kPa, respectively, while supplementation of CO; at pO,
of 10.6 and 36.5 kPa had no obvious effects on ginsenoside formation. The re-
sults imply that pO, may play an interesting role in ginsenoside biosynthesis
via signal transduction like an oxidative burst [88].

3.2.23
Change of External Calcium Concentration

Calcium is considered as the most versatile intracellular messenger, and is
able to couple a wide range of extracellular signals to specific responses [89].
In recent years, evidence has suggested that extracellular Ca?* affects plant
secondary metabolite production [90,91]. It was observed that external cal-
cium not only affected biosynthesis of ginsenoside Rb; [92], but also changed
the Rb to Rg ratio (Table 7). External calcium affected the content of intracel-
lular calcium and calmodulin (CaM) and the activities of calcium-dependent
protein kinases (CDPKs) and key enzymes leading to ginsenoside hetero-
geneity, e.g., ginsenoside glycosyltransferases such as UGRAGT [92]. It is
proposed that the effects of external calcium on the ginsenoside biosynthesis
by P. notoginseng cells are possibly mediated via a signal transduction path-
way (Fig. 10). Regulation of the external calcium concentration is considered
as a useful and powerful tool for manipulating ginsenoside synthesis and its
heterogeneity in a large-scale cultivation process.

3.2.24
Biotransformation

The distribution of various ginsenosides in ginseng cells is very different, and
unfortunately the rare ginsenosides usually present higher physiological ac-
tivity than the abundant ones. For example, ginsenoside Rh;, whose content
in wild ginseng is around 0.00003 (by dry weight), shows stronger potency to
inhibit tumor growth than that of ginsenoside Rb;, whose content is around
0.01. To date, it is very difficult to manipulate the accumulation of rare gin-
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Table 7 Effects of external calcium concentration on the distribution of individual gin-
senosides

Initial Ca?* Verapamil Rb:Rg?
concentration addition or Ca?* 0h 24h 48h 72h
(mM) feeding
0 - 0.43 0.42 0.43 0.43
3 - 0.43 0.45 0.49 0.51
8 - 0.43 0.48 0.57 0.61
13 - 0.43 0.44 0.45 0.48
3 Addition of 0.43 0.42 0.43 0.47

0.5 mM Verapamil at
initial time
3 Feeding of 0.43 0.42 0.57 0.66
5mM Ca?*
at24h
3 Feeding of 0.43 0.42 0.57 0.57
5mM Ca?*
at 24 and
48h

2 Rb:Rg=Rb1/(Rgl+Re)

senosides in ginseng cells as their biosynthetic process is unclear. Biotrans-
formation is a practical approach to transform highly abundant ginsenosides
into rare ones by using isolated enzymes or microorganisms. Table 8 shows

Table 8 Biotransformation of ginsenosides by enzymes or microorganisms

Transformation of Enzymes or microorganisms
ginsenosides
Rgs — Rhy Ginsenoside-S-glucosidase (from Panax ginseng) [93]

Rhizopus stolonifer AS 3.822 [94]
Bacteroides sp., Fusobacterium sp., Bifidobacterium sp. [95]

Rc — Rd Ginsenoside-«-arabinofuranase (from P. ginseng) [96]
Rg, — Rhy Ginsenoside-o-L-rhamnosidase (from Absidia sp.39) [97]
Rb; — F, Ginsenoside-S-glucosidase (from Fusobacterium K-60) [98]
Rgi,Re — Rhy Lactase (from Penicillium sp.) [99]
Rb, — Rd o-L-Arabinopyranosidase
(from Bifidobacterium breve K-110) [100]
Rc — Rd a-L-Arabinofuranosidase (from B. breve K-110) [100]
Re — Rg; Hesperidinase (from Penicillium sp.) [101]
Rb; — Rd Curvularia lunata AS 3.4381, R. stolonifer AS 3.822 [94]

Rd — Rg3 R. stolonifer AS 3.822 [94]
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Fig.10 A proposed signal transduction pathway regarding the effect of external Ca?* on
biosynthesis of ginsenoside Rb; by P. notoginseng cells. Ca?* signal changes are trig-
gered by various concentrations of external Ca?". The calcium signatures are decoded
by calcium sensors, calmodulin (CaM) and calcium-dependent protein kinase (CDPK).
UGRAGT, which catalyzes ginsenoside Rb; synthesis from Rd, is possibly modulated by
the sensors in a direct or an indirect way ( dashed lines). Changes of CDPK activity may
result from increased synthesis of CDPK protein or from post-translational modification
of the enzyme (CDPK*)

some enzymes and microorganisms used in ginsenoside biotransformation.
High biotransformation rates have been observed. For example, after reac-
tion at 60 °C for 24 h, over 60% of ginsenoside Rgz was converted to Rh,
by ginsenoside-g-glucosidase from ginseng [93]. After 4-day incubation on
a rotary shaker (200 rpm) at 24 °C with Curvularia lunata, 81% of ginseno-
side Rb; was transformed into Rd [94]. Besides hydrolyzing the ginsenosides
conjugated with many sugars to that conjugated with fewer sugars, glycosyla-
tion on the ginsenosides with a few sugars is another method of ginsenoside
biotransformation. The UGRAGT isolated from P. notoginseng cell cultures
in our laboratory allowed over 80% of ginsenoside Rd to produce Rb; after
reaction at 30 °C for 10 h with uridine 5'-diphosphoglucose. Although both
isolated enzymes and microorganisms can convert ginsenosides, the products
of ginsenoside biotransformation by enzymes are single ones and its incuba-
tion time is also shorter than for conversion by microorganisms. Thus, the
biotransformation by enzymes is a promising approach in the manipulation
of ginsenoside heterogeneity. But, its disadvantage is that another ginsenoside
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(as a substrate) and the enzyme (as a biocatalyst) are necessary, which may
cause a high cost especially for large-scale production.

4
Perspectives

As we gain deeper insight into the metabolic network and its interaction with
the environment of biosynthetic pathways for plant secondary metabolism,
more rational approaches to redirecting metabolic flux to desired secondary
metabolites could be designed. By integrating molecular biology techniques
with mathematical analysis tools, we can use metabolic engineering to help
elucidate metabolic flux control and rational selection of targets for genetic
modification [102,103]. In the case of plant alkaloids (one of the largest
groups of natural products), which provide many pharmacologically active
compounds, significant progress, such as increased indole alkaloid levels, al-
tered tropane alkaloid accumulation, elevated serotonin synthesis, reduced
indole glucosinolate production, redirected shikimate metabolism, and in-
creased cell-wall-bound tyramine formation, has been achieved by metabolic
engineering applications [104-107].

Functional genomics (transcriptomics, proteomics, and metabolomics)
also offer new avenues for potential manipulation of heterogeneity of plant
secondary metabolites. Because not enough genomic tools are available for
most plants producing interesting secondary metabolites (e.g., ginsenosides
and paclitaxel), despite great progress in cDNA cloning of enzymes related
to biosynthesis of paclitaxel [108], it is not surprising that virtually no such
comprehensive studies have been reported. Recently, a proteomic approach
was taken to analyze the proteins in opium poppy latex, which is thought
to be the major site of morphine biosynthesis [109]. This type of analy-
sis based on two-dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis is helpful to identify the genes required for specific cell facto-
ries that are responsible for the biosynthesis of plant secondary metabolites
such as morphine. It is very important to analyze the protein itself closely
related to secondary metabolism, because the DNA sequence and the ex-
pression of messenger RNA (mRNA) do not provide information of protein
post-translational modification, structure, and protein-protein interaction.
Almost all proteins are post-translationally modified, and then form spe-
cific structures and functions through protein-protein interaction [110]. In
addition, transcriptomics tools such as differential display, expressed se-
quence tag databases and microarrays have also been used to investigate
the biosynthesis of specific secondary metabolites, and, in particular, ran-
dom sequencing of cell cDNA libraries from MJA-induced T. cuspidata cells
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for taxoid biosynthesis has been used to isolate the entire paclitaxel path-
way [108,111-113].

Considering the network of the biosynthetic pathway of plant secondary
metabolites, the same metabolite can be a member of several different path-
ways and may also have regulatory effects on multiple biological processes.
Therefore, an individual metabolite cannot, in most cases, be unambiguously
linked to a single genomic sequence [114]. Thus, the simultaneous identifi-
cation and quantification of metabolites is necessary to study the dynamics
of the metabolome of secondary metabolism, to analyze fluxes in secondary
metabolic pathways, and to decipher the role of each metabolite following
various stimuli. Linkage of functional metabolomic information to mRNA
and protein expression data makes it possible to visualize the functional ge-
nomic repertoire of cells [115]. Such knowledge is believed to have great
potential for manipulation of heterogeneity of plant secondary metabolites.

In the postgenomic era, the processes and strategies to manipulate plant
cell cultures for heavy accumulation of desired secondary metabolites such
as Tc are possibly like the following: establishment of cell cultures able to
produce Tc; determination of suitable cultivation conditions, for example,
elicitation with novel synthetic jasmonates [116,117] or other stimuli which
activate the genes involved in Tc biosynthesis and enhance Tc production;
metabolite profiling by means of gas chromatography-mass spectrometry
(MS), liquid chromatography-MS, NMR, and so on; proteomic analysis; dis-
covery of genes related to Tc accumulation by means of cDNA-amplified
fragment length polymorphism, serial analysis of gene expression and mi-
croarrays, and integration with proteome analysis data; enhancement of ex-
pression or activity of rate-limiting enzymes via transformation with selected
genes alone or in combination; decrease of the flux through competitive path-
ways and the catabolism of Tc and prevention of feedback inhibition of a key
enzyme via manipulation by transcription factors or antisense technology;
and combination with engineering strategies such as pulsed electric field
stimulation [118].

Until now, only a few of the these strategies have been successfully demon-
strated in plant cells. Recently, the simultaneous overexpression of two genes
encoding the rate-limiting upstream enzyme putrescine N-methyltransferase
and the hyoscyamine-68-hydroxylase of tropane alkaloid biosynthesis re-
sulted in the highest scopolamine production ever obtained in cultivated
H. niger hairy roots [119]. Antisense approaches and transcription factors
were also successfully applied to manipulation of secondary metabolite pro-
duction [120, 121]. Because transcription factors are efficient new molecular
tools for plant metabolic engineering to increase the production of valuable
compounds, the use of specific transcription factors would avoid the time-
consuming step of acquiring knowledge about all enzymatic steps of a poorly
characterized biosynthetic pathway [122]. For example, high-flavonol toma-
toes were obtained via the heterologous expression of the maize transcription
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factor genes [123]. It is expected that very efficient production of high-value-
added secondary metabolites by plant cells will be possible with the advance-
ment of functional genomic technology.
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