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Flavonoids are low molecular-weight polyphenolic compounds found through-
out the plant kingdom. They have a wide range of structure-dependent bi-
ological effects and functions in the biochemistry, physiology and ecology of
plants. Flavonoids may be exploited in many ways in food processing, cos-
metic and pharmaceutics industry. The evolving commercial importance of
flavonoids and a need for renewable resources of valuable chemicals has lead
to attempts in developing alternative systems for their production. Different
in vitro systems have been developed for production of flavonoids, e.g., in
callus cultures, cell suspension cultures, root cultures or shoot cultures. The
selection of highly productive lines as well as the optimalization of chemical
and physical culture environments of cells for maximum productivity is the
prerequisite for the commercial application of these systems.

Key words: flavonoids, in vitro culture, plant cell culture, organ culture.

Introduction

Flavonoids are plant secondary metabolites found
in most terrestrial vascular plants. They belong
to a group of natural phenolic substances with
variable chemical structures and in plants they
are found in fruits, vegetables, grains, tree barks,
roots, stems, flowers, as well as tea and wine
(HERMANN, 1976; STAFFORD, 1991; HARBORNE
& WILLIAMS, 2000). More than 6000 different
flavonoids have been identified, many of which
are responsible for the attractive colors of flow-
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ers, fruits and leaves (NIJVELDT et al., 2001).
The interesting biological activities of flavonoids
have prompted the intensive research on physio-
logical properties of these compounds and their ef-
fects on human health (RUSAK et al., 2002). Their
wide occurrence, complex diversity and manifold
functions have made flavonoids a very attrac-
tive system for research on a molecular-biological
level. Up to date, vast amount of knowledge on
flavonoids has been accumulated. This has pro-
vided the tools and the know-how for successful
metabolite engineering of the flavonoid pathway
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(FORKMANN & MARTENS, 2001). Flavonoids pos-
sess significant antihepatotoxic, antiallergic (DI
CARLO et al., 1999; MoJzi§ & MOJZISOVA,
2001), anti-inflammatory, antiosteoporotic, and
antiatherogenic effects (DAVILLA et al., 1989;
ISHIMI et al., 1999; CHUL-HO et al., 2001), an-
titumor, antiproliferative, and anticancer activi-
ties (Kuo, 1996; LEE, 1999; BIRT et al., 2001;
HORVATHOVA et al., 2001; LOPEZ-LAZARO, 2002;
MANTHEY & GUTHRIE, 2002), as well as an-
tioxidant (RICE-EVANS et al., 1996; HOLLMAN &
KATAN, 1999; LAMUELA-RAVENTOS, 1999; EBER-
HARDT et al., 2000; M0JZz1S & MOJZISOVA, 2001;
HAVSTEEN, 2002), cardioprotective (HOLLMAN &
KATAN, 1997; NARAYANA et al., 2001), antivi-
ral (JASSIM & NAJI, 2003) and inhibition activity
against many mammalian enzyme systems in vitro
(MIDDLETON et al., 2000). Their pharmacologi-
cal properties could explain why, when consumed
regularly in the human diet, these compounds
have pleiotropic health promoting and disease-
preventing activities (GANTET & MEMELINK,
2002). On the other hand, there is also an in-
formation on the possible toxic effects of some
flavonoids (DUNNICK & HAILEY, 1992), and there-
fore more investigations are needed to elucidate
the suggested health promoting effects of these
compounds. The available knowledge on this topic
should not be regarded sufficient yet, and as a re-
sult there is no single flavonoid approved as phar-
maceutical drug up to now (HAVSTEEN, 2002).

Biosynthesis and chemistry of flavonoids

Flavonoids are low-molecular-weight compounds
and theirbiosynthesis ranks among the best de-
scribed plant secondary metabolic pathways, and
genes encoding flavonoid biosynthetic enzymes
have been cloned and characterized in vari-
ous species (WINKEL-SHIRLEY, 1998). These sec-
ondary metabolites belong to phenylpropanoid
group of compounds, which are derived from
the products of aromatic amino acid biosyn-
thesis — phenylalanine and the Krebs cycle —
acetyl CoA (WINKEL-SHIRLEY, 1998; GANTET &
MEMELINK, 2002). The first committed step in the
formation of flavonoids is conjugation of malonyl-
CoA and coumaroyl-CoA molecules (Fig. 1)tochal-
cones, catalysed by the enzyme chalcone syn-
thase (CHS) (HOLTON & CORNISH, 1995). Chal-
cones are converted to flavanones by the ac-
tion of chalcone isomerase (CHI). Flavanones are
precursors of all classes of flavonoids (WINKEL-
SHIRLEY, 2002). Flavonoids are usually charac-
terized by a Cg-C3-Cg carbon skeleton (PETER-
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SON & DWYER, 1998) and consistof a three-ring
structure A, B, C (Fig. 2). Ring A and ring B
are connected by a three-carbon unit and linked
by an oxygen-containing heterocycle (ring C).
The ring B and C are biosynthesized by way
of shikimic acid pathway. The ring A originates
from the acetate-malonate pathway (FORMICA &
REGELSON, 1998). The general chemical structure
of flavonoids and the numbering of ring atoms
is shown in Figure 2. The structural difference
in each flavonoid family results from the varia-
tion in the number and substitution pattern of
hydroxyl groups and the extent of glycosylation
(AMIC et al., 2003). Subclasses of flavonoids are:
flavonoles, isoflavonoles, flavones, isoflavones, fla-
vanones, isoflavanones, flavanols, isoflavanols, fla-
vanes, isoflavanes, anthocyanidines, aurones and
coumarins (Fig. 3).

Biotechnological approaches for production
of flavonoids

Biotechnology offers an opportunity to exploit
cells, tissues, organs or entire organisms by grow-
ing them in vitro and to genetically manipulate to
get desired compounds (RAO & RAVISHANKAR,
2002). Flavonoids can be produced by using dif-
ferent biotechnological approaches, such as cal-
lus cultures, cell suspension cultures and/or or-
gan cultures. In the following sections we will
briefly review the individual in vitro culture tech-
niques with regard to the attempts to use them
for flavonoid production.

Production of flavonoids in organ cultures

Since it was observed, that production of sec-
ondary metabolites is generally higher in differ-
entiated plant tissues, there were attempts to cul-
tivate whole plant organs, i.e. shoots or roots in in
vitro conditions with the aim to produce medici-
nally important compounds (BIONDI et al., 2002).
As it was expected, such organ cultures produced
similar patterns of secondary metabolites as in-
tact plants. The advantage of using the organ cul-
tures is that they are relatively more stable in
production of secondary metabolites than cultures
of undifferentiated cells, such as cells in callus or
suspension culture (RAO & RAVISHANKAR, 2002).
For the objective of production of plant secondary
products, generally two types of organ cultures are
considered, i.e. root cultures and shoot cultures.
Root cultures are valuable sources of medic-
inal compounds (FLORES et al., 1987; SEVON
& OKSMAN-CALDENTEY, 2002; YU et al., 2002)
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Fig. 1. Biosynthesis of flavonoids (adapted from WINKEL-SHIRLEY, 2002). CHS, chalcone synthase; CHR,
chalcone reductase; AS, aureusidin synthase; CHI, chalcone isomerase; IFS, isoflavone synthase; IOMT,
isoflavone O-methyltransferase; 12'H, isoflavone 2’-hydroxylase; IFR, isoflavone reductase; VR, vestitone re-
ductase; DMID ,7,2’-dihydroxy, 4’-methoxyisoflavanol dehydratase; DFR, dihydroflavonol 4-reductase; F3H,
flavanone 3-hydroxylase; F3’H, flavonoid 3’-hydroxylase; F3’5’H, flavonoid 3’5’-hydroxylase; LDOX, leucoan-
thocyanidin dioxygenase; ANS, anthocyanidin synthase; OMT, O-methyltransferase; UFGT, flavonoid glucosyl
transferase; RT, rhamnosyl transferase; FS1/FS2, flavone synthase; LCR, leucoanthocyanidin reductase. The

names of the major classes are boxed.

and also flavonoids (ASADA et al., 1998; BOUR-
GAUD et al., 1999; GAO et al., 1999; TUMOVA
L., 1999). Many of the secondary compounds, for
example, the tropane alkaloids hyoscyamine and
scopolamine were produced quite well in root cul-
tures (ENDO & YAMADA, 1985; HASHIMOTO et
al., 1986). Root systems of higher plants, how-
ever, generally exhibit slower growth than cultures
of undifferentiated plant cells and are difficult to
harvest. Therefore, alternative methods for pro-
duction of compounds synthesized in plant roots
were investigated. The most promising one of them
is the use of plant hairy root cultures (SEVON &
OKSMAN-CALDENTEY, 2002).

Hairy roots result from the successful trans-
fer and integration of the genes located on the
root inducing plasmid R: of Agrobacterium rhi-
zogenes into the plant genome and their expres-

Fig. 2. Basic structure of flavonoids.

sion therein. The T-DNA of Ri plasmid is “split”
into two different parts, called the T-DNA (con-
taining 7ol genes) and Tr-DNA (containing auz
genes for auxin synthesis). Genes of Ri Tp-DNA
direct the synthesis of substances that recruits
the cells to differentiate into roots under the in-
fluence of endogenous auxin synthesis (NILSSON
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& OLSSON, 1997; ALTAMURA, 2004). The char-
acteristic capacity of hairy roots for secondary
metabolite production, their inherent genetic sta-
bility reflected in stable productivity, and the pos-
sibility of genetic manipulation to increase biosyn-
thetic capacity, have initiated a considerable inter-
est, both as a fundamental research tool and as a
source of valuable products (SEVON & OKSMAN-
CALDENTEY, 2002). These types of roots are char-
acterized by fine structure, fast growth, frequent
branching, plagiotropism and they can be sub-
cultured and indefinitely propagated on a syn-
thetic medium without phytohormones (CHILTON
et al., 1982; SEVON & OKSMAN-CALDENTEY,
2002). Many times, they do not need incubation
under light. In addition to their growth capacities,
hairy roots display interesting properties regard-
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ing the production of secondary metabolites, i.e.
the metabolite pattern found in hairy roots is sim-
ilar or identical to that of non-transformed plant
roots (PARR & HAMILL, 1987). Important prop-
erty of hairy roots is also their ability to produce
secondary metabolites concomitantly with growth.
That means there is a possibility to get a continu-
ous source of secondary compounds from actively
growing hairy roots (KIM et al., 2002). Because of
these advantages, many of the root-derived plant
products, once not considered feasible for produc-
tion by cell suspension cultures, are being reinves-
tigated for production using the hairy root cul-
ture technology (for a review, see RAO & RAV-
ISHANKAR, 2002). Different flavonoids have also
been successfully produced in hairy root cultures.

ZHOU et al. (1997) published the isolation



of a new flavone glucoside, 5,7,2’,6’-tetrahydroxy
flavone 2’-O-(-glucopyranoside and 15 known
flavonoids from the hairy root cultures of skull-
cap (Scutellaria baicalensis). KUZOVKINA et al.
(2001) showed that elicitation with methyl jas-
monate increased the content of flavonoids wogo-
nin, baicalein and baicalin up to 2.3-times in
hairy root cultures of skullcap. BOURGAUD et al.
(1999) established several transformed root cul-
tures from Psoralea spp. with the objective of pro-
ducing daidzein and related flavonoids. ASADA et
al. (2000) studied the biosynthesis of the hemiter-
pene moiety of glabrol, the main prenylated fla-
vanone of Glycyrrhiza glabra, using transformed
hairy root cultures.LI et al. (2002) produced sev-
eral flavonoids [licoagrosides D, E, and F, medi-
carpin 3-O-glucoside, calycosin 7-O-glucoside, for-
mononetin 7-O-(6”-malonylglucoside) and 2’-hyd-
roxyformononetin 7-O-glucoside] in hairy root cul-
tures of G. pallidiflora. To increase the metabolite
production in hairy root cultures, the same strate-
gies, as developed for cell cultures, can be used, for
example, the modifications of the growth media
composition, the use of elicitors or biotransforma-
tion of precursors to products (BOURGAUD et al.,
2001).

As with roots, it is also possible to culti-
vate plant aerial parts — shoots — for produc-
tion of secondary metabolites (BOURGAUD et al.,
2001; NOGUEIRA & ROMANO, 2002; SMITH et al.,
2002). Shoot cultures are usually used to overcome
the dependency of commercial production of cer-
tain secondary compounds on the natural plants
(KHANAM et al., 2000) or to induce somaclonal
variation in wvitro and to select high secondary
product yielding clones (DHAWAN et al., 2003).
Plant tissue culture techniques have been tried
for large-scale production of secondary metabo-
lites in plants species that have medicinal impor-
tance or those that is generally difficult to cul-
tivate. Shoot cultures can be transgenic, if they
are obtained after infection with a soil bacterium
A. tumefaciens (SAITO et al., 1985; SPENCER et
al., 1993), or non-transgenic, when they are cul-
tured on media with appropriate hormonal bal-
ance (MASSOT et al., 2000). The knowledge of the
various biosynthetic pathways and availability of
a wealth of genes for biosynthesis of flavonoids has
been used already for transgenic manipulation of
flavonoid biosynthesis (DAVIES, 2000; FORKMANN
& MARTENS, 2001). The goals for production
of transgenic plants with altered biosynthesis of
flavonoids were for example the flower colour mod-
ification (TANAKA et al., 1998; DAVIES, 2000), nu-
triceutical production (DE VOS et al., 2000) or

male sterility induction for the development of hy-
brid seed systems (TAYLOR & JORGENSEN, 1992).

Common properties of hairy root cultures
and shoot cultures are their genetic stability and
a good capacity for secondary metabolite produc-
tion. Similarly to hairy root cultures, shoot cul-
tures have also the ability to produce secondary
compounds concomitantly with growth (MASSOT
et al., 2000). Difficulties accompanying the use of
plant shoot cultures for production of secondary
metabolites concern their relatively slower growth
rate, the necessity to expose shoot cultures to light
and some differences in the metabolic patterns, be-
cause some of the biosynthetic pathways are local-
ized in specific organs, such as glandulae (BOUR-
GAUD et al., 2001).

Major problem of organ cultures is the large-
scale cultures (VERPOORTE et al., 2002). Differ-
ent types of bioreactors have been used for the
culture of plant roots and/or shoots (TAYA et al.,
1989; WEATHERS et al., 1997; KIM et al., 2002).
Compared to the cell suspension cultures, organ
cultures generally display a lower sensitivity to
shear stress, but they show a high degree of spatial
heterogeneity in biomass production (WILLIAMS
&DORAN, 2000). Another problem is the quite
high cost of these bioreactor systems for com-
mercial large-scale production of plant secondary
metabolites. As they have to compete with the cul-
tivation of the whole plant, such a process in most
cases is not economically viable (VERPOORTE et
al., 2002). Up to date, the only commercial exam-
ple of the use of plant organ cultures for secondary
metabolite production is the cultivation of ginseng
roots (HIBINO & USHIYAMA, 1999).

Production of flavonoids in callus cultures

Callus culture is the culture of dedifferentiated
plant cells induced on media usually containing
relatively high auxin concentrations or a combi-
nation of auxin and cytokinin in in vitro con-
ditions. Callus cultures can be embryogenic or
non-embryogenic. Embryogenic calli contain dif-
ferentiated embryogenically competent cells that
can regenerate complete plants through the pro-
cess called somatic embryogenesis (ZIMMERMAN,
1993). The main uses of somatic embryogenesis
include clonal propagation of plants, regenera-
tion of haploid or transgenic plants and funda-
mental study of the process of embryogenesis in
plants. Non-embryogenic callus cultures, contain-
ing more or less homogenous clumps of dediffer-
entiated cells, are used for secondary metabolite
production. Of the tissue culture means, this ap-
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proach is relatively frequently used for production
of flavonoids. In this section, we summarize liter-
ature data on the production of different groups
of flavonoids by callus culture. Some examples
of flavonoid production in callus culture are pre-
sented in Table 1.

MADHAVI et al. (1998) studied the isolation
of bioactive constituents from Vaccinium myr-
tillus fruits and cell cultures. Fruits and callus
cultures were extracted and fractionated. Major
fractions contained flavonoids, such as cyanidin-3-
galactoside, cyanidin-3-glucoside, cyanidin-3-ara-
binoside and proanthocyanidins. Anthocyanin ac-
cumulation in callus was lower (0.08 mg/g dry cell
weight; DCW) than in the fruit (27.3 mg/g DCW).
Callus cultures accumulated both oligomeric (178
mg/g DCW) and polymeric (436 mg/g DCW)
proanthocyanidins; proanthocyanidins were simi-
larly present in fruit extracts (oligo- and poly-
meric, 202 and 1613 mg/g DCW, respectively).
DiAS et al. (1998) published the isolation of a
new naturally occurring compound 6-C-prenyl lu-
teolin, together with luteolin-5,3’-dimethyl ether,
luteolin-5-glucoside and luteolin-3’-glucoside from
the callus of Hypericum perforatum var. angus-
tifolium. The total flavonoid content of callus,
around 0.05-0.7 mg/g (DCW), was much lower
than that found in wild growing H. perforatum
plants 14-70 mg/g (DCW). FEDOREYEV et al.
(2000) established callus cultures from the dif-
ferent parts of Maackia amurensis and analyzed
for isoflavonoids. The isoflavones daidzein, retuzin,
genistein and formononetin and the pterocarpans
maakiain and medicarpin were found to be pro-
duced by these cultures. The content of isoflavones
and pterocarpans was essentially the same in
cultures derived from leaf petioles, inflorescences
and apical meristems of the plant. The maximal
yield of isoflavones and pterocarpans in calluses
was 20.8 mg/g (DCW), approximately four times
higher than the content of the heartwood of M.
amurensis plants. Moreover, LUCZKIEWICZ et al.
(2003) established six callus cultures of Genista
species with the objective to produce isoflavones
of phytoestrogenic activity. The cultures were op-
timized for their growth and isoflavonoid produc-
tion by changing various media in the presence or
absence of light. The best growth and the high-
est isoflavone production was obtained under con-
stant light regime on SH basal medium contain-
ing 22.6 pmol/L 2,4-dichlorophenoxyacetic acid
(2,4-D), 23.2 pmol/L kinetin and 3% (w/v) of su-
crose. Callus cultures of all species produced more
isoflavones than the parent herbs. In witro cul-
tures had lower contents of genistein esters than
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the herbs. The callus with the highest isoflavone
content was obtained from G. tinctoria, produc-
ing 6586.5 mg of total isoflavones per 100 g DCW,
in which the HPLC analysis identified 3016.3 mg
of genistin. The effect of the potential elicitors
(killed cells of Pseudomonas aeruginosa, linoleic
acid, chromium trichloride, jasminic acid, substi-
tuted anilides of pyrazine-2-carboxylic acids and
iodoacetic acid) on the production of flavonoids in
callus culture of Ononis arvensis L. was examined
by TUMOVA and co-workers (TUMOVA, 1999; Tu-
MOVA & DUSEK, 2000; TUMOVA & OSTROZLIK,
2002; TUMOVA et al., 2003). All the tested elicitors
markedly increased the production of flavonoids in
comparison with the control.

Production of flavonoids in cell suspension
cultures

Stable and optimized callus cultures are a logical
step in the first phase of the cell culture production
of plant secondary metabolites, i.e. preparing the
inoculum for liquid suspension cultures. Produc-
tion of flavonoids in cell suspension cultures have
been widely published and it was proposed as a
technology to overcome problems of variable prod-
uct quantity and quality from whole plants due to
the effects of different environmental factors, such
as climate, diseases and pests (YAMAMOTO et al.,
1995; ZHANG et al., 1997, 2002; RAO & RAVIS-
HANKAR, 2002 ). During the past decades, this
technology therefore attracted much academic and
industrial interest. The approach of using plant
cell suspension cultures for secondary metabolite
(including flavonoids) production is based on the
concept of biosynthetic totipotency of plant cells
(RAO & RAVISHANKAR, 2002), which means that
each cell in the cultures retains the complete ge-
netic information for production of the range of
compounds found in the whole plant. Cell suspen-
sion cultures are initiated from established callus
cultures by inoculating them into liquid media.
The cultures are then kept in glass flasks under
continual agitation on horizontal or gyratory shak-
ers and eventually they can be transferred to a spe-
cialized bioreactor (BOURGAUD et al., 2001). As
with callus cultures, production of several classes
of flavonoids in cell suspension cultures have been
reported (Tab. 2).

YAMAMOTO et al. (1995) showed the effect
of polysaccharides on the production of prenylated
flavanones (sophoraflavanone G and lehmanin) in
Sophora flavescens callus culture. The produc-
tion of these flavanones was stimulated up to 5
times by addition of 2 mg/mL yest extract. More-



over, the production of prenylated flavanones also
can be increased by 2-5 times by addition of
cork pieces (YAMAMOTO et al., 1996). The ef-
fect of different elicitors, such as killed cells of
Pseudomonas aeruginosa, chromium trichloride,
jasminic acid, substituted anilides of pyrazine-
2-carboxylic acids and iodoacetic acid, on the
production of flavonoids in cell suspension cul-
tures of Ononis arvensis L. was examined by TU-
MOVA and co-workers (TUMOVA & BLAZKOVA,
2002; TUMOVA & ZAPALKOVA, 2002; TUMOVA
et al., 2003). They showed a marked increase of
the production of flavonoids in comparison with
the control by all the tested elicitors. MONACHE
et al. (1995) isolated flavonoids from callus and
cell cultures of Maclura pomifera. Among the
flavonoids, flavones and flavanones were produced
preferentially by suspended cells, but with the
prenyl substituents exclusively on ring A, while
the isoflavones did not show the 3’, 4’-dihydroxyl
substitution pattern found in the products isolated
from fruits. The M. pomifera cell suspension cul-
ture showed a greater level of metabolite accumu-
lation (0.91%) than stems (0.26%), leaves (0.32%)
and fruits (0.08%) of the parent plant. ZHANG et
al. (1997) studied the temperature effect on an-
thocyanin production in cell suspension cultures
of Fragaria ananassa at a temperature range of
15-35°C. The maximum anthocyanin production
was obtained at 20°C. Anthocyanin production of
270 mg/L on day 9 was increased 1.8, 3 and 4-fold
over that of cultures at 20, 25 and 30 °C, respec-
tively. In addition, ZHANG et al. (2002) reported
also anthocyanin accumulation in cell suspension
cultures of Vitis vinifera. Following either the ad-
dition of jasmonic acid or light irradiation, the
anthocyanin biosynthesis was enhanced, whereas
cell growth was inhibited. The maximum antho-
cyanin accumulation of 13.8 CV (color value)/g
FCW (fresh cell weight) occurred on day 7 when
jasmonic acid was added to the cultures at a final
concentration of 20 M on day 0. This represented
an 8.5-fold increase compared with the control cul-
ture in the dark. Following the continuous light
irradiation of 8000-8300 lux, the maximum antho-
cyanin accumulation reached was 6.8 CV/g FCW
on day 10, which was 4.8-fold that of the control.
A process, that combined jasmonic acid treatment
and light irradiation, resulted in a significant syn-
ergistic enhancement of anthocyanin accumulation
up to 22.62 CV/g FCW on day 7. This value was
13.9-fold that of the control. As a result, the max-
imum anthocyanin production of 2200 CV/ L was
achieved on day 10, representing a 5.8-fold increase
compared with the control. Moreover,PARK et al.

(1995) studied cell cultures of Pueraria lobata for
elicitor-induced enzymatic and genetic activation
of isoflavonoid production. Addition of yeast ex-
tract to the cell cultures stimulated the accumu-
lation of isoflavones and daidzein dimers.

Culture productivity is critical to the practi-
cal application of cell suspension culture technol-
ogy to production of flavonoids. Until now, various
strategies have been developed to improve the pro-
duction of secondary metabolites in n vitro cul-
tures, such as the manipulating the parameters
of the environment and medium, selecting high
yielding cell clones, precursor feeding and elicita-
tion (reviewed in COLLIN, 2001; RAO & RAVIS-
HANKAR, 2002;VERPOORTE et al., 2002).

Conclusions

Flavonoids are a large group of low-molecular-
weight polyphenolic secondary metabolites that
are widespread among plants and are used as
common dietary components and have many po-
tent biological properties. The use of flavonoids
for prevention and cure of human diseases is al-
ready widespread (GANTET & MEMELINK, 2002).
These aspects made flavonoids an interesting ob-
ject for industrial production. This review briefly
summarized the possible sources of flavonoids for
their perspective biotechnological production. The
entire biotechnological potential of flavonoids has
not yet been exploited. The technology of plant
tissue culture has its origin in the first half of
the 20*® century, with the work of pioneers, such
as Haberlandt, White, Nobécourt and Gautheret
(GAUTHERET, 2002). Plant tissue cultures were
suggested for the first time for production of phy-
tochemicals as early as in 1956 (ROUTIEN et al.,
1956). Since then, the development of plant tis-
sue culture-based systems, as an alternative to
conventional whole plant or synthetic production,
become a challenge for research scientists world-
wide. Despite of great progress in the organic syn-
thesis of many plant secondary metabolites and
related compounds, the extraction of plant sec-
ondary metabolites is still commercially required
and actual. Moreover, most of these compounds
are very difficult to synthesize chemically. Tak-
ing into account the food consumers’ preferences,
natural compounds are better accepted than syn-
thetic ones in general. These facts lead to the
development of procedures for growing plant tis-
sues and cells in a manner similar to that used
for microorganisms, i.e. under controlled condi-
tions in culture vessels and utilization of high-
producing cultures on industrial scale. Plant cell
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cultures are able to transform natural and syn-
thetic compounds using the potential of their en-
zymes in processes such as hydrogenation, dehy-
drogenation, isomeration, glycosylation, hydroxy-
lation or transfer of short carbon backbones.

The production of flavonoids via tissue cul-
ture techniques have been reported in both callus
and cell suspension cultures. The spectrum of the
produced compounds and their yields depended on
the proper selection of plant species, explant types
and culture conditions. Of the different flavonoid
types, production of anthocyanins in glycosidic
form and catechins as aglycons is reported most
frequently. Production of flavonoids in tissue cul-
ture was reported to be more effective in callus
culture. In this case, it has been shown that pro-
duction of both forms of flavonoids, i.e. aglycons
and their glycosylated forms, is possible. There
are also reports on the production of prenylated
and acetylated flavonoids. Nevertheless, published
yields are frequently more than one order less than
in the case of isolation of these compounds from
native plants, i.e. usually in a range of micrograms
to milligrams per liter of culture medium. How-
ever, as our understanding of the factors involved
in biosynthetic pathway expression will grow, so
will the ability to control the secondary metabo-
lite production in these systems.

The ability of manipulating flavonoid biosyn-
thesis in plant species is gaining rapidly in im-
portance as new economically important uses
emerged, such as in the areas of food and feed
quality and nutraceuticals. Metabolic engineering,
i.e. the modulation of metabolic and biosynthetic
networks of an organism with the intention to
direct metabolic flux into the biochemical path-
way of a certain valuable molecule, will provide
in this context an important tool to improve the
plant cell factory for the production of desired
flavonoids. Introduction of new or altered genes
into plants through genetic transformation, either
via A. tumefaciens or A. rhizogenes, can be used
for the metabolic engineering purposes. A wealth
of flavonoid genes have been identified as yet and
used for metabolic engineering of flavonoid com-
position and content (TANAKA et al. 1998; DIXON
& STEELE 1999; DE VOS et al.,, 2000). There
were three types of genes used successfully for
transgenic modification of the flavonoid pathway
(FORKMANN & MARTENS, 2001; MEMELINK et
al., 2001): (i) structural genes that control sin-
gle, biosynthetic steps of various flavonoid classes
or steps of flavonoid modification; (ii) regulatory
genes coding for the transcription factors that
switch on or off the whole pathway or parts of
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it; and (iii) genes that act indirectly (e.g. through
vacuolar pH modification, interaction with metal
ions or transcription factors) on the accumulation
of flavonoids in plant cells. As it can be used both
for plants and cell cultures, metabolic engineering
represents a powerful tool to improve the plant
cell factory for the production of the desired phy-
tochemicals, including flavonoids.
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