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Abstract

Within the secondary metabolite class of flavonoids which consist of more than 9000 known structures, flavones define one of the
largest subgroups. Their natural distribution is demonstrated for almost all plant tissues. Various flavone aglyca and their O- or
C-glycosides have been described in the literature. The diverse functions of flavones in plants as well as their various roles in the
interaction with other organisms offer many potential applications, not only in plant breeding but also in ecology, agriculture
and human nutrition and pharmacology. In this context, the antioxidative activity of flavones, their use in cancer prevention
and treatment as well as the prevention of coronary heart disease should be emphasized. The therapeutic potential of flavones makes
these compounds valuable targets for drug design, including recombinant DNA approaches. The biosynthesis of flavones in plants
was found to be catalyzed by two completely different flavone synthase proteins (FNS), a unique feature within the flavonoids. The
first, FNS I, a soluble dioxygenase, was only described for members of the Apiaceae family so far. The second, FNS II, a membrane
bound cytochrome P450 enzyme, has been found in all other flavone accumulating tissues. This phenomenon is particularly of inter-
est from the evolutionary point of view concerning the flavone biosynthesis and functions in plants. Recently, FNS I and FNS II
genes have been cloned from a number of plant species. This now enables detailed biochemical and molecular characterizations and
also the development of direct metabolic engineering strategies for modifications of flavone synthesis in plants to improve their
nutritional and/or biopharmaceutical value.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Flavonoids represent a highly diverse class of second-
ary plant metabolites with about 9000 structures which
have been identified up to now. These compounds are
found in all vascular plants as well as in some mosses
(Harborne and Baxter, 1999; Williams and Grayer,
2004). Even in the same species a number of different
flavonoids may occur. It is already well established that
flavonoids have a significant impact on various aspects
of plant biology. They exhibit a wide range of functions
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in physiology, biochemistry, and ecology, for example in
UV-protection, flower coloration, interspecies interac-
tion, and plant defence. Moreover, for a long time flavo-
noid pattern are useful tools in phylogenetic studies.
Other highly remarkably properties of certain flavonoids
are their nutritional values and medicinal benefits to hu-
mans, represented among others by antioxidant or puta-
tive anticancer activities.

All flavonoids derive their 15-carbon skeletons from
two basic metabolites, malonyl-CoA and p-coumaroyl-
CoA. Basically, flavonoids are derivatives of 1,3-diphe-
nylpropan-1-one (C6–C3–C6). The crucial biosynthetic
reaction is the condensation of three molecules malo-
nyl-CoA with one molecule p-coumaroyl-CoA to a chal-
cone intermediate. Chalcones and dihydrochalcones are
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Fig. 1. Basic flavonoid structure.
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classes of flavonoids that consist of two phenolic groups
which are connected by an open three carbon bridge.
Derived from the chalcone structure, a flavonoid-class
containing three rings, the flavanones, can be formed.
Here, the three-carbon bridge is part of an additional het-
erocyclic six-membered ring that involves one of the
phenolic groups on the adjacent ring (for numbering con-
vention to identify positions see Fig. 1). Based on these
flavanones all other flavonoid-classes are generated,
including isoflavones, flavanols, anthocyanidines, flavo-
nols, and flavones (Fig. 2) (for review see Harborne and
Baxter, 1999). This latter flavonoid-class is characterized
by the presence of a double bond between C2 and C3 in
the heterocycle of the flavan skeleton. The B-ring is
attached to C2 and usually no substituent is present at
C3. This exactly represents the difference to the flavonols
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Fig. 2. Scheme of general flavonoid pathway. Enzymes are abbreviated as fo
CHI, chalcone isomerase; FHT, flavanone 3-b-hydroxylase; DFR, dihydro
glycosyltransferase; FNS, flavone synthase; FLS, flavonol synthase; LAR,
isoflavone synthase; IFD, isoflavone dehydratase.
where a hydroxyl group can be found at that C3 position.
The term �flavone� was used for the first time in 1895 by
von Kostanecki and Tambor who were pioneers in the
structural work of this particular class of flavonoids.
Interestingly, higher plants evolved two completely inde-
pendent enzyme systems to catalyze flavone synthesis
using the same substrates. Both enzymes never occur side
by side in the same organism: only in Apiaceae a soluble
2-oxoglutarate- and Fe2+-dependent dioxygenase, fla-
vone synthase I (FNS I), is present; on the other hand a
NADPH- and molecular oxygen-dependent membrane
bound cytochrome P-450 monooxygenase, flavone syn-
thase II (FNS II), being more widespread among the
plants, has been described (Heller and Forkmann, 1993).

Here, we first review the enzymatic mechanisms of
both biosynthetic reactions catalyzed by the two flavone
synthases, as well as the genetic and molecular aspects
regarding their evolution. Moreover, the distribution,
structural diversity and the various roles of flavones in
the plants� physiology and ecology – with a focus on
chemical communication with other organisms – and
also their meaning for human health will be presented.
At last, metabolic engineering strategies of flavone path-
ways will be discussed.
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2. Biosynthesis of flavones in plants

Flavones are synthesized at a branch point of the
anthocyanidin/proanthocyanidin pathway from flava-
nones as the direct biosynthetical precursor (Fig. 2). At
least two completely different proteins were found to be
responsible for the particular enzymatic oxidative con-
version, namely the introduction of a double bound be-
tween C2 and C3 by the abstraction of two hydrogen
atoms (Fig. 3). Mainly, flavone formation in various tis-
sues of a wide range of higher and lower plant species is
catalyzed by the FNS II. All these enzymes belong to the
superfamily of plant cytochrome P450 proteins, exactly
to the subfamily CYP93B. FNS II activity was first dem-
onstrated in snapdragon (Antirrhinum majus) flowers
(Stotz and Forkmann, 1981) and osmotically stressed
soybean (Glycine max) cell suspension cultures (Kochs
and Grisebach, 1987). Detailed biochemical character-
ization of the native protein derived from crude plant ex-
tracts was further done with various plant species (for
review see Forkmann and Heller, 1999). Moreover, in
chemicogenetically defined genotypes of Gerbera hybrids
(locus Fns) the correlation between genotype and enzyme
activity for flavone formation could be demonstrated for
the first time (Martens and Forkmann, 1998). Full length
cDNAs of FNS II were recently cloned from Gerbera

hybrids (CYP93B2) (Martens and Forkmann, 1999),
A. majus (CYP93B3), Torenia hybrida (CYP93B4) (Aka-
shi et al., 1999), Perilla frutescens (CYP93B6) (Kitada
et al., 2001), Callistephus chinensis (CYP93B5) (Martens
et al., unpublished), and Gentiana triflora (Acc. No.
BAD91809) (Nakatsuka et al., 2005), respectively. The
functionality of the heterologously expressed enzymes
was proven in yeast cells. All recombinant proteins
successfully converted flavanones to the corresponding
flavones, apparently without any free intermediate thus
indicating a direct conversion. Interestingly, another
member of this cytochrome P450 subfamily, CYP93B1,
has been identified as a flavanone 2-hydroxylase (F2H)
in the legume Glycyrrhiza echinata (Akashi et al.,
1998). Here the products, 2-hydroxyflavanones, were
converted to flavones on acid treatment in vitro, suggest-
ing the involvement of an additional enzyme, a dehydra-
tase, to form a flavone in vitro (Akashi et al., 1998, 1999).
Whether in G. echinata a FNS II is present besides the
F2H remains to be elucidated. However, as the FNS II
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Fig. 3. Flavone formation catalyze
has been described for soybean (Kochs and Grisebach,
1987) it can be excluded that it represents the common
biosynthetic pathway of flavones in Fabaceae.

The soluble FNS I enzyme has been described at first
for parsley (Petroselinum crispum) cell suspension cul-
tures and was classified as 2-oxoglutarate-dependent
dioxygenase (Sutter et al., 1975; Britsch et al., 1981).
The FNS I cDNA has been cloned from P. crispum

and was functionally expressed in yeast by Martens
et al. (2001). Up to now, FNS I appears to be confined
to the plant family Apiaceae. This unique occurrence as
well as its high sequence similarity to the flavanone 3-b-
hydroxylase (FHT) laid the basis for evolutionary stud-
ies. The relationship between both proteins within the
Apiaceae was recently investigated by molecular and
phylogenetic analysis. Based on the results obtained, a
gene duplication of FHT and subsequently a functional
diversification was postulated. Most likely, this occurred
early in the development of the Apiaceae subfamilies
(Gebhardt et al., 2005).
3. Diversity and distribution of flavones

The flavones can be classified into several subgroups
which are mainly indicated either by (i) hydroxylation,
(ii) O-methylation, (iii) C-methylation, (iv) isoprenyla-
tion, or (v) methylenedioxy substitution. Besides the
aglycon structures, O- and C-glycosides are well known.
Flavones mostly occur as 7-O-glycosides, but substitu-
tion can be found at any other hydroxylated position.
Chemically, flavonols are simply 3-hydroxyflavones.
However, as flavones and flavonols are biosynthetically
distinct flavonoid classes, only flavones will be discussed
in the following. Because combinations of various mod-
ifications can occur, the number of different flavones is
enormous. In 1999, Harborne and Baxter already listed
more that 350 flavones and about 500 flavone glycosides
indicating the high diversity of this flavonoid class (for
an overview of the structures described see: Wollenwe-
ber, 1994; Harborne and Baxter, 1999; Williams and
Grayer, 2004). Flavones can be found in all parts of
the plants, above- and belowground, in vegetative and
generative organs: stem, leaves, buds, bark, heartwood,
thorns, roots, rhizomes, flowers, farina, fruit, seeds, and
also in root and leaf exudates or resin.
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Flavones are present in all major land-plant lineages.
The flavones-producing plant species belong to more
than 70 different families within the plant kingdom
(Harborne and Baxter, 1999). That means, at least some
members of these plant families have conclusively been
shown to synthesize flavones. Among them mainly plant
families of higher plants are found. For example, the
largest taxon with 64 different families to date is repre-
sented by the Angiosperms. But also within the Gymno-
sperms flavones have been described, at least in the
Pinaceae and Cupressaceae. Beyond the Spermatophyta,
flavones were isolated from species of lower plant taxa
such as Pteridophyta (Dennstaedtiaceae, Equisetaceae,
Isoetaceae, Lycopodiaceae) and Bryophyta (Hepaticae,
Musci) (for reviews see Markham, 1988; Bohm, 1998).
Whether or not algae are able to synthesize any flavo-
noids is still not clear (Bohm, 1998). Besides flavonols
also two flavones, apigenin-(5,7,4 0-trihydroxyflavone)
C-glycosides, have been detected in fossils of Quercus

consimilis found in the Succor Creek flora (Miocene,
25–17 · 106 years ago) of eastern Oregon (Niklas and
Giannasi, 1978). These findings indicate that the ability
of flavone synthesis is an evolutionary old feature of
plants that was probably established when plants started
to colonize land and identify flavones as an ancient class
of phenylpropanoids.

In contrast to the nearly unique distribution of flav-
ones within higher plants, these compounds seem to be
absent in almost all of the about 3000 Brassicaceae spe-
cies, although many other flavonoid-classes are present,
especially flavonols. This conspicuous result coincides
with the absence of genes encoding flavone synthases in
the whole genome of the model plant Arabidopsis thali-
ana. Up to now, only few flavones have been found in
Brassicaceae, all describing of 6-C-glycosides: one report
identified two flavone glycosides in the leaves of Barb-
area vulgaris (Senatore et al., 2000) and more recently,
two studies showed their presence in Isatis tinctoria
leaves (Cheng et al., 2005) and Alliaria petiolata seeds
(Kumarasamy et al., 2004). In four other Brassicaceae
species there are also evidences for the presence of flav-
ones and flavone glycosides (Onyilagha et al., 2003). An-
other striking feature has been described for the plant
family Apiaceae; here the FNS II is missing as well
but its enzymatic activity has been substituted by the
completely different enzymatic system, FNS I (Brit-
sch, 1990; Martens et al., 2001). This peculiarity is uni-
que within the flavonoid metabolism and underlines
that the presence of flavone might be important for the
plants.
4. Role of flavones in plants

It is well accepted that the flavonoids appeared when
plants moved onto land. The high diversity of flavonoids
that is established nowadays raises the question of the
driving force behind this evolution. One criterion for
selection might have been the ability of flavonoids,
including flavones, to absorb UV radiation in the same
range that is detrimental to nucleic acids; thus they
can act as UV protection shield (Lowry et al., 1980).
However, this view of a primary driving force has been
challenged by Stafford (1991) who argued that originally
the amount of those compounds would not have been
sufficient. Besides this discussion, it is clear that in higher
and lower plants flavone glycosides contribute to UV
protection (Harborne and Williams, 2000). Another
important feature of flavones that could have driven
evolution is their allelochemical character. Flavones
are involved in various interactions with other organ-
isms, microbes as well as insects or other plants. For
the host plant, these interactions can be both, beneficial
or harmful. Whether or not flavones have been involved
in the ancient symbiosis with mycorrhizal fungi is still
uncertain. Very likely, the colonization of land and the
evolution of land plants were strongly facilitated by inti-
mate relations between plants and fungi where signal
molecules are required (Brundrett, 2002; Kistner and
Parniske, 2002). Thus, an involvement of flavonoids in
general or flavones in particular is conceivable.
Although in one report an inhibitory effect of such com-
pounds on hyphal growth of the mycorrhiza fungus
Gigaspora has been mentioned (Chabot et al., 1992),
there are also evidences available supporting that
hypothesis: Siqueira et al. (1991) showed that among
other flavonoids the flavone, chrysin (5,7-dihydroxyflav-
one), can increase both mycorrhiza root colonization
and root growth of Trifolium repens. Certain flavones
have also been demonstrated to promote Glomus hyphal
growth and spore germination (Tsai and Phillips, 1991).
Interestingly, mycorrhizal associations with the roots of
Brassicaceae are at best weak and facultative (Medve,
1983), and although arbuscular mycorrhizae have re-
cently been reported from Thlaspi, it is doubtful if an
effective symbiosis results (Regvar et al., 2003). Thus,
it is tempting to speculate that one reason why roots
of Brassicaceae are lacking mycorrhizae might be due
to the absence of flavones� biosynthesis.

A defined role for flavones as signalling molecules has
been realized in the symbiosis between legumes and nitro-
gen-fixing rhizobia. Among other flavonoids, flavones
from the host roots are exuded and selectively recognized
by the respective bacterial symbiont. Subsequently, the
synthesis of bacterial nod-factor signals is initiated,
which in turn are recognized by the plant host (Fisher
and Long, 1992). The first flavone identified to partici-
pate in such a communication was luteolin (5,7,3 0,4 0-
tetrahydroxyflavone) (Peters et al., 1986), but much more
are described up to now (Broughton et al., 2000).

In plant insect interactions, flavones can be em-
ployed as co-pigments of delphinidin derivatives in
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blue-flowered plants, the preferred flower colour of
bees, thus contributing to the attraction of pollinators
(Harborne and Williams, 2000). Again, in combination
with a second compound that must be present, flavones
(e.g., luteolin 7-O-(600-O-malonyl)-b-D-glucoside to-
gether with trans-chlorogenic acid) are described to
stimulate oviposition of certain insects on host plants
(Feeny et al., 1988). Another aspect of flavones in plant
insect interaction is their impact on feeding of herbi-
vores. As reviewed by Simmonds (2003), flavones can
affect insects in various ways, for instance they inhibit
larvae feeding or act as feeding deterrent. Other
flavones, such as 400-hydroxy-maysin (5,7,3 0,4 0-tetra-
hydroxyflavone 200-O-a-L-rhamnosyl-6-C-[6-deoxy-xylo-
hexos-4-ulosyl]) can repress the development of corn
earworm moth, Heliothis zea. Besides their effectiveness
against insects, certain flavones also exhibit activities
against a variety of different organisms: e.g., other
plants (Basile et al., 2003; Beninger and Hall, 2005),
nematodes (Soriano et al., 2004), molluscs (Lahlou,
2004), fungi (Wang et al., 1989; Weidenborner and
Jha, 1997; Del Rio et al., 1998; Kong et al., 2004),
oomycetes (Del Rio et al., 1998; Kong et al., 2004),
and bacteria (Wang et al., 1989; Basile et al., 1999;
Xu and Lee, 2001). These activities are often but not
always and necessarily directed against attacking or
phytopathogenic organisms. In such cases the flavones
are frequently inducible and have to be classified as
phytoalexins. Mostly these compounds are constitu-
tively present in the particular plants. Unfortunately,
no evident structure–function relationship has been
identified that suggests why one flavone is involved in
symbiotic communication, while others act as deter-
rents to herbivores or can be active as phytoalexins.
However, a study by Picman et al. (1995) on the inhi-
bition of mycelial growth of the fungus Verticillium

albo-atrum as indicator of biological activities showed
that totally unsubstituted flavone was more effective
(in the range of 1–5 ppm) than substituted derivatives
suggesting that at least the toxic effects might be due
to hydrophobicity and their ability to interact with
membrane structures.
5. Flavones in nutrition and health

Besides their important functions in the biochemis-
try, physiology and ecology of plants, flavones are
important compounds for human nutrition and health.
There is an increasing body of evidence for health-pro-
tecting functions of flavonoid compounds, such as anti-
oxidative and antitumor effects in various cell lines, as
well as antiinflammatory, antibacterial, antiviral, and
antiatherosclerotic activities. Here, we will mainly focus
on selected flavones regarding their anticancercogenic
potential.
Flavones represent an abundant class of phytochemi-
cals in our daily diet and are components found in edible
vegetables, fruits, nuts, seeds and plant-derived bever-
ages, such as juice and tea. Currently, they attract con-
siderable scientific and therapeutic interest because of
the assumed beneficial effect of flavone-containing food
in the prevention of some human diseases. Epidemiol-
ogy and animal studies suggested that a high dietary
intake of flavonoids, including flavones, may be linked
to a reduced risk of several cancers (e.g., lung and colon
cancer), coronary heart disease, chronic inflammation,
and osteoporosis (Middleton et al., 2000; Kromhout,
2001; Tabak et al., 2001; Ross and Kansum, 2002; Man-
ach et al., 2003; Arts and Hollman, 2005). Flavones
themselves have biochemical and pharmacological activ-
ities which are beneficial for human health, including
antioxidant, anticancerogenic, anti-inflammatory, anti-
proliferative, antiangiogenic, and antiestrogenic effects,
and ingestion produces no or very little toxicity (Havs-
teen, 2002). Although several authors tried to deduce
structure–activity relationships for the cytotoxicity of
flavonoids on cancer cell lines (e.g., Cao et al., 1997;
Lopez-Lazaro et al., 2002 and references therein) such
relationship was not obvious neither on basis of the sub-
classes nor with respect to groups or positions of substit-
uents within a class (e.g., Kuntz et al., 1999). Because
the biochemical activities depend on the individual
flavone structures, each compound needs to be studied
systematically to assess its individual biological potency.
Additionally, comparative analyses with various flavo-
noids from different subgroups are necessary to examine
anticancer activities of the most potent compounds.

The flavones baicalein (5,6,7-trihydroxyflavone) and
its glucuronated derivative baicalin (baicalein 7-D-b-glu-
curonate) represent two dominant flavonoids from Scu-

tellaria baicalensis, an important perennial herb in
Chinese and Japanese traditional and clinical orientated
medicine. S. baicalensis is used for the treatment of
various types of cancer, hepatitis and T-cell leukemia
but also diseases as fever, inflammation or several kinds
of infections (Malikov and Yuldashev, 2002; Wozniak
et al., 2004). Both compounds have strong antimuta-
genic and free radical scavenging properties (Wozniak
et al., 2004). Baicalin is known to be converted in vivo
to baicalein by the cleavage of the glycoside moiety.
Recent studies provided evidence that both compounds
not only exhibit activity against several cancers in vitro
but also possess potent antiangiogenic potential both
in vivo and in vitro. Characterization of the underlying
mechanisms showed reduction of cell-associated matrix
metalloproteinase-2 activity, inhibition of migration
and proliferation, and in vitro capillary formation of
vascular endothelial cells (Liu et al., 2003). The biologi-
cal activity against prostata cancer was shown in vitro,
in vivo and in patients with advanced stages of the dis-
ease applying the herbal medicine PC SPES, which is
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known to contain baicalin as the most abundant active
compound, as well as by the pure compound itself. Inhi-
bition of proliferation was found also. In vitro, baicalin
and baicalein caused an apparent accumulation of cells
in G1, induced apoptosis, and decreased expression of
the androgen receptor in LNCaP cells in a dose-depen-
dent manner (Chen et al., 2001).

The more common plant-derived dietary flavone, api-
genin, was found to be a potent inhibitor of cell prolif-
eration and angiogenesis in human endothelial cells.
The vascular endothelial growth factor expression was
inhibited via degradation of hypoxia-inducible factor 1
alpha (Osada et al., 2004). Recently, it was reported that
apigenin inhibited the growth of human cervical carci-
noma cells (HeLa) and neuroblastoma cell lines, a pedi-
atric tumor accounting for 15% of childhood cancer
deaths. In apigenin-treated cervical cells, an induced
p53 expression was detectable, which caused cell cycle
arrest at G1 phase and apoptosis (Zheng et al., 2005).
Cell number reduction and induction of apoptosis was
found in a screening using apigenin together with other
phytoestrogens in four prostate epithelial cells. It was
found that apoptosis induction was caspase dependent.
Besides the cleavage of several caspases, a loss of mito-
chondrial Bcl-2 expression, mitochondrial permeability,
cytochrome c release and the cleavage of the inhibitor of
apoptosis protein cIAP-2 was observed after apigenin
treatment (Morrissey et al., 2005). Similar, for neuro-
blastoma the induction of caspase dependent, p53-med-
iated apoptosis upon treatment with the flavone has
been found. Here, the presence of the C2–C3 double
bound and the 4 0-OH on the flavonoid structure corre-
lated well with the growth-inhibitory effect of apigenin,
indicating the therapeutic potential of flavones as antitu-
mor agent (Torkin et al., 2005).

Surprisingly, flavone (2-phenyl-4H-1-benzopyran-4-
one), the non-hydroxylated core structure of the flavone
subgroup, was found to be a potent and selective inhib-
itor of proliferation, and an inducer of differentiation
and apoptosis in colon cancer cells. Flavone proved to
be a stronger apoptosis inducer than the clinically estab-
lished antitumor agent camptothecin, a topoisomerase I
inhibitor which is usually applied as a second-line phar-
macotherapeutic in advanced colorectal cancers to pro-
mote apoptosis (Wenzel et al., 2000). Although the
dietary importance of flavone is rather poor since its
occurrence is only described in some cereal grains or
in dill (Middleton and Kandaswami, 1993), the bio-
chemical activities found so far are impressive. In
HT-29 cells themRNA levels of cell-cycle- and apoptosis-
related genes including CDK-inhibitor p21, cyclooxy-
genase-2, nuclear transcription factor jB, and bcl-XL

was changed after treatment with flavone. Furthermore,
flavone induces the activation of several caspases and a
decrease of mitochondrial anti-apoptotic Bcl2 protein
expression (Erhart et al., 2005). Cell arrest was found
in a post-G1 phase before apoptosis occurs or differ-
entiation is initiated in apoptosis-resistant cells. More-
over, flavone but not camptothecin, displayed a high
selectivity for the induction of apoptosis and of growth
inhibition only in the transformed but not in primary
non-transformed colonocytes (Wenzel et al., 2000). The
underlying mechanism of this selective activity is proba-
bly the enhanced uptake of monocarboxylates such as
lactate into mitochondria most likely by an allosteric
activation of monocarboxylate transporter-1 (Wenzel
et al., 2005).

On the whole, these results suggest that non-muta-
genic dietary flavones and in particular baicalein and
its derivatives, apigenin, and flavone, have striking po-
tential as agents for preventing several kinds of cancers.
6. Metabolic engineering strategies of flavone pathway in

plants

Flavones become more and more commercially
important for the floricultural, agricultural, food and
pharmaceutical industry, respectively. In the latter case
due to the dietary uptake of efficient antioxidants as de-
scribed above. Consequently, genetic engineering can
provide a valuable tool to expand the plant gene pool
and thus promoting the generation of new commercial
plant varieties or plant-derived products (e.g., food sup-
plements, functional foods, herbal drugs). The biosyn-
thesis of floral pigments, particularly anthocyanins,
has been elucidated in great detail in several model flow-
ers and is now being applied to other flowers providing
means of targeting colour modification. Apart from fla-
vone structures based on isoetin (5,7,2 0,4 0,5 0-pentahydr-
oxyflavone) which is described as yellow pigment in
members of Chichoriae subfamily and in Isoetes spec.
(Harborne, 1978) nearly all other flavones are acyanic
visible only under UV-light. Generally, flavones and
also flavonols contribute as common copigments to
the colour appearance of cyanic pigments in plant tis-
sues (see Section 4). Therefore, by metabolic engineering
of this step the copigment level can be modified. How-
ever, as flavones and anthocyanins share common pre-
cursors, the levels of copigments and anthocyanin are
generally negatively correlated. Practically, that means
that a reduction on flavone level, e.g., by antisense sup-
pression, will likely cause in increase of anthocyanin le-
vel due to precursor flow in only one direction. This
assumption is further supported by a classical breeding
experiment performed with chemicogenetically defined
Gerbera line ‘‘Th 58’’ which comes out to be heterozy-
gous for locus Fns (fns+ fns) and only accumulates 4 0-
hydroxylated flavonoids. The self-crossing population
segregated into three groups which could be classified
by their pigment pattern and level (apigenin and pelarg-
onidin), relative FNS II enzyme activity (high, medium,



Fig. 4. Flavones as copigment. Self crossing of Gerbera Hybrida ‘‘Th 58’’ (Martens, 2000). Pg, pelargonidin; Ap, apigenin; *, absorption at 509 nm;
n.d., not detectable; 1relative conversion of 14C-naringenin to 14C-apigenin in standard FNS II assay (Martens and Forkmann, 1999).
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no) and finally also by the genotype (fns+ fns+, fns+ fns,
fns fns) which was confirmed by generating F2-popula-
tions from each group (Fig. 4) (Martens, 2000). How-
ever, down regulation of the FNS II gene in blue
torenia (Torenia Hybrida) using antisense technique de-
creased the level of flavones as expected. Those of its
precursor, the flavanones, are increased. Unexpectedly,
the levels of anthocyanins were reduced and the resul-
tant flower colour was pale blue (Ueyama et al., 2002).
The strong copigment effect of flavones was recently
documented in transgenic carnation (Dianthus caryo-

phyllus). Florigene Moonshadow�, the first blue carna-
tion, was analyzed regarding the flavonoid pattern.
Besides delphinidin derivatives, the transgenic petals
also contained an apigenin derivative that is proposed
to have a strong copigment effect on the anthocyanin
(Fukui et al., 2003).

In summary, both enzymes, FNS I and FNS II, en-
able the control of a biosynthetic step at an important
junction of this pathway leading to various flavonoids
classes, such as flavones, isoflavones, flavonols, flavanols
and anthocyanins (Fig. 2). Thus, both genes might be
useful in transgenic approaches to control the synthesis
of these compounds by modulating the FNS activities.
The direct regulation of flavone synthase activity or de
novo synthesis of flavone formation in different plant
tissues might be a useful tool to influence flower colora-
tion and in addition a wide range of economic factors
concerning plant performance including plants� disease
resistance and nodulation capacity in legumes. Further-
more, the modification of flavonoid/flavone pattern in
crops or pharmaceutical plants will lead to improved
products for human nutrition and health as well.
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