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Abstract Flavonoids comprise a large and diverse group
of polyphenolic plant secondary metabolites. In plants,
flavonoids play important roles in many biological pro-
cesses such as pigmentation of flowers, fruits and
vegetables, plant-pathogen interactions, fertility and pro-
tection against UV light. Being natural plant compounds,
flavonoids are an integral part of the human diet and there
is increasing evidence that dietary polyphenols are likely
candidates for the observed beneficial effects of a diet rich
in fruits and vegetables on the prevention of several
chronic diseases. Within the plant kingdom, and even
within a single plant species, there is a large variation in the
levels and composition of flavonoids. This variation is
often due to specific mutations in flavonoid-related genes
leading to quantitative and qualitative differences in met-
abolic profiles. The use of such specific flavonoid mutants
with easily scorable, visible phenotypes has led to the
isolation and characterisation of many structural and reg-
ulatory genes involved in the flavonoid biosynthetic
pathway from different plant species. These genes have
been used to engineer the flavonoid biosynthetic pathway
in both model and crop plant species, not only from a
fundamental perspective, but also in order to alter impor-
tant agronomic traits, such as flower and fruit colour,
resistance, nutritional value. This review describes the
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advances made in engineering the flavonoid pathway in
tomato (Solanum lycopersicum). Three different approa-
ches will be described; (I) Increasing endogenous tomato
flavonoids using structural or regulatory genes; (II)
Blocking specific steps in the flavonoid pathway by RNA
interference strategies; and (III) Production of novel
tomato flavonoids by introducing novel branches of the
flavonoid pathway. Metabolite profiling is an essential tool
to analyse the effects of pathway engineering approaches,
not only to analyse the effect on the flavonoid composition
itself, but also on other related or unrelated metabolic
pathways. Metabolomics will therefore play an increas-
ingly important role in revealing a more complete picture
of metabolic perturbation and will provide additional novel
insights into the effect of the introduced genes and the role
of flavonoids in plant physiology and development.
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1 Introduction

Flavonoids represent a large family of low molecular
weight polyphenolic secondary metabolites that are wide-
spread throughout the plant kingdom (Koes et al. 1994).
They are involved in a diverse range of biological pro-
cesses, for example (I) in providing pigmentation to
flowers, fruits and seeds to attract pollinators and seed
dispersers, (II) in protection against ultraviolet light, (IIT) in
plant defence against pathogenic micro organisms, (IV) in
plant fertility and germination of pollen, and (V) in acting
as signal molecules in plant-microbe interactions (Koes
et al. 1994; Dixon and Paiva 1995; Dooner and Robbins
1991).
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To date, more than 6,000 different flavonoids have been
described and the number is still increasing (Harborne and
Williams 2000). Flavonoids are defined by their basic
skeleton, the flavan-nucleus, consisting of two aromatic
rings with six carbon atoms (ring A and B) interconnected
by a hetero cycle including three carbon atoms (ring C).
According to the modifications of the central C-ring they
can be divided into different structural classes like flava-
nones, isoflavones, flavones, flavonols, flavanols and
anthocyanins (Fig. 1). The huge diversity in flavonoid
structures is due to modifications of the basic skeleton by
enzymes such as glycosyl transferases, methyl transferases
and acyl transferases. In a single plant species, dozens of
different flavonoids may be present and most of these are
conjugated to various sugar moieties (Forkmann and Heller
1999).

The flavonoid biosynthetic pathway in plants has been
almost completely elucidated. Many of the structural and
some of the regulatory genes have been cloned from sev-
eral model plants, including maize, Antirrhinum, tobacco,
Petunia and Arabidopsis (Holton and Cornisch 1995) and
have been expressed in genetically modified model plants
and micro-organisms (Dixon and Steele 1999; Forkmann
and Martens 2001; Winkel-Shirley 2001; Hwang et al.
2003). Today, standard molecular tools are available to
genetically modify plants including several global impor-
tant crops such as maize, potato, tomato, sugar beet and
wheat (Sévenier et al. 2002).

Although some plants, such as onions (flavonols),
blueberries (anthocyanins) and soybean (isoflavonoids)
contain high levels of certain flavonoids, in other species
the composition of these secondary metabolites is ‘sub-
optimal’. Therefore, genetic engineering strategies have
regularly been looked upon as possible means to modify
flavonoid biosynthesis in order to influence, for example,
flower pigmentation in ornamental plants (Van der Krol

et al. 1988; Courtney-Gutterson et al. 1994; Deroles et al.
1998; Tanaka et al. 1998; Davies et al. 1998; Mol et al.
1999; Aida et al. 2000; Suzuki et al. 2002; Zuker et al.
2002; Fukui et al. 2003) or to improve for resistance
against pathogens (Yu et al. 2003; Fischer et al. 1997;
Jeandet et al. 2002).

In the past decade it has become increasingly clear that
the composition of secondary metabolites greatly influ-
ences the quality and health potential of food and food
products (Stobiecki et al. 2002). In particular, flavonoids
have been suggested to protect against oxidative stress,
coronary heart disease, certain cancers, and other age
related diseases (Kuo 1997; Yang et al. 2001; Ross and
Kasum 2002; Rein et al. 2006). At least part of these
presumed health promoting properties of flavonoids can be
attributed to the well-documented antioxidant properties of
these compounds (Rice-Evans et al. 1995, 1997). Besides
antioxidant activity, the inhibitory effect of flavonoids on
enzymatic activities (Castelluccio et al. 1995; Rice-Evans
et al. 1997; Pietta 2000) and their interaction with signal
transduction pathways, leading to changes in the expres-
sion of genes involved in cell survival, cell proliferation
and apoptosis (Yang et al. 2001; Sarkar and Li 2003;
O’prey et al. 2003; Van Dross et al. 2003) may also con-
tribute to their health-promoting properties. For this reason,
there is currently a growing interest in the development of
agronomically important food crops with optimized levels
and composition of flavonoids and for many plant-based
products ‘enhanced anti-oxidant content’ is now exploited
in their marketing strategies. An excellent candidate for
such an approach is tomato, one of the most important
vegetable crops world-wide. In tomato fruit, flavonoids
accumulate mainly in the peel, whereas in the flesh, which
comprises >95% of total fruit weight, only traces of
flavonoids can be found. The main flavonoids in tomato
peel are naringenin-chalcone and rutin (quercetin-
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Fig. 1 Schematic overview of flavonoid pathway engineering in
tomato. Solid black arrows represent the active pathway in tomato
fruit peel. Anthocyanin production is occasionally found in vegetative
tissues (dotted arrow). Increased flavonol biosynthesis was obtained
by upregulating the pathway in fruit flesh using the transcription
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factor genes Lc and Cl1, or by relieving the block in the pathway in
fruit peel using the petunia CHI gene (blue arrows). An RNAi
approach was used to block specific steps in the pathway (red
crosses). Newly introduced flavonoid branches are depicted in green
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rutinoside). In the model cultivar Moneymaker, the levels
of these compounds can reach up to 50 and 10 mg/kg FW,
respectively. These levels are low compared to levels found
in, for example, yellow onions, which contain up to
300 mg quercetin/kg FW (Hertog et al. 1993; Crozier et al.
1997). This suggests that there is considerable room for
improvement of the flavonoid composition in tomato fruit.

In this paper we give an overview of different strategies
used to alter the levels and composition of flavonoids in
tomato fruit by engineering the flavonoid biosynthesis
pathway or by screening the natural biodiversity and spe-
cific mutants using metabolomics approaches.

2 The flavonoid biosynthesis pathway in tomato fruit

Two classes of genes can be distinguished within the fla-
vonoid pathway: structural genes encoding enzymes that
directly participate in the formation of flavonoids, and
regulatory genes that control the expression of the structural
genes. The precursors for the synthesis of most flavonoids
are malonyl-CoA and p-coumaroyl-CoA, which are derived
from carbohydrate metabolism and the phenylpropanoid
pathway, respectively (Forkmann and Heller 1999).

In tomato fruit, flavonoids are mainly produced in the
peel. In the flesh, the flavonoid pathway is inactive due to a
lack of expression of flavonoid biosynthesis genes. The
major flavonoids in tomato fruit are a chalcone and a fla-
vonol: naringenin chalcone and rutin (quercetin-rutinoside)
respectively. The pathway leading to the production of
these tomato flavonoids will be described in more detail
below and is illustrated in Fig. 1.

The first enzyme in the flavonoid pathway is chalcone
synthase (CHS), which catalyses the step-wise condensa-
tion of three acetate units starting from malonyl-CoA and
the phenylpropanoid p-coumaroyl-CoA to yield the yellow-
coloured naringenin chalcone (4,2',4',6'-tetrahydroxychal-
cone), the most abundant flavonoid in red tomato fruits
(Holton and Cornish 1995; Tanaka 1998; Muir et al. 2001).
Genomic and cDNA sequences encoding CHS have been
isolated and characterised from many plant species,
including tomato, and the expression of endogenous CHS
genes has been studied in detail. Unlike tomato, most
plants do not accumulate chalcones and after its formation,
naringenin chalcone is rapidly isomerized by the enzyme
chalcone isomerase (CHI) to form the flavanone naringe-
nin. Even in the absence of CHI, naringenin chalcone may
spontaneously isomerise to form naringenin (Holton and
Cornish 1995). This compound is subsequently hydroxyl-
ated at position C-3 to form the dihydroflavonol
dihydrokeampferol.The reaction is carried out by flava-
none-3-hydroxylase (F3H), a member of the 2-
oxoglutarate-dependent dioxygenase family which is

highly conserved among widely divergent plant species
(Britsch et al. 1993). Dihydrokaempferol (DHK) can be
further hydroxylated, either at the 3’ position or at both the
3/ and 5’ positions of the B-ring. The former reaction leads
to the formation of dihydroquercetin (DHQ), carried out by
the P450 hydroxylase flavonoid 3’-hydroxylase (F3'H). The
latter hydroxylation steps are catalysed by the P450
enzyme flavonoid 3',5'-hydroxylase (F3’5'H), responsible
for the conversion of DHK into dihydromyricetin (DHM).
Dihydrokaempferol and dihydroquercetin are substrates for
the enzyme flavonol synthase (FLS), a 2-oxoglutarate-
dependent dioxygenase, leading to the production of the
flavonols kaempferol and quercetin, respectively. The latter
compound is a major flavonoid in tomato fruit peel, in
addition to naringenin chalcone. In tomato, dihydromyric-
itin is the preferred substrate of the enzyme
dihydroflavonol reductase (DFR), the first step in the
branch leading to delphinidin-type anthocyanins, which are
usually found only in vegetative tissues of tomato.

3 Modifying the flavonoid pathway using regulatory
genes

The coordinate transcriptional control of structural bio-
synthetic genes has evolved as a major mechanism
determining the final assembly of secondary metabolites in
plants. This regulation is achieved by specific transcription
factors which interact with promoter regions of target
genes and thereby modulate the rate of initiation of mRNA
synthesis (Ranish and Hahn 1996). Transcription factors
controlling pigmentation pattern and intensity through
regulating the expression of several flavonoid-anthocyanin
structural genes have been identified in many plants
(Holton and Cornish 1995). The control of these regulatory
genes appeared to be highly dependent on tissue type,
internal signals (e.g. hormones), and external signals (e.g.
microbial elicitors, UV radiation (Memelink et al. 2000;
Martin et al. 2001; Vom Endt et al. 2002).

In particular three plant species have been important for
elucidating the transcriptional control of the anthocyanin
biosynthetic pathway: maize, Antirrhinum and Petunia.
More recently, regulatory genes involved in flavonoid
biosynthesis have been found in Arabidopsis, tomato and
apple. In general, these regulatory genes can be divided
into two transcription factor families; one with sequence
homology to a regulatory protein encoded by the vertebrate
proto-oncogene c-MYB, and the other with similarity to the
vertebrate basic-Helix-Loop-Helix (bHLH) protein enco-
ded by the proto-oncogene c-MYC (Mol et al. 1998).

In various plant species tissue-specific regulation of the
structural genes involved in flavonoid biosynthesis is
controlled by a combination of regulators from these two
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transcription factor families. Homologous sets of tran-
scription factors are able to control different sets of
structural genes, thus allowing regulatory diversity in the
flavonoid pathway in different plant species as well as
different tissues (Koes et al. 1994; Quattrochio et al.
1993). Transcription factors from different plant species,
however, often show a remarkable sequence homology,
indicating that they are derived from a common ancestor.
Moreover, ectopic expression of transcription factor genes
in various plant species has confirmed that these regulatory
genes are functionally conserved among different plant
species and thus could provide a useful tool for genetic
modification of crop plants in order to modify their final
metabolite composition. However, the final quantity and
class of flavonoid-derived metabolites that are produced
are dependent on a number of parameters such as: the
binding affinity of the transcription factor to specific pro-
moter sites of their target structural genes; the ability of the
introduced regulators to cooperate with endogenous tran-
scription factors; the functionality of these endogenous
transcription factors (Quattrocchio et al. 1993; Grotewold
2006). As a result, ectopic expression of flavonoid regu-
latory genes of different origin shows a highly variable
profile of flavonoids in transgenic plants.

Amongst the most well characterized flavonoid regula-
tory plant genes are the maize leaf colour (LC) gene
belonging to the MYC type R gene family and the MYB
type CI (colourless) gene. As early as 15 years ago, acti-
vation of the anthocyanin production has been achieved in
Arabidopsis and tobacco plants by the introduction of the
maize regulator genes R and C/. In both plant species,
expression of the R regulatory gene alone was sufficient to
enhance anthocyanin pigmentation in tissues that originally
produce anthocyanins. In contrast, the expression of the C/
gene alone had no visible effect. Interestingly, accumula-
tion of anthocyanins in tissues that normally do not contain
any of these pigments was observed in transgenic Ara-
bidopsis plants expressing both CI and LC genes (Lloyd
et al. 1992). Also in LC over-expressing cherry tomato
plants, anthocyanins accumulated in leaves, stems, sepals,

petals, veins and, to a lesser extent, in developing green
fruits (Goldsbrough et al. 1996).

Ectopic expression of LC and C/ does not only result in
enhanced anthocyanin production. Other flavonoid classes
have been reported to accumulate when both LC and C1 are
expressed. For example, in red ripe tomato fruits, the
introduction and co-ordinate expression of the regulatory
genes LC and CI was sufficient to induce the flavonoid
biosynthesis in fruit flesh, a tissue that normally does not
produce flavonoids (Bovy et al. 2002; Fig. 1). The main
compounds accumulating in these transgenic fruits were
glycosides of the flavonol kaempferol. In addition, a more
modest increase in glycosides of naringenin was observed.
Taken together, the total flavonol content of ripe transgenic
tomatoes over-expressing LC/CI was about 20-fold higher
compared to wild type fruits (Bovy et al. 2002; Le Gall
et al. 2003; Table 1). Remarkably, these fruits did not
accumulate any anthocyanins, although all structural fla-
vonoid genes required for the production of kaempferol-
type flavonols and pelargonidin-type anthocyanins were
strongly induced due to the introduced LC/C1 transcription
factors. Combined biochemical and transcriptional analysis
of the transgenic lines indicated that the lack of anthocy-
anins could be explained by a low, LC/CI independent
expression of the gene encoding flavanone-3’,5'-hydroxy-
lase in tomato fruit, together with a strong preference of the
tomato dihydroflavonol reductase (DFR) enzyme to use the
F3/5'H reaction product dihydromyricetin as substrate for
the production of delphinidin-type anthocyanins (Martens
et al. 2002). In contrast to fruits, light-stressed LC/CI
seedlings, as well as leaves and nodes of some LC/CI
tomato plants, clearly accumulated these delphinidin-type
anthocyanins. When compared to fruits, expression of the
F3'5'H gene appeared to be at least ten-fold higher in the
purple-coloured LC/CI leaves (Bovy et al. 2002).

Homologs of the maize flavonoid transcription factor
genes LC and CI have also been isolated from dicot spe-
cies. Petunia, Arabidopsis, tomato, Antirrhinum and apple
contain genes with sequence homology to transcription
factors that regulate transcription of structural anthocyanin

Table 1 Flavonoid content (mg/kg FW) in red fruits of several transgenic tomato lines

Line Control CHI ENS FNS + CHI CHS-as STS AS Lc/C1
Naringenin chalcone 25 1 25 33 0.1 12.5 25 25
Quercetin 5 300 2 200 0.03 35 5 5
Kaempferol 1 70 70 1 70
Luteolin 5 100

Resveratrol 1.6

Aureusidin 2

For all transgenic lines except Lc/C1, the flavonoids are predominantly present in the fruit peel and likewise, appr. ten-fold higher levels can be

obtained by specifically analysing peel instead of whole fruit samples
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biosynthesis genes (Cone et al. 1986; Goodrich et al. 1992;
Grotewold et al. 1994; Quattrocchio et al. 1998; Ramsay
et al. 2003; Takos et al. 2006). In contrast to maize, where
LC and CI regulate all genes of the pathway from CHS
until 3GT, it has been shown that, in dicots, distinct sets of
MYB/MYC transcription factors are responsible for regu-
lating different parts the pathway (early: CHS up to F3H, or
late: DFR to 3GT). For example, in Antirrhinum, antho-
cyanin production is regulated by three regulatory genes—
Delila, Eluta and Rosea. The Antirthinum Delila gene
(DEL), a MYC (bHLH) homologue, is required for pig-
mentation of the flower tube. The first two steps of the
flavonoid pathway, CHS and CHI, show negligible regu-
lation by Delila but subsequent steps (F3H, DFR, 3GT)
have an absolute prerequisite for the Delila gene product
and show quantitative regulation by Eluta and Rosea
(Martin et al. 1991).

Over-expression of Delila in tobacco and tomato resulted
in enhanced pigmentation of flowers in tobacco, whereas
vegetative tissues were affected in tomato. In both plant
species this was at least partly due to increased expression
of the DFR gene. A ten-fold increase of DFR mRNA levels
was observed in tomato and a four-fold increase in tobacco
when DEL was over-expressed. Transcript levels of CHS
were only slightly increased, two and three-fold, for tobacco
and tomato, respectively (Mooney et al. 1995).

Activation tagging in a tomato line accumulating an-
thocyanins has led to the identification of the ANTI gene, a
transcriptional regulator of the anthocyanin biosynthesis
pathway encoding a myb transcription factor (Mathews
et al. 2003) with strong similarity to Pefunia AN2. This
ANTI gene appeared to be responsible for the intense
purple coloured vegetative tissue and purple spots in the
fruit epidermis of the tomato mutant. The tomato cultivar
Micro-Tom, constitutively over-expressing a single geno-
mic ANTI gene, demonstrated phenotypes varying from
weak to strong anthocyanin accumulation. In seedlings of
transgenic ANTI tomato plants the anthocyanin levels were
increased up to 3.5 mg/g fresh weight—an almost 500-fold
increase compared to untransformed seedlings. LC-MS
analysis revealed that nine discrete anthocyanins were
responsible for the pigmentation found in ANT] transenic
seedlings. These consisted of the 3-rutinoside-5-glucosides
of delphinidin, petunidin and malvidin (all delphinidin-type
anthocyanins). Further acylation of these anthocyanins
with caffeic acid or coumaric acid resulted in six additional
pigment molecules. Over-expression of ANTI resulted in
the up-regulation of early (CHS, CHI-like) as well as late
(DFR) genes of anthocyanin biosynthesis. In addition fla-
vonoid modifying genes (i.e. 3-O-glucosyltransferase and
5-O-glucosyltransferase) and genes encoding proteins
involved in flavonoid transport (HD-GL2, permease and
GST) were increased as well.

Besides transcription factors which increase the activity
of the flavonoid pathway, also negative regulators of fla-
vonoid biosynthesis have been described. For example,
mutation of the DE-ETIOLATEDI gene (DETI) has been
shown to result in high pigmented phenotypes (hp-2) in
tomato. The darker fruits of these mutants are due to ele-
vated levels of both flavonoids and carotenoids (Bino et al.
2005). Fruit specific suppression of the regulatory gene
DET-1 resulted in increased levels of both secondary
metabolite groups. Flavonoid levels were increased up to
3.5 fold, lycopene content was two-fold higher and f-car-
otene levels accumulated up to ten-fold compared to wild
type fruits (Davuluri et al. 2005).

4 Modifying the flavonoid pathway using structural
genes

The major flavonoid accumulating in tomato fruit peel is
naringenin chalcone, the product of CHS. Naringenin
chalcone accumulates during ripening concommittant with
an increase in CHS gene expression. In addition to na-
ringenin chalcone, the flavonol quercetin rutinoside, or
rutin, also accumulates in tomato fruit peel. Biochemical
and molecular analysis of peel and flesh samples of WT
tomato fruits revealed that, in the flesh, all flavonoid genes
show very low expression levels, in line with the lack of
flavonoids in fruit flesh. In peel, all the genes required for
the production of rutin were strongly induced upon ripen-
ing, except for the gene encoding chalcone isomerase
(CHI), which demonstrated low expression throughout
ripening (Muir et al. 2001; Bovy et al. 2002). Chalcone
isomerase is required to convert naringenin chalcone into
naringenin and both the accumulation of naringenin chal-
cone and the low CHI expression suggest that CHI is a rate-
limiting step in the pathway leading to rutin. Ectopic
expression of the Petunia CHI gene in tomato fruits indeed
relieved the block in the pathway (Fig. 1), leading to an up
to 70-fold increase in tomato fruit peel of total flavonols,
consisting mainly of the flavonols rutin (quercetin 3-ruti-
noside) and isoquercetin (quercetin-3-glucoside), and to a
smaller but still substantial extent of kaempferol glycosides
(Table 1). In these high-flavonol transformants, naringenin
chalcone levels were strongly reduced, suggesting that the
Petunia CHI enzyme utilizes the natural naringenin chal-
cone pool as substrate (Muir et al. 2001; Verhoeyen et al.
2002).

To enhance the levels of flavonols in the fruit flesh, a
four-gene construct was introduced into tomato, leading to
concomitant ectopic expression of Petunia CHS, CHI, F3H
and FLS in tomato fruit. This resulted in increased levels of
flavonols in both peel (primarily quercetin glycosides) and
flesh (primarily kaempferol glycosides) (Colliver et al.
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2002). When expressed separately, none of these four
genes was sufficient to lead to flavonol production in fruit
flesh: CHS over-expression resulted in accumulation of
naringenin in the flesh, CHI only affected flavonol levels in
the peel, and F3H and FLS showed no effects on flavonoid
levels, neither in peel, nor in flesh. Crossing experiments
with single gene transgenic lines revealed that concomitant
expression of both CHS and FLS was sufficient to lead the
pathway to the accumulation of glycosides of naringenin as
well as kaempferol in tomato flesh (Colliver et al. 2002;
Verhoeyen et al. 2002). In addition, these results suggested
that, in tomato flesh, ectopic expression of CHI and F3H is
not required for flavonol production. This could be due to
the presence of sufficient endogenous CHI enzyme or
spontaneous conversion of naringenin chalcone to na-
ringenin. In addition, in vitro experiments revealed that
FLS has the capacity to convert naringenin into kaempf-
erol, suggesting that the FLS enzyme harbours an intrinsic
F3H-like activity as well (Martens et al. 2003; Lukacin
et al. 2003).

5 Blocking specific steps in the flavonoid pathway by
RNAi

In order to block specific metabolic conversions in the
endogenous tomato flavonoid biosynthesis pathway, RNA
interference has been used to down-regulate the expression
of specific structural flavonoid genes. Expression analysis

of the endogenous tomato flavonoid genes CHS, CHI, F3H
and FLS revealed that CHS, F3H and FLS were expressed
in peel tissue during all stages of fruit development,
peaking at the turning stage. In contrast, the CHI transcript
levels remained below detection levels (Muir et al. 2001).
Based on these gene expression data we decided to block
the flavonoid pathway leading to flavonols at CHS, F3H
and FLS using RNAi-mediated gene silencing (Fig. 1).

RNAI inhibition of the tomato CHS!I gene resulted in a
strong reduction of total flavonoid levels (naringenin
chalcone and quercetin rutinoside) (Schijlen et al. 2007).
Gene expression analysis showed that both Chs/ and Chs2
expression levels were reduced. As a result, CHS activity
was also dramatically reduced in these lines, finally
resulting in a 99% reduction of the total flavonoid levels
relative to wild type. Interestingly, these RNAi tomato
fruits displayed several phenotypic alterations of which
parthenocarpic fruit development appeared to be the most
severe. The occurrence of parthenocarpic fruits has also
been reported in tomato overexpressing stilbene synthase
(Giovinazzo et al. 2005; Schijlen et al. 2006), suggesting a
role for flavonoids in fertilization, seed and fruit
development.

A clear reduction of flavonols was obtained by intro-
ducing an FLS RNAi construct. Biochemical analysis
revealed that in FLS RNAIi tomato peel, quercetin-3-ruti-
noside levels were strongly decreased (1.2 mg/kg FW)
when compared to wild type (78 mg/kg FW; Figs. 2 and
3). Although these fruits were indistinguishable from wild
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Fig. 4 Anthocyanin
accumulation in vegetative
tissues of FLS RNAIi tomato
plants (left and middle panel:
FLS RNAI; right panel: wild

type)

type tomatoes, vegetative tissues for example leaves, stem
and flower buds clearly accumulated anthocyanins due to
the decreased FLS activity. This suggests that dihydrofl-
avonols, which are the natural substrates for both FLS and
DFR, were thus more efficiently converted into anthocya-
nins. Due to decreased FLS activity there appears to be less
competition between the flavonol and anthocyanin bran-
ches in vegetative tissue of FLS RNAi tomatoes, thereby
improving the metabolic flux towards anthocyanin end
products (Fig. 4).

By using an RNAi construct for F3H, tomato flavonoid
biosynthesis could be reduced beyond this step as well,
although not as effectively as for Chs and Fls (Fig. 2). In
F3H RNAI the rutin levels were decreased to approxi-
mately 20% of wild type values (Fig. 3). This relatively
low decrease may have resulted either from a partial F3H
down-regulation or is due to an intrinsic F3H-like activity
of FLS, thereby using naringenin to form flavonols (Mar-
tens et al. 2003; Lukacin et al. 2003) This is in line with
the observation that simultaneous overexpression of CHS
and FLS was sufficient to accumulate flavonols in the fruit
flesh, despite the very low expression of endogenous CHI
and F3H genes in this tissue (Colliver et al. 2002).

6 Production of novel tomato flavonoids by introducing
new branches of the flavonoid pathway

6.1 Production of flavonoid related stilbenes

Nowadays, there is a lot of interest on the putative health
effects of the flavonoid related stilbenes that are rarely
found in the plant kingdom. Therefore, several attempts
have been made to produce these phenolic compounds in a
more common dietary source such as tomato. The intro-
duction of a grape STS cDNA in tomato resulted in the
accumulation of stilbenes in fruits (Giovinazzo et al. 2005;
Schijlen et al. 2006; Fig. 1; Table 1)) Of these stilbenes, the
major compounds were trans-resveratrol and its glucoside
piceid. Whereas flavonoids normally do not accumulate in
fruit flesh, significant levels of stilbenes were also detected
in this tissue. As for flavonoids, it was found that the content
of the new metabolites strongly varied during fruit matu-
ration. In addition, a five fold difference in stilbene
accumulation was found between the two research groups,

probably also reflecting differences in growing conditions.
On a whole fruit basis, total stilbene accumulation was
reported up to 53 mg/kg FW (Giovinazzo et al. 2005) and
10 mg/kg FW (Schijlen et al. 2006).

Since the introduced stilbene synthase competes with
endogenous chalcone synthase for their common substrate
4-coumaroyl CoA (Schroder and Schroder 1990), STS
overexpression might be expected to lead to a reduced level
of endogenous flavonoids. Although Giovinazzo et al.
(2005) did not find any alterations in flavonoid levels in
tomatoes overexpressing stilbene synthase, Schijlen et al.
(2006) reported significant changes in the levels of na-
ringenin chalcone. These differences are most likely due to
differences in ‘background’ levels of for example endog-
enous phenylpropanoid and flavonoid biosynthesis as a
result of environmental and/or genetic differences. Never-
theless, overexpression of resveratrol synthase appeared to
be a successful approach to enable stilbenes to be produced
in tomato. Interestingly, the stilbene levels in these trans-
genic tomatoes are significantly higher than those found in
different red wines (ranging from 0.5 to 10 mg/l), currently
the most common source of resveratrol (Celotti et al.
1996).

6.2 Production of deoxychalcones

In the plant kingdom, the presence of deoxychalcones is
mainly restricted to the Leguminoseae, where production of
6'-deoxychalcones results from a combination of chalcone
reductase and chalcone synthase activity (Davies et al.
1998). Overexpression of both CHS and CHR in tomato
resulted in the accumulation of deoxychalcones (Schijlen
et al. 2006; Fig. 1; Table 1). In these fruits, deoxychal-
cones accumulates up to 265 mg/kg FW fruit peel, with
butein and isoliquiritigenin as major new metabolites (up to
89 mg/kg FW and 176 mg/kg FW respectively). Because
no other deoxychalcone-related flavonoid classes accumu-
lated in these tomatoes it can be concluded that the 6'-
deoxychalcones synthesized in CHS/CHR tomato fruits,
were not incorporated into the subsequent 5-
deoxy(iso)flavonoid pathway. This can be explained by the
lack of endogenous type II CHI activity in tomato, neces-
sary for the conversion of isoliquiritigenin into the 5-deoxy
flavonoid liquiritigenin, the substrate for IFS and thus
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precursor for iso-flavonoid biosynthesis which normally
only occurs in leguminous plants (Heller and Forkmann
1993). A similar accumulation of deoxychalcones,was
described for transgenic Petunia flowers overexpressing
CHR. (Davies et al. 1998) Although the accumulation of
deoxychalcones in our tomato lines was less than reported
in CHR Petunia, in both plant species the same metabolic
efficiency rate, i.e. ratio between hydroxy flavonoids and
deoxychalcones (3:2) was obtained. The higher deoxy-
chalcone accumulation in Petunia flowers is likely due to
an approximately ten-fold higher flavonoid background
level of these flowers compared to tomato fruit peel. In
agreement with results obtained in CHR-overexpressing
Petunia and tobacco plants (Joung et al. 2003), overex-
pression of the CHR gene in tomato resulted in strong
competition for common substrates between the endoge-
nous hydroxy-flavonoid and the introduced deoxyflavonoid
pathway. As a consequence, a clear loss of 6-hydroxy-
flavonoids (reduced to one third of wild type values)
accompanied the accumulation of deoxychalcones in CHR
tomato fruit peel.

6.3 Production of flavones and aurones

Although flavones are ubiquitous in plants, they are not
commonly found in crops. Major food sources of flavones
are celery and parsley. In an attempt to produce flavones in
tomato, heterologous expression of a FNS-II gene derived
from Gerbera has been used (Fig. 1). Although this
appeared to be an effective way to introduce new flavone-
derived metabolites in tomato fruit, high amounts of flav-
ones could only be obtained after simultaneous
enhancement of the endogenous flavonoid biosynthesis.
Therefore, heterologous expression of FNS to create a new
flavone branch was combined with overexpression of CHI
to stimulate the metabolic flux through the bottleneck at the
CHI-step in tomato fruit peel (Schijlen et al. 2006). The
tomatoes obtained accumulated high levels of flavones in
their peel, mainly as luteolin aglycone and luteolin 7-glu-
coside (up to 340 and 150 mg/kg FW respectively). In
addition to flavones, flavonol levels in peel tissue of these
transgenic fruits were also strongly increased compared to
the wild-type (Table 1). These flavonols were identified as
quercetin-3,7-trisaccharide, quercetin-3-trisaccharide, ru-
tin, isoquercetin, quercetin-3-rhamnoside, kaempferol-3-
rutinoside, kaempferol-3-glucoside and quercetin aglycone.
The accumulation of isoquercetin (quercetin-3-glucoside)
and quercetin aglycone, both precursors of rutin, as well as
luteolin aglycon, suggests that both rhamnosyl transferase
required for the production of rutin (=quercetin-3-rutino-
side) and glucosyl transferase become rate limiting in the
peel of CHI/FNS transgenic fruits.
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Flavonol accumulation (quercetin up to 67 mg/kg FW;
rutin up to 900 mg/kg FW) in fruit peel of CHI/FNS
overexpressing tomatoes was up to 16-fold higher com-
pared to the wild type. Analagous to tomato plants
overexpressing CHI alone (Muir et al. 2001; Verhoeyen
et al. 2002), naringenin chalcone levels in fruit peel were
strongly reduced in CHI/FNS plants (Table 1). This indi-
cates that CHI/FNS overexpression indeed leads to an
increased flux through the pathway towards flavones and
flavonols at the expense of the CHI substrate naringenin
chalcone.

Aurones are a minor subclass of plant flavonoid pig-
ments that provide the typical bright yellow color of some
popular ornamental plant species including Antirrhinum
majus. We isolated the complete cDNA encoding Aure-
usidin synthase (AmAsl, a polyphenol oxidase homologue
(Nakayama et al. 2000) from yellow snapdragon petals and
used this for constitutive expression in tomato. The
resulting transgenic tomato plants produced aureusidin
aglycon as well as three different aureusidin glycosides in
the fruit peel up to approximately 21 mg/kg fresh weight
total aurones (expressed as aureusidin equivalents)
(unpublished results).

7 Natural variation in flavonoids

Although the previous attempts to enhance the flavonoid
biosynthesis in tomato focused on transgenic strategies,
non-transgenic approaches can also be applied for meta-
bolic engineering to develop tomato with altered flavonoid
composition. Among the different factors that may influ-
ence the polyphenol content of tomatoes, genotype is
certainly among the most relevant. Therefore, the evalua-
tion of flavonoid gene expression and polyphenol patterns
of wild tomato species, as well as mutant tomato lines, can
be a first step on a successful path to increase the nutri-
tional value of tomato fruit.

The obtained molecular knowledge about the cultivated
tomato can be utilized for subsequent screening of avail-
able genetic resources. For example, expression analysis of
the flavonoid biosynthetic pathway in the cultivated tomato
fruit peel suggests that the lack of flavonoid accumulation
may be due to a mutation leading to a loss of CHI
expression but not the rest of the pathway. This raised the
possibility of screening wild tomato species for enhanced
CHI expression. It has been found that only a few wild
Lycopersicon accessions express CHI in tomato fruit peel
and that even a smaller subset of these also express genes
of the flavonol biosynthetic pathway, including CHI, in the
fruit flesh (Willits et al. 2005). Lycopersicon pennellii v.
puberulum (LA1926) expressed high levels of all five
biosynthetic genes (CHS-a, CHS-b, CHI, F3H, and FLS) in
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both fruit peel and fruit flesh and was therefore selected as
a candidate for breeding.

Fruits of L. esculentum typically accumulate moderately
low levels of quercetin-rutinoside (3 pg/mg in peel and
0.1 pg/mg Dry Weight in flesh). In addition the peel tissue
accumulates significant amounts of naringenin chalcone. In
contrast, L. pennellii v. puberulum accumulates slightly
higher levels of flavonols (4.7 pg/mg Dry Weight in the
peel and 1.2 pg/mg DW in the flesh) and no naringenin
chalcone. In order to enhance the flavonoid biosynthesis in
cultivated tomato, an inter-specific cross was made
between a cultivar of L. esculentum. and the wild accession
L. pennellii. Fruits from the F1 hybrid plants showed a
~ 12 fold increase in flavonoid levels over L. esculentum
(Willits et al. 2005). The results show that a wild accession
can be successfully used to backcross a high flavonol trait
into a cultivated tomato.

Altered fruit color is a widely used visual marker to
identify tomato lines that could be subjected to metabolic
profiling in order to investigate the differences in carot-
enoid, phenolic and flavonoid composition. Clear
differences in polyphenol pattern and quantity were found
on evaluation of 25 tomato lines that were selected based
on their fruit color, together with five more cultivars suit-
able for processing by food industry (Minoggio et al.
2003). Moreover, naringenin, naringenin-chalcone and ru-
tin with its analogues were the main polyphenols in the
examined genotypes. Although the individual polyphenol
levels (mg/100 g FW) showed a broad range (from 0.04 to
4.90 for naringenin plus its chalcone, 0.07-2.35 for rutin
and 0.03-1.38 for rutin-pentoside) the total polyphenol
content difference was up to six fold (ranged from 4.43 to
25.84 mg/100 g; mean + s.e. 13.15 + 1.15). In addition,
phenolic acids were mainly represented by chlorogenic
acid (range 0.03-0.58 mg/100 g) followed by caffeic acid
(range 0.0-0.1 mg/100 g), chlorogenic acid derivative
(range 0.00-0.07 mg/100 g) and ferulic acid (0.00—
0.01 mg/100 g). The total antioxidant activity of these
tomatoes was also determined and compared to the total
phenol and carotenoid concentrations. Interestingly, within
this subset almost all low carotenoid fruits accumulated
high amounts of polyphenols and correlated (R* = 0.79,
P < 0.0001) with the most powerful antioxidant potential
(Minoggio et al. 2003).

Since the products of both pathways produce antioxi-
dants, it is important to understand how manipulation of
one may affect the other and the extent of any cross-talk
between the two. Therefore a panel of transgenic and
mutant tomato lines has been subjected to metabolite
profiling and compared with wild type Ailsa Craig for both
carotenoids and phenolics (Long et al. 2006). This was also
encouraged by their finding that the r» mutant of tomato is
devoid of carotenoids, but still has a yellow colour due to

50% higher levels of naringenin compared to WT. Inter-
estingly, although the authors unfortunately only used
technical replicates, all mutants altered in structural genes
for carotenoid biosynthesis generally revealed no signifi-
cant alterations in total phenolic or flavonoid content, even
when devoid of carotenoids. In contrast, mutants defective
in light perception for example the hp-1 and LA3771 lines,
showed increased fruit carotenoid content, as well as ele-
vated phenylpropanoids and flavonoids (chlorogenic acid
and rutin respectively).

Among tomato mutants with an altered fruit color, the
high pigment mutants (hp-1 and hp-2) and the anthocyanin
fruit mutant (Af or Aff) have gained considerable interest
for metabolic profiling and subsequent to use these muta-
tions in commercial varieties to increase nutritional value.
Both Ap mutants contain elevated fruit levels of flavonoids
as well as carotenoids (Yen et al. 1997; Mustilli et al.
1999; Long et al. 2006; Bino et al. 2005). Bino et al.
(2005) compared the overall metabolic modifications
between fruits of high pigment (4p) tomato mutant and
isogenic nonmutant (wt) control plants. Targeted high-
performance liquid chromatography with photodiode array
detection (HPLC-PDA) metabolite analysis showed higher
levels of isoprenoids and phenolic compounds in hp-2
fruit. Levels of the three flavonoids (in pg g~ FW) were
higher in mutant compared to control fruits: at the green
stage the ratio hp-2“¢ compared to control was 7.39 for
rutin and 4.07 for quercetin- 3-trisaccharide, representing
increased flavonoid levels but slightly less than the thirteen
fold reported for hp-1 (Yen et al. 1997). In red hp-29¢
mutant fruits the total quercetin content (measured as
aglycon level) was approximately three-fold of the wild
type fruits. In addition, a three-fold increase of naringenin
chalcone was observed in hp-29¢ fruits at breaker stage
when compared to control. However this difference was
less pronounced in red fruits (Bino et al. 2005).

Tomato fruit are not usually reported to contain antho-
cyanins. However, one exception for this is the LA1996
mutant line with the Anthocyanin fruit (Aff) gene. This
mutant has dark green foliage, elevated anthocyanin
expression in the hypocotyls of seedlings, and interestingly
also anthocyanins in the fruit. Unlike that of the phyto-
chrome high pigment mutants, unripe fruits of LA1996 are
not dark green and ripe fruits do not contain increased
carotenoid levels (Jones et al. 2003). Anthocyanin expres-
sion was strongest in the skin and pericarp tissues beneath
the skin composed by petunidin, followed by malvidin and
delphinidinin as the principal anthocyanidins in Anthocya-
nin fruit. The total monomeric anthocyanin concentration of
pigment-rich tissues separated from whole LA1996 fruits
was estimated to be 20.6 mg/100 g FW in the pericarp tissue
and 66.5 g/100 g FW in the skin expressed as petunidin 3-
(p-coumaryl-rutinoside)-5-glucoside.
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Several crossings of hp-1, hp-2, atv and Aft have been
made to obtain a collection of single and double mutants
with increased anthocyanin levels in their fruits. These
mutants were used for targeted and untargeted fruit
metabolite analysis (Van Tuinen et al. 20006).

Whereas the Af mutant contained anthocyanins in peel
of fruits and the atv mutant accumulated anthocyanins in
vegetative tissues, the double mutant Af atv had unripe and
ripe fruits with high levels of anthocyanins resulting in
deep purple mature fruits.

Also the Af hp-1"" double mutant showed a strong syn-
ergistic effect on pigmentation, resulting in high levels of
anthocyanins and increased levels of several phenolics
compared to the single mutant parents. Moreover, whereas
the Ap-Iw mutant fruit is dark green and does not contain
anthocyanins and the Af mutant fruit contained some
anthocyanins, rutin and some (yet) unidentified phenyl-
propanoids were much higher in Af hp-1" tomatoes. These
include several antioxidants, either new or at enhanced
levels, in the double mutant compared to single mutant
parents (Af and hp-1"). Comparable increased anthocya-
nins were obtained by double mutation of the Af and hp-2/
tomato (Van Tuinen et al. 2006).

The results of these mutant analyses show how meta-
bolic profiling can be wused to identify individual
metabolites altered in particular mutants or breeding lines
and thereby can provide a selection method to improve
nutritional value in tomato.

8 The potential of metabolomics

All the examples detailed or referred to above clearly
highlight the great interest in understanding the molecular
mechanisms behind the control of phenylpropanoid
metabolism in plants. Tomato has been a particular favorite
plant target, acting often as a model species. Consequently,
with our knowledge which is continually expanding, we are
becoming more sophisticated in the approaches and tools
we have at our disposal for targeted modifications of spe-
cific pathway branches in order to achieve a particular
desired metabolic profile in ripe fruit. However, knowledge
is still limited and much of the ongoing tomato work and
work on other contrasting species, continues to reveal just
how complex plant metabolism is. Few, if any, pathways
‘stand alone’ but rather, form a single route in a much
broader, highly integrated and interactive metabolic net-
work. As such, targeted perturbations such as the
introduction of transgenes or directed mutagenesis, may
have much more far-reaching effects than anticipated or,
alternatively, may have no effect at all due to the ability of
such interactive networks to compensate for localized
changes. Next to the more targeted analyses, optimized for

@ Springer

specific compound groups of interest, metabolomics,
through its untargeted nature, offers an additional oppor-
tunity for identifying potentially unexpected metabolic
effects.

Tomato has already been a popular subject for the
development and application of metabolomics technolo-
gies. Both HPLC-MS approaches for semi-polar
compounds (Minoggio et al. 2003; Bino et al. 2005; Moco
et al. 2006; Verhoeven et al. 2006; van Tuinen et al. 2006)
and GC-MS approaches for both primary metabolites
(Schauer et al. 2005a, b; Urbanczyk-Wochniak and Fernie
2005) and natural volatiles (Tikunov et al. 2005, 2006)
have been widely applied. In addition, alternative tech-
nologies such as Flow Injection—MS (Overy et al. 2005),
FT-IR (Johnson et al. 2003) and MALDI-MS (Fraser et al.
2007) have also been employed for specific projects.
Diverse changes in tomato metabolite profiles have been
observed in these investigations, involving chemically
contrasting compound groups, and following contrasting
reasons for biological variation such as nitrogen supple-
mentation (Urbanczyk-Wochniak and Fernie 2005),
genomic introgression from another species (Overy et al.
2005), salt stress (Johnson et al. 2003) and transgenesis
(Long et al. 2006, Fraser et al. 2007). Many of these
authors emphasize the importance of using a non-targeted
approach to establish the range of chemical perturbation, to
identify changes previously unexpected and to follow the
simultaneous effects of multiple gene changes (Levin et al.
2004). Furthermore, the biochemical and bioinformatics
tools now typically being employed for metabolomics
analyses can often allow the identification of subtle dif-
ferences which would otherwise have been overlooked
(Johnson et al. 2003, Overy et al. 2005) and also for
example for making large-scale investigations such as
genome-wide metabolic profiling (Schauer et al. 2005b).
Of course the topic of ‘unintended effects’ is of most
potential relevance regarding the application of transgene
approaches to crop plants (Rischer and Oksman-Caldentey
2006). However, the delineation between unintended and
unexpected is quickly becoming a grey area considering
the wealth of knowledge that is already being generated
using metabolomics approaches. The full impact of meta-
bolomics on tomato research has therefore yet to be
experienced.

9 Conclusions

All four transgenic approaches described above have been
very effective in introducing novel flavonoid-derived
metabolites, normally absent in tomato fruit. Building up
and exploiting prior knowledge of pathway control mech-
anisms opens up new possibilities for metabolic
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engineering of the tomato flavonoid pathway. Next to
fundamental science, this area of research is gaining a
major boost through the growing interest in for example
anti-oxidant content in food and more generally in plant-
based, health-related compounds. The examples given here
describe the accumulation of stilbenes, deoxychalcones and
flavones and the levels achieved are favourably comparable
or even higher than are currently present in natural food
sources such as red wine, celery and onions (USDA 2003;
Haytowitz et al. 2003). Knowledge of the pathways
involved is extensive but, nevertheless, is still incomplete.
Metabolomics is predicted to play an important future role
in furthering our understanding of the flavonoid pathway
and specifically, how it operates in the context of the much
broader metabolic network in which it is positioned.
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