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Abstract

The metabolic engineering of plants offers the opportunity to change the content
of specific phytonutrients in plant — derived foods.

The plant polyphenol frans-resveratrol (3, 5, 4'-trihydroxystilbene), mainly
found in grape, peanut, and other few plants, displays a wide range of biological
effects. Numerous in vitro studies have described various biological effects
of resveratrol. In order to provide more information regarding absorption,
metabolism, and bioavailability of resveratrol, different research approaches
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have been performed. In recent years, the induction of resveratrol synthesis in
plants which normally do not accumulate such polyphenol has been successfully
achieved by molecular engineering.

In this context, the ectopic production of resveratrol could have positive
effects on the enhancement of the nutritional value of several widely
consumed fruits and vegetables. This chapter focuses on the latest findings
regarding on resveratrol bioproduction in tomato (Solanum lycopersicum)
fruits.

Keywords
Biological activity ¢ Functional foods  Metabolic engineering ¢ Solanum
lycopersicum < Stilbenes

Abbreviations

ASA Ascorbate

CHS Chalcone synthase
DHA  Dehydroascorbate

GSH  Glutathione

GSSG  Glutathione disulfide
ROS Reactive oxygen species
STS Stilbene synthase

1 Introduction

Because of resveratrol capacity to confer disease resistance in grapevine and given
its clinically useful, most interest has centered, in recent years, on STS gene transfer
from grapevine to the genome of numerous plants, with the objective of increasing
their tolerance to pathogenic microorganisms and/or improving the of food
products through the expression of resveratrol in plants incapable of synthesizing
this compound. Studies have been published describing STS-encoding genes
isolated from grapevine or other plant species and their use for plant genetic
transformation. This chapter explores recent research on the gene transfer of
grape STS-encoding genes to tomato plants.

1.1 Overview on Genetics, Biochemistry, and Molecular Biology
of Stilbene Synthase

Bioactive ingredients of functional foods help to overcome nutritional deficiencies,
and the demand of healthy food products will certainly increase in the future. Plant
secondary metabolites are nutritional components of our daily diet.
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Stilbenes are small naturally occurring phenolic compounds found in a wide
range of plant — derived food — among which berries are important sources [1, 2].
Resveratrol is biosynthetically correlated to stilbenes, but its biosynthesis is
restricted to only a few plant species commonly used for human consumption [3-9].

The most abundant levels of naturally occurring resveratrol are found in the
roots of Japanese Polygonum cuspidatum which has been used in traditional Asian
herb medicine, for hundreds of years, in the treatment of inflammation [5].
Grape (Vitis vinifera L.) is probably the most important source of resveratrol,
since the compound is also found in wine. The economic importance of grapevine
has encouraged many researchers to study the physiological and molecular basis
of berry physiology, particularly those processes affecting wine quality [10].
In this species, a large array of STS genes has been identified thus suggesting the
importance of stilbene metabolism [11].

Resveratrol and its 3-O-B-p-glucoside derivative share a chemical structure
similar to that of other polyphenol-type stilbenes (Fig. 51.1a) and are controlled
by the key enzyme, stilbene synthase (STS), which belongs to a multigene family
of the type III group of the polyketide synthase superfamily [3, 4]. STS catalyzes
the condensation of three molecules of coumaroyl-CoA to form resveratrol.
Synthesis of resveratrol takes place in a single enzymatic step with CoA-esters
of cinnamic acid derivatives and 3 malonyl-CoA units as starting blocks
(Fig. 51.1b). STS and chalcone synthase (CHS) that are key enzymes of the
flavonoid pathway share a high degree of homology and competing for the same
substrates.

1.2 Stilbenes Functions in Plants and in Humans

In nature, the most abundant form of resveratrol would appear to be the 5,3,4'-
dihydroxystilbene-3-O-f-p-glucopyranoside [12]. Resveratrol exists in two
stereoisoforms with cis- or trans-configuration, the latter being the most widely
studied, although cis-resveratrol may also possess health-promoting properties. The
number as well as the position of moieties play an important role in the biological
activity of the compound [13].

Synthesis of resveratrol in plants tissues is either constitutive or inducible being
strongly enhanced by fungal attacks, UV irradiation, and other environmental stress
conditions [3-5].

Resveratrol possesses numerous important bioactivities including anti-
inflammatory, antioxidant, anti-aggregatory functions, and modulation of
lipoprotein metabolism [14]. It has also been shown to possess chemopreventive
properties against certain forms of cancer and cardiovascular disorders [15].
Subsequent work has shown that resveratrol extends the life spans of lower
eukaryotes [16—18]. In mice, long-term administration of resveratrol-induced
gene expression patterns that resembled those induced by calorie restriction
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Fig. 51.1 Chemical structures of stilbenes (a); flavonoids biosynthetic pathway (b). The expres-
sion of a stilbene synthase gene in transgenic plants competes with substrates used in the first step
of the complex route of flavonoids

and delayed aging-related deterioration [19]. Resveratrol also decreased insulin
resistance in type 2 diabetic patients [20], suggesting that the pathway targeted
by resveratrol might be important for developing therapies for type 2 diabetes.

An important mediator of the metabolic effects of resveratrol [21, 22] is
the peroxisome proliferator-activated receptor g coactivator, PGC-1la [23].
Consistent with the known ability of Sirtl to deacetylate and activate PGC-1a
[24, 25], resveratrol increased Sirtl and PGC-1a activity in mice fed a high-fat
diet [21, 22].

AMPK, an emerging key regulator of whole-body metabolism, has been
shown to activate Sirtl and PGC-la [26-28]. Recently it was shown that
AMPK-deficient mice are resistant to the metabolic effects of resveratrol,
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providing evidence that AMPK is a key mediator of the metabolic benefits produced
by resveratrol [27]. Resveratrol directly inhibits cAMP-specific phosphodiesterases
and the cAMP effector protein Epacl, which leads to the activation of AMPK
and Sirt1 [27].

2 Resveratrol Synthesis in Transgenic Tomato Fruits

Plant metabolic engineering has provided a means to improve polyphenol compo-
sition and levels. For example, tomato plants with enhanced flavonols have been
recently developed through the overexpression of a transcription factor able to
activate flavonol biosynthesis [30-32].

STS structural genes have been transferred to a number of crops, either to
improve the resistance to stresses or the nutritional value of the plant (for a review
see ref. [33] and Table 51.1).

Few articles reported on the production of stilbenes in transgenic tomato,
suggesting that it is indeed possible to introduce new branches of the flavonoid
pathway, at least at its first step, by introducing foreign structural genes [34-36].
In order to further explore the possibilities of flavonoid engineering in tomato fruits,
some authors [35] have targeted this pathway toward classes of flavonoids, which
are normally not present in tomato. Using structural genes from several plant
sources and combinations thereof, they were able to produce transgenic tomatoes
accumulating stilbenes, deoxychalcones, or flavones. These fruits displayed altered
antioxidant profiles and an up to threefold increase in total antioxidant activity of
the fruit peel (Table 51.1).

Transgenic tomato plants (Solanum Lycopersicum, cv money maker), expressing
stilbene synthase gene under constitutive 35S, and mature fruit-specific promoter
(TomLoxB) were obtained by genetic transformation through Agrobacterium infec-
tion of cotyledons [34]. The phenotype of all transformed lines was similar to that
of the wild-type plants, showing a regular development, flowering, and fruit
maturation. However, high resveratrol-producing 35SS tomato fruits were seedless,
whereas low resveratrol LoxS fruit showed a normal seed set, comparable to wild
type (Fig. 51.2) [38]. Protein analyses revealed that the highest accumulation of
stilbene synthase was at green stage in constitutively transformed 35SS tomato line
[34] and at the red mature stage in the LoxS line [37]. Resveratrol accumulation
showed some quantitative differences since the levels recorded in the LoxS were
about 20 times lower than those found in 35SS fruits (Fig. 51.3a and b,
respectively).

Qualitative and quantitative comparisons between the different transgenic plants
synthesizing resveratrol and related stilbenes are difficult, as different analytical
methods are used to assay these compounds. These analyses have shown various
stilbene levels and spatiotemporal distributions, leading to a considerable variabil-
ity in terms of relative amounts of different forms.

In particular, the glycosylation of polyphenolic compounds occurs frequently in
plant to protect the cell from their potential toxic effects and to prevent their
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Table 51.1 Stilbene synthase gene expression in transgenic plants for quality improvement

Plant species Gene
Tomato (Solanum StSy
lycopersicum L.)
STS
StSy
StSy

Rapeseed (Brassica  Vstl
napus L.)

Strawberry (Fragaria NS-

axananassa) Vitis3
Hop (Humulus Vstl
lupulus L.)

Orobanche AhRS3

(Rehmannia
glutinosa Libosch)

Fig. 51.2 Tomato fruits of
wild-type (a) LoxS (b) and
358SS transformed line (c).
The 35SS fruits were seedless
and in some cases showed the
presence of few aborted seeds

ng/g

53 (in fruit
tissues)

30 (in fruit
tissues)

50~120 (in fruit
tissues)

10-120 (in fruit
tissues)

50-180 (in
flower tissues)

361-616

490-560

22-116 Up to
650 (under
stress)

a“
“
“

Biological activity
Increased antioxidant capability

Food quality improvement
Modulation of other polyphenols

Increased antioxidant and anti-
inflammatory capabilities and male
sterility

Food quality improvement

Modulation of other polyphenols

Antioxidant capability

. LoxS
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oxidation and enzymatic degradation [13]. In the case of resveratrol, the free
compound is first synthesized, before being glycosylated by endogenous glyco-
syl-transferases. Free resveratrol and its glycosylated forms have been both
detected in transgenic plants [13]. Stilbenes content also depends strongly upon
plant species, probably on account of different endogenous pools of enzymes or
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Fig. 51.3 Stilbenes accumulation in 35SS and LoxS whole mature red fruits (a) and skin (b). The
amount of frans-resveratrol, trans-piceid, and their correspondent cis-forms were simultaneously
detected on the basis of their retention time and UV spectra of the additional peaks observed after
UV irradiation at A: 366 nm of trans-resveratrol and frans-piceid, respectively

precursors, as well as differences in secondary metabolic pathways. In resveratrol
synthesizing tomato lines, the free to glycosylated resveratrol ratio was related to
the fruit ripening stage [34]. Furthermore, these related compounds accumulate
differentially in different fruit tissues at the mature stage [36].

The comparison of different resveratrol levels in LoxS and 35SS fruits allowed
the authors to study the effect of the differential depletion of substrates and, in the
meantime, to clarify the effect of a novel metabolite as resveratrol on related and
unrelated pathways committed to secondary metabolism.

2.1 Biochemical Analysis of Flavonoids in Fruit

The main flavonoids which had accumulated in tomato fruits were naringenin and
rutin (quercetin-3-rutinoside), predominantly detected in the peel [43, 44].

Both these compounds, together with kaempferol-rutinoside (Kae rut), were
quantified in the peel extracts from both the resveratrol synthesizing tomato lines
(35S and LoxS lines; Fig. 51.4).

In order to clarify whether the novel biosynthetic pathway introduced in trans-
genic tomato caused competition for the utilization of the common substrates,
levels of main flavonoids in tomato fruit were analyzed. The overall levels of
these flavonoids were not impaired in either the transgenic lines. On the contrary,
the 35SS line showed an increased level of Kae rut, whereas the LoxS line showed
an increased naringenin content. The levels of the other flavonoids did not show any
significant differences in comparison with the control tomato line. As far as the
other soluble phenolics are concerned, HPLC analysis indicated that significant
differences in coumaric and cinnamic acids content, which decreased in 35SS
tomato fruit in all the ripening stages [34, 37].
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Fig. 51.4 Comparison of flavonoid levels in wild type and transgenic skin of fruit at the red stage of
ripening. Naringenin levels (A:.290 nm) in the wild type and transgenic skin (of almost three) red
fruits. Outline of flavonols biosynthesis and profiles of accumulation of rutin and kaempferol-
rutinoside (A:.370 nm) in skin of transgenic tomatoes compared with those of wild type

3 Antioxidant Parameters

Fruit ripening has described as an oxidative phenomenon which requires a turnover
of ROS, such as H,O, and superoxide anion. A balance between the production of
ROS and their removal by antioxidant systems has been proposed. It is likely
therefore that the antioxidant system will play a crucial role in the ripening process.

3.1 Effect of Resveratrol Synthesis on the Level of ASA and GSH
in Green and Red Tomato Fruits

The production of resveratrol in transgenic plants increased the levels of ASA and GSH
in edible tissues thus improving the nutritional values of tomato fruit (Fig. 51.5a).
Given the importance of ROS in the ripening process, the authors have examined
the changes in some oxidative parameters and in the antioxidant system during
transgenic tomato fruit ripening. It is worth noting that the highest ASA and GSH
contents were detected in fruits at green and red stage of ripening concomitantly to
the highest level of resveratrol. In ripening tomato fruits, a transient increase in
ROS production occurs during the intermediate phases of maturation. The rele-
vance of antioxidant enzymes and metabolites during ripening has been widely
investigated [45]. The acquisition, in tomato fruits, of a new biosynthetic pathway
leading to the synthesis of resveratrol, which, as other phenolic compounds, has
antioxidant properties, induces an increase in the ASA and GSH pools in the
transformed fruits [34, 37]. In the red phase, the transformed plants (both 35S and
LoxS) had ascorbate content higher than wild type. Therefore the ex novo synthesis
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Fig. 51.5 Behavior of the ascorbate and glutathione redox pairs during tomato fruit maturation in
transgenic 35SS (a) and wild type (b). Ascorbate pool (ascorbate plus dehydroascorbate) and
glutathione pool (glutathione plus glutathione disulfide) were analyzed in the four different stages
of fruit ripening

of resveratrol affected the biosynthesis/storage of other antioxidants although these
molecules do not have any biosynthetic correlation. Interestingly, only the 35SS
fruits, in which stilbene synthase was constitutively expressed, showed increased
ascorbate level and enzyme activities altered in the green phase (data not shown).
This was in agreement with the fact that stilbene synthase was under the control
of spatiotemporal-specific promoter (LoxS), which allowed gene expression
preferentially in the late phase of fruit maturation [36, 37].

In transformed fruits, the increase in GSH levels was much higher than that
observed in ASA levels at all the ripening stages analyzed, and the GSH redox state
was at least twice that of the control [34, (Fig. 51.5b)]. The increase of glutathione
biosynthesis could be a consequence of the presence, in the transformed cells, of
the foreign molecules. Indeed, besides a role in ROS scavenging, GSH is also the
co-substrate of glutathione transferase and is involved in phenol and xenobiotic
conjugation and in their segregation into the vacuole [46, 47]. On the other hand,
plant transformation with the STS gene does not seem to affect the level of
membrane-associated molecules mainly present in the plastids, since their
levels do not significantly differ in either transformed or non-transformed
fruits, at any stage of ripening [34]. Since ASA and GSH are soluble antioxidants
widely distributed in all cellular compartments, the different effect of resveratrol
on these two types of metabolites could be the effect of their different
cellular localizations.

3.2 Antioxidant Capability

In transgenic tomato, resveratrol synthesis was able to increase the overall antiox-
idant properties of the fruit, as well as the ascorbate/glutathione content with
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a consequent two to threefold increase in antioxidant activity of fruits and
a correlation was found between resveratrol concentrations and antioxidant capac-
ities in the ripening stages accumulating high resveratrol levels [34].

The higher antioxidant capability of resveratrol synthesizing fruits, compared to
wild type, has also been confirmed by the analysis of total antioxidant activity
(Fig. 51.6). Resveratrol contributes to such an increase since both hydrosoluble and
liposoluble fractions have higher antioxidant activities in the transformed in com-
parison with wild-type fruits, whereas ASC and GSH only affect the hydrosoluble
fractions. Interestingly, the increase in the antioxidant activity of the fruits affects
lipid peroxidation, the value of which is significantly lower in transformed fruits in
respect to that in wild types [34].

4 Anti-inflammatory Activity of Resveratrol-Producing
Tomato

Several studies have reported that resveratrol has cardioprotective effects because
of its ability to increase plasmatic antioxidant capacity, inhibit platelet aggregation
and coagulation, reduce low-density lipoprotein oxidation, and suppress the pro-
inflammatory response [48]. The anti-tumorigenic, anti-inflammatory, and
cardioprotective effects of resveratrol seem to be related, at least in part, to its
ability to suppress prostaglandin production through its interference with the
expression and activity of COX-2, the rate-limiting enzyme in prostaglandin bio-
synthesis. In particular, macrophages are prominent producers of prostaglandin
during inflammatory processes in response to signals that trigger macrophage
activation, such as bacterial lipopolysaccharide or phorbol ester [49].

Altered COX-2 levels and consequent abnormally high prostaglandin secretion are
thought to be involved in diverse pathological processes, and COX-2-specific inhib-
itors represent important challenges for cancer treatment, as well as chronic inflam-
matory diseases such as atherosclerosis [50]. The effects of resveratrol-enriched
tomato extracts on COX-2 expression induced by phorbol ester in monocyte—mac-
rophage U937 cells indicated that resveratrol reduces the level of the inducible, but
not constitutive, COX isoform, thus confirming and expanding the anti-inflammatory
activity of resveratrol (Fig. 51.7), as previously suggested [51-53]. Both 35SS and
LoxS fruits, which contained different levels of resveratrol, showed higher antioxi-
dant and anti-inflammatory properties than wild-type fruits [38].
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Fig. 51.7 Resveratrol synthesizing tomato fruits inhibited PMA-stimulated COX-2 expression in
monocytoid cells. U937 cells were pre-treated with vehicle (ethanol), resveratrol synthesizing
tomato fruits (35SS, LoxS) or wild-type fruit, and then stimulated with PMA. Cells extracts,
at equal amount of proteins, were immunoblotted with monoclonal antibodies against COX-1 or
COX-2. These results are obtained from three independent experiments with similar results.
* p < 0.05 and ** p < 0.01, compared with PMA treated cells; # p < 0.05 and ## p < 0.01
compared with wild-type fruit treated cells

Remarkably, the extracts of transgenic resveratrol containing tomato fruits
displayed an anti-inflammatory effect greater than that of chemically synthesized
resveratrol. In conclusion, these results indicate that the presence of a new biosyn-
thetic route responsible for resveratrol biosynthesis improves the health-giving
biological activities of tomatoes.

5 Effects of Stilbene Synthase Expression on Reproductive
Development of Tomato

The novel STS activity and the significant changes in the levels and/or redox state of
soluble primary antioxidants do not have any apparently adverse effect on the normal
vegetative growth and development of the transgenic tomato lines. As far as repro-
ductive development is concerned, 35S transformed plants produced seedless fruits.

The development of tomato fruit in the absence of pollination and/or fertilization
(parthenocarpy) was achieved using different approaches [54]. STS-induced
male sterility has been demonstrated to be a successful approach to genetically
engineer male sterility in a model species (tobacco). The resveratrol synthesis
in transgenic tomato plants may provide a new method to obtain parthenocarpic
fruits. Indeed, pollen development in 35S STS flowers was hampered, resulting in a
strongly reduced seed set and all strong yielded parthenocarpic fruits (Fig. 51.2),
prompting the authors to hypothesize that specific polyphenols might be efficiently
down-regulated by STS gene expression in tomato flowers.

Flavonoids belonging to the class of flavonols have especially been shown to
have strong stimulatory effects on pollen development, germination, pollen tube
growth, and seed set [55]. When wild-type pollen was applied on transgenic



1592 G. Giovinazzo et al.

Fig. 51.8 Comparison of 400
coumaric acid and ferulic acid O w.t.
accumulation in wild-type | 35SS
358? anq LoxS tomato‘ 300 - O LoxS
transgenic open flowers
2
sy 200
()]
4
100
0 T

coumaric acid ferulic acid

35S STS stigmas, pollen tube growth and seed set were fully rescued thus indicating
that fertilization was abolished due to the lack of metabolites in the male repro-
ductive organ [56].

Parthenocarpic tomatoes with suppressed chalcone synthase obtained by using
RNA interference [55] showed abolished production of flavonoids. Several studies
[55, 57] have clearly demonstrated the importance of flavonols for normal pollen
tube development and male fertility. Flavonols have been detected in the pollen of
all plant species tested so far and clearly play an important role in pollen tube
development. In tomato plants overexpressing STS, the analysis of flavonols
showed that pollen ablation was independent of the production of detectable
amounts of flavonols in flowers [38].

The authors have introduced an alternative hypothesis for STS -induced male
sterility, which, if correct, would significantly contribute to the conclusions drawn
by other authors [58]. When expressed in tobacco anthers, STS depletes the
substrate for CHS which are key molecules in several other pathways, including
those linked to sporopollenin or lignin biosynthesis. Therefore, these pathways may
be affected as a result of the decreased availability of precursors. Pollen grains are
surrounded by a complex cell wall comprising three layers with an outer exine,
a multilayered structure primarily made of sporopollenin; an inner intine, made
primarily of cellulose; and a lipid- and protein-rich pollen coat. Several studies have
indicated that sporopollenin is a complex polymer composed of fatty acids and
phenolic compounds [59]. The analyses of coumaric and ferulic acids, precursors of
sporopollenin and lignin, levels suggested impairment in their synthesis in STS
sterile male tomato flower tissues (Fig. 51.8). Therefore conclude that when
constitutively expressed in tomato, STS competes with CHS for common sub-
strates, in particular in flower tissues where leaded to reduced synthesis of
naringenin. Similarly, these compounds are key molecules for other important
pathways such as the synthesis of exine layer constituents and lignin.
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6 Concluding Remarks

Metabolic engineering is generally defined as the redirection of one or more
enzymatic reactions to improve the production of existing compounds, produce
new compounds, or mediate the degradation of undesirable compounds. It involves
the redirection of cellular activities by modifying the enzymes, endocellular local-
ization, and regulatory functions within cell. Even more sophisticated metabolomic
tools and analysis systems will offer the possibility to study both the primary
and secondary metabolic pathways in an integrated fashion. Some interesting
and important developments may be expected from plant transformation with
STS gene.

Therefore, further progress in better understanding of the metabolic
pathways and our ability to manipulate gene expression, in genetically modified
plants, can be envisaged. Success of this approach depends upon the possibility to
change the host metabolism and will depend primarily on a far more sophisticated
knowledge of plant metabolism, especially the nuances of interconnected
cellular networks.

Identifying rate-limiting steps in the synthesis of specific metabolites
could provide targets for genetically engineering biochemical pathways to
produce increased amounts of compounds as well as new compounds.
Together with traditional plant breeding, genetic engineering provides great
opportunities to develop plants with the desired levels and/or composition of
specific polyphenols. New insights into stilbene synthase expression restricted
to flower tissues may provide a novel hybrid seed system for the development of
a nutritionally fortified tomato. Moreover, the consequences of the unintended
spread of genetic material through pollen and the risk of cross-pollination
with non-transformed plants would be avoided using genetically modified sterile
male plants.

Metabolite profiling is an essential tool to analyze the effects of intervention on
flavonoid composition itself but also on other related or unrelated metabolic
pathways. The availability of phenolic precursors toward specific pathways
of the phenylpropanoid network is also controlled by biochemical, genetic,
environmental, and developmental parameters [60]. The beneficial effect of
trans-resveratrol on human health has directed research toward the production
of this metabolite in staple plants [61]. The presence of a novel biosynthetic
route responsible for resveratrol biosynthesis improved the biological activities
of transformed tomatoes [62]. Comparison of the effects of diets
containing tomatoes enriched in different polyphenol classes upon onset and
progression of diseases in cell assays or animal disease models will allow
a quantitative assessment of the efficacy of stilbenes within a common food
matrix. The nutritional context could influence the effects of polyphenols, by
affecting their bioavailability, or be the result of various dietary phytonutrients
acting synergistically, once absorbed [63, 64].
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