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Flavonoids are a group of secondary metabolites widely 
distributed in plants that represent a huge portion of the 
soluble phenolics present in grapevine (Vitis vinifera L.). These 
compounds play different physiological roles and are often 
involved in protection against biotic and abiotic stress. Even if 
the flavonoid biosynthetic pathways have been largely character-
ized, the mechanisms of their transport and accumulation in cell 
wall and vacuole are still not completely understood. This review 
analyses the known mechanisms of flavonoid uptake and accumu-
lation in grapevine, with reference to the transport models and 
membrane carrier proteins described in other plant species. The 
effect of different environmental factors on flavonoid biosynthesis 
and transporters is also discussed. 

Introduction

Among the phenolic secondary metabolites naturally-occurring 
in plant organisms, flavonoids represent a widespread and common 
group of aromatic compounds. They are phenylpropanoid deriva-
tives, characterized by a common three-ring structure (C6-C3-C6), 
in which the degree of oxidation and substitution of the third central 
ring determines the various classes of flavonoids, the most relevant 
being anthocyanins, flavonols, flavan-3-ols and proanthocyanidins 
(PAs or condensed tannins).1,2 The large number of possible modifi-
cations of flavonoid chemical structure results in a huge multiplicity 
of different natural products found in overall plant kingdom.3 This 
complexity explains the occurrence of flavonoids (and their conju-
gates) in several plant families and the accumulation of their products 
according to distinct organ and tissue localization, cell types and 
phenological stage of the plant.1

Some of the major classes of flavonoids represent natural mole-
cules, being anthocyanins the most abundant pigments providing 
red to purple attractive colouration mainly to floral and fruit organs 

of the plants. The PAs are colourless complex polymers of flavan-
3-ols that confer, upon their oxidation, dark-brown colour to most 
seed coats. 

All these compounds play important physiological functions in 
the vegetative tissues and organs, such as roots and leaves, where they 
accumulate in response to several biotic and abiotic stress conditions, 
or during legume nodulation. They also act as direct UV protectants, 
general antioxidants against reactive oxygen species and signalling 
molecules.2,4 In reproductive tissues and organs, like flowers, fruits 
and seeds, the most predominant role of pigmented flavonoids is 
to provide colour to these organs for attraction of pollinators and 
seed-dispersal agents, while colourless or brown-coloured tannins 
confer resistance to microbial and fungal infections. For explicating 
this multitude of biological functions, flavonoids have shown to be 
present and accumulated particularly in the periphery and surface of 
plant organs, mainly in the tegument or hypodermal cell layers.

Flavonoid Occurence in Grapevine  

Grapevine (Vitis vinifera L.) is one of the most important plant fruit 
crops, characterized by two reproductive organs, like the fruit berry 
and the seed, which contain a large amount of soluble flavonoids. In 
fact, in grape, flavonoids are the major portion of soluble phenolics 
and represent the most concentrated natural antioxidants in the fruit 
berry.5 The predominant flavonoids, occurring in grape fruit and 
seed, belong to the classes of tannins, anthocyanins, flavan-3-ols 
and flavonols.6 These compounds, in addition to phenolic acids 
(mainly benzoic and hydroxycinnamic acids), contribute in different 
proportion and manner to organoleptic features of wine and other 
by-products.7 Since the great economical importance of grape and 
wine and the nutraceutical potential of grape phenolics, a huge 
amount of research has been focused on flavonoid occurrence and 
tissue localization during ripening of the grape berry.5

Flavonoid Accumulation in Grape Berry

From an anatomical point of view, grape flavonoids localize 
specifically in both the peripheral layers of berry pericarp (skin) and 
in some layers of the seed coat (testa). The mesocarp of the berry 
(pulp) contains phenolic hydroxycinnamates, particularly common 
in white cultivars, and a negligible amount of flavonoids.5,6,8 
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Recently, Cadot et al.21 have identified three histologically distinct 
integuments (outer, medium and inner) in the seed structure of 
grape, cv Cabernet Franc. The outer integument, or soft seed coat, 
is formed by the cuticle, epidermis and parenchymatous tissue, 
composed of large thin-walled cells. Two lignified thicker cell layers 
constitute the medium integument, or hard seed coat. The three 
cellular layers nearby the endosperm form the inner integument.

Nearly all flavonoids of the seed are contained in the soft paren-
chyma of seed coat, the outer integument, between the cuticle and 
the hard seed coat, whereas tannins localize also in the epidermis 
and in the last layers of the inner integument.6,21 Prior to véraison, 
the inner layers of medium integument undergo a process of thick-
ening and strong lignification of their cell walls, whereas the cells 
of the soft outer integument start to become intensively coloured 
after véraison. Thus the seed browning, during fruit ripening, is 
believed to be mainly the result of oxidation of flavan-3-ols and 
tannins accumulated in the thin-walled cells of the outer integu-
ment, providing a physical and chemical barrier to oxygen uptake 
and pathogen infection.

In comparison to skins, total tannin content is reported to be 
significantly higher in seeds, although the mDP is generally several-
fold lower in the seeds at all stages of berry development.7,19 In 
addition, the composition of the smaller tannins of seed is usually 
different from that of the skin.6,7,19

Finally, the composition of flavonoids changes throughout the 
overall process of seed maturation, together with macroscopic 
changes in the tissues, such as the colour and hardness. The highest 
flavanol-3-ols (monomers and condensed tannins) concentration is 
present at véraison, when the accumulation reaches a maximum, but 
then declines slowly approaching maturity, with a 90% decrease in 
monomers and a 60% decrease in PAs.6,19,21,22

Flavonoid Biosynthetic Pathway in Grapevine

Flavonoids are synthesized along the general phenylpropanoid 
pathway by the activity of a cytosolic multienzyme complex loosely 
associated at the cytoplasmic surface of the endoplasmic reticulum 
(Fig. 1). This pathway has largely been characterized in different 
plant species,23 but also in V. vinifera where the expression of genes 
involved in flavonoid synthesis (particularly anthocyanins and PAs) 
has been well-characterized in berries and seeds of both red and 
white cultivars.17,18,24-26 The patterns of gene expression show 
significant differences between organs and cultivars, especially for 
genes involved in anthocyanin synthesis. In red cultivars, all the 
genes are expressed in berry skin, although with different temporal 
patterns. In berry pulp their expression is low and, in particular, 
phenylalanine ammonia lyase (PAL) and UDP-glucose:flavonoid 
3-O-glucosyl transferase (UFGT) genes are not expressed.25 These 
two genes codify for enzymes involved in the first and in the last step 
of the anthocyanin pathway, respectively; PAL allows the hydrolysis 
of ammonia from phenylalanine, whereas UFGT catalyzes the glyco-
sylation of anthocyanidins for the production of the anthocyanins 
(coloured and stable products). The absence of UFGT has been also 
shown in seeds.18

On the contrary, studies concerning the expression of genes 
involved in flavonoid synthesis in white cultivars were performed 
only in berry skin. It has been evidenced that UFGT is not detect-
able and the expression of other genes is lower, if compared with the 

The grape skin, representing the hydrophobic barrier of the peri-
carp, is composed by two distinguishable tissues. The outermost, the 
epidermis, is strongly cutinised, while the inner thick-walled layers 
of hypodermis (assumed to consist of several layers, depending on 
the variety), contain most of the skin flavonoids.6,7 In this fraction 
the major class of flavonoids is represented by anthocyanins, the 
pigments exclusive of red grapes, tannins and, in a minor extent, 
simple flavan-3-ols and flavonols.7

Grape skin tannins are polymers of different condensed monomers 
of flavan-3-ols, mainly made of epicatechin and epigallocatechin, as 
“extension” subunits, and catechin, as “terminal” units; gallocat-
echins, like epicatechin gallate, are usually present in traces.6,7,9 

The tannins of the skin differ also from those present in the 
seed fraction for possessing a larger average size, with a mean degree 
of polymerisation (mDP) of ca. 28, and a lower proportion of 
galloylated units.10 These features are responsible for the grape skin 
organoleptic properties, because astringency and bitterness of PAs are 
known to be inversely correlated to the polymerisation degree.

In red grape varieties, anthocyanins co-localize with tannins 
in the skin hypodermal layers and their total content ranges from 
11.5 to 29.8 mg/g.7 The anthocyanins commonly found in grape 
include delphinidin, cyanidin, petunidin, peonidin and malvidin 
3-glucosides, 3-(6-acetyl)-glucosides and 3-(6-p-coumaroyl)-gluco-
sides, peonidin and malvidin 3-(6-caffeoyl)-glucosides, being 
malvidin-3-O-glucoside the major anthocyanin present along with 
its acylated forms.6,7

Free flavan-3-ol monomers, like catechin and epicatechin, are also 
present in the skin, although in minor concentrations, suggesting 
a possible role as precursors in the condensation of polymeric 
tannins.6,9,11 The third component of flavonoids in the skin fraction 
is constituted by flavonols, the more representative being the corre-
sponding glucosides, galactosides and glucuronides of quercetin, 
kaempferol and myricetin.5-7,12,13 Flavonols, especially quercetin, are 
known to behave as UV-protectants and play a role in co-pigmenta-
tion with anthocyanins.9,14

Finally, apart from the occurrence of anthocyanins in red culti-
vars, the flavonoid composition of the skin is similar in both red and 
white grapes.7,15,16 On the contrary, it varies during the different 
stages of berry maturation.5,17,18 In fact, PA accumulation occurs 
from fruit set until 1–2 weeks after véraison (the onset of ripening); 
then their level decreases between véraison and harvest.19 Differently 
from tannins, accumulation of anthocyanin pigments in red grapes 
starts from véraison (8-10 weeks after blooming) and reaches 
its maximum in the latest phases of fruit maturation. Flavonol 
synthesis parallels that of tannins, with two distinct periods, the first 
near flowering and the second beginning after véraison.20 However, 
their total content has been found to be higher at the initial stages 
of berry development.9,19

Flavonoid Accumulation in Grape Seed

The seed is the other large source of flavonoids, even though 
they represent only up to 6% of berry weight.21 In this organ the 
main group of flavonoids are the flavan-3-ols (comprising monomers 
and condensed polymers), and traces of flavonols.7 Thus, the seeds 
contribute mainly to catechins and condensed tannins in the red wine, 
but their flavanol concentration relies on the maturity of the grape 
and maceration techniques, followed during vinification process.21

Differently from the pericarp, flavonoids are localized not only 
in surface tissues of the seed coat, but also in the inner layers.6,7,21 
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and VvANR in seed and skin from red cultivars show a specific 
temporal regulation of PA synthesis, starting early during the grape 
development till the onset of ripening.28 Furthermore, a significant 
difference has been shown in the relative expression of such genes in 
the two tissues, with higher values found in grape seed, while VvLAR1 
appears to be present only in grape seed. Similarly to what found for 
anthocyanins, a grapevine transcription factor VvMYBPA1, able to 
regulate PA formation, has been detected in grape seed and skin.29

Besides the above illustrated pathways, it is interesting to note 
that recent reports describe the changes of sub-cellular localization of 
some biosynthetic enzymes during the grape berry development.30,31 
Therefore, it would be possible that flavonoid synthesis could be 
associated to the nucleus, as recently found in Arabidopsis thaliana 
for chalcone synthase and chalcone isomerase.32 

Sub-cellular Compartmentation of Flavonoids in Grapevine

Although the flavonoid biosynthetic pathway takes place in 
the cytoplasm, the most part of the products are delivered into 
and stored in distinct compartments, mainly the cell wall and the 
vacuoles, similarly to many other secondary metabolites.2 Despite 
the huge amount of works concerning flavonoids in berry and seed 
tissues, only some reports have examined flavonoid localization or 
storage at the cellular level in red cultivars, focusing the attention 
mainly on anthocyanins, flavanols and tannins.

In 1981, Moskowitz and Hrazdina33 determined the qualitative 
and quantitative composition of anthocyanins isolated from vacuoles 
of grape berry subepidermal tissue, suggesting that such pigments 
are in a non-complex form. Moreover, microscopic observations 
have shown that anthocyanins are present in the vacuoles of the first 
external layers of the skin hypodermal tissue, except in teinturier 
varieties that contain anthocyanins in the pulp.34

On the other hand, anthocyanins have been found in cytoplasmic 
vesicles, named anthocyanoplasts (ACPs), of protoplasts obtained 
from cell cultures.35 These structures are completely absent in the 
vacuole, but spherical pigmented inclusions, known as anthocyanic 
vacuolar inclusions (AVIs), are instead present in this compart-
ment of V. vinifera suspension cell cultures.36 These findings have 
suggested that ACPs may represent a transport mechanism of 
anthocyanins in the AVIs inside the vacuole. Recently, AVIs have 
been found to be membrane-delimited, containing a high amount 
of mixed acylated (p-coumaroylated) anthocyanins, but also tannins 
and organic compounds.37,38 

Differently from anthocyanins, flavanols and tannins are local-
ized not only in vacuoles, but also in the cell wall of both berry 
and seed. In studies performed on grape berry skins,39 tannins have 
been found in different forms, being free tannins inside the vacuole, 
whereas bound tannins are localized in the internal face of tonoplast 
(linked to proteins) and in the cell wall (linked to polysaccharides). 
Lecas and Brilluet40 estimated that the cell wall of grape skin is made 
of about 15% of insoluble tannins. An analysis of the composition 
of tannins localized in the cell wall and in the internal cell fraction 
has been made in skin during berry maturation of cv Cabernet 
Sauvignon.41 Tannins are mainly present in the internal cell fraction 
rather than in the cell wall, but the flavanols composition is similar 
in both the two cell compartments. However, the cell wall fraction 
exhibits a mDP 2-3 times higher than that of the internal cell frac-
tion. It has also been suggested that the synthesis of tannins, during 

skin of red cultivars.18 Recently, Walker et al.27 have found that two 
very similar genes, belonging to the MYB-family (VvMYBA1 and 
VvMYBA2), are able to regulate colour in grape berry acting on the 
UFGT promoter. Interestingly, the white berry gene VvMYBA2 is 
inactivated by two non-consecutive mutations.

Biosynthesis of PAs shares common steps with anthocyanin 
pathway, but branches off from this after the reduction of leuco-
cyanidin (or cyanidin) to catechin (or epicatechin) by the enzymatic 
activity of a leucoanthocyanidin reductase (LAR) or anthocyanidin 
reductase (ANR), respectively. Expression of genes VvLAR1, VvLAR2 

Figure 1. Scheme of flavonoid biosynthetic pathways in grapevine. 
Anthocyanins are synthesized by a multienzyme complex loosely associ-
ated to the endoplasmic reticulum (CHS, chalcone synthase; CHI, chalcone 
isomerase; F3H, flavanone 3-hydroxylase; F3’H, flavonoid 3’-hydroxylase; 
F3’5’H, flavonoid 3’5’-hydroxylase; DFR, dihydroflavonol reductase; LDOX, 
leucoanthocyanidin oxidase; UFGT, UDP-glucose:flavonoid 3-O-glucosyl 
transferase; MT, methyltransferase). Flavonol and proanthocyanidin synthe-
ses branch off from the anthocyanin pathway (FLS, flavonol synthase; LAR, 
leucoanthocyanidin reductase; ANR, anthocyanidin reductase).
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the researches have been focused on the seed tegument, the only 
pigmented tissue in this plant. 

Based on these studies, two main transport mechanisms have been 
identified. The first one regards a primary active transport, driven by 
ABC proteins, a large family of transporters with extremely differ-
entiated sequences, but sharing a common ATP-binding domain. 
These enzymes are often involved in the glycosylated flavonoid and 
aglycone xenobiotic accumulation.47,49,50 In grape cell cultures, a 
recent report38 has shown the presence of four isoforms of gluta-
thione S-transferases (GSTs), which participate in anthocyanin 
transport to the vacuole, via a non-covalent (ligandin) activity; here 
pigments are then stored as AVIs. A strong correlation between 

the first growth period, is followed by a 
transport to the cell wall.

Only few studies concern the localiza-
tion of flavonols and tannins in the seed 
cells. Gény et al.42 showed that there 
is a significant difference between the 
composition of tannins from the cell wall 
and those localized in the internal part of 
the cell. In particular, tannins from the 
cell wall show a mDP higher than that of 
the internal cell fraction, and this differ-
ence increases from the véraison to the 
ripening. The tannin composition is quite 
similar in the two cell fractions, but the 
epicatechin gallate proportion is higher 
in the cell wall. Recently, histochemical 
investigations in seeds from cv Cabernet 
Franc showed that the localization of 
flavan-3-ols is linked to changes in cell 
walls of the outer integument.21

Although not studied in grape berry, 
it is important to note that recent works 
have shown the presence of flavonoids 
also in the cell nucleus of various plant 
species.7

Transport Mechanisms of Flavnoids in 
Grape Cells 

The cytosolic localization of flavonoid 
synthesis implies an efficient mecha-
nism allowing their transport to the final 
compartments. It has been suggested 
that flavonoid moieties, depending also 
on their different substituting groups 
(acyl, glycosyl and/or methoxyl), are 
driven to their accumulation sites by 
a complex vesicle trafficking system 
involving the Golgi apparatus.43,44 Such 
a vesicle network requires the participa-
tion of specific transporters able to upload 
flavonoids inside vesicles.

Up to date, a clear and precise under-
standing of flavonoid transport in plants 
is far to be elucidated. It is not possible 
to summarize all the proposed mecha-
nisms in a comprehensive model. Different evidences have been 
shown, leading to hypothesize that several mechanisms could coexist 
and overlap (Fig. 2). In particular, it has been demonstrated that 
flavonoid accumulation could depend not only on species,45 but also 
on phenological stage,30 tissue and cellular localization,41 environ-
mental factors,26,46 exogenous/endogenous origin47 and substitution 
of the transported metabolite.48

Most of the experimental observations were obtained mainly in A. 
thaliana. Undoubtly, the well-known characterization of the genome 
in this plant renders it a paradigmatic model for studying flavonoid 
translocation and accumulation. On the other hand, A. thaliana 
is not recognized as a flavonoid-enriched species; in fact, most of 

Figure 2. Hypothetical scheme of flavonoid transport pathways in grapevine. Flavonoids could be conju-
gated with glutathione (GSH) through a reaction catalysed by glutathione S-transferases (GSTs). The main 
transporters localized in grapevine vacuole and plasma membrane are the ATP-binding cassette (ABC) 
proteins and the bilitranslocase-homologue (BTL-homologue). The multidrug and toxic compound extrusion 
(MATE) protein, shown to be involved in flavonoid transport in other plant species, has also been added. 
Transport mediated by vesicle trafficking is indicated by circles (AVIs, anthocyanic vacuolar inclusions; 
ACPs, anthocyanoplasts). Question marks indicate the lack of information or still hypothetical components 
and steps in the process. 
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pigment accumulation occurs until the latest developmental stages. 
Differently, accumulation of other secondary metabolites (e.g. antho-
cyanin precursors and/or colourless flavonoids), reaches its maximum 
earlier.46 These results suggest that the BTL-like translocator could 
be responsible not only for the anthocyanin accumulation at 
epidermal tissue, but also for intermediate metabolite translocation 
during berry development.

The ability of the carrier to participate to the translocation of 
non-coloured compounds has been inferred by the immunohis-
tochemical detection of the BTL-homologue in white grape berries 
(Braidot, Petrussa, Peresson, and Bertolini, results to be published). 
Its expression is lower in comparison with the red grape, but this 
finding opens the possibility that the protein would be involved 
in the transport of a wider range of secondary metabolites, such as 
intermediates of the flavonoid pathway. 

Moreover, the grape BTL-homologue exhibits a secondary active 
transport (followed as BSP uptake), which is competitively inhibited 
by the anti-BTL antibody and by quercetin (a colourless flavonoid 
naturally-occuring in grape berry), both in red57 and white (Braidot, 
Petrussa, Peresson, and Bertolini, results to be published) cultivars, 
suggesting that it may transfer also non-coloured flavonoids. 

The observation about the localization of the grape BTL-homologue 
in phloematic tissue, obtained by immunohistochemical analysis, is in 
agreement with recent reports, which ascribe to sieve tubes an essen-
tial role in long distance transport in grape berry after véraison.58 
In fact, after the onset of berry véraison, a significant modification 
occurs in long distance transport, following the inactivation of xyle-
matic flux.59 Due to the decrease of hydrostatic potential gradient in 
fleshy fruits, like grape berry, sap flow exhibits a shift from xylematic 
to phloematic transport.58 Furthermore, Zhang et al.60 demonstrated 
that phloem unloading is modified from symplasmic (i.e. through 
the plasmodesmata) to apoplasmic pathway (i.e. across the plasma 
membrane and the apoplasm) during grape berry development, 
leading to a decreased transport capacity and to a higher resistance 
to sap flux. The turning point of these phloem unloading pathways 
happens during or just before the onset of ripening. In this scenario, 
on the basis of expression profile of the grape BTL-homologue, which 
appears to start just with véraison and climaxing to full ripening, it is 
possible to infer that this protein could represent an additional and 
subsidiary transport mechanism, particularly in physiological condi-
tions associated with a low transport efficiency (e.g. during the late 
ripening stage).

Environmental Factors Affecting Flavonoid Biosynthesis, 
Transport and Accumulation in Grapevine

There are many physiological and environmental factors that 
could affect the production and the next transport and accumula-
tion of flavonoids in grape. Nevertheless, many of these factors 
seem to act in a typical bell-shaped manner, where they could 
improve the final amount of flavonoids just when present at 
optimal levels. Indeed, a decrease of flavonoid biosynthesis has 
been observed when either endogenous (e.g. plant hormones), or 
exogenous factors (e.g. water and temperature stress, light, fertil-
izer, etc.) are limiting or excessive.

In particular, plant hormones could affect flavonoid biosynthesis 
in a complex way. Typically, it has been reported that abscisic acid, 

pigment accumulation and GST expression profile during grape 
maturation has been shown.51 The gene expression is induced by 
sucrose, jasmonic acid and light irradiation, leading to an enhanced 
anthocyanin accumulation. In addition, GST could promote a rapid 
removal of anthocyanins from biosynthetic complexes, increasing the 
turnover of intermediates.38 

The second proposed modality utilizes a secondary active trans-
port due to an “antiporter”, as demonstrated in vacuolar uptake of 
flavonoid-conjugated moieties (bound with sugars or acyl residues).49 
This mechanism is also involved in multidrug and toxic extrusion 
(MATE) activity, as reported in A. thaliana.52

In the framework of secondary metabolite active transport in 
grape cells, a wide range of molecules (terpenes, benzenoids and 
phenylpropanoids) are transported, often with a low specificity, 
by multiple and poorly understood mechanisms, accumulating in 
exocarp and mesocarp tissues after the initiation of berry ripening. 
Therefore, it becomes crucial to study in detail this topic, since 
flavonoids could represent a paradigmatic case, useful to better 
understand the whole phenomenon. 

Recently, in carnation petals it has been described a membrane 
protein homologue to mammalian bilitranslocase (BTL).53 The latter 
is a protein able to perform secondary transport of both heme degra-
dation products (bilirubin) and anthocyanins, including aglycones, 
mono- and di-glycoside derivatives.54,55 Similarly, the carnation 
BTL-homologue is involved in an electrogenic uptake of bromosulfa-
lein (BSP) and exhibits cross-reactivity with antibodies raised against 
a BTL-sequence.53

The similarities in molecular mass, immunochemical and kinetic 
properties between mammalian BTL and its plant homologues, have 
suggested the hypothesis of a possible involvement of the latter in 
flavonoid translocation and accumulation in grapevine berries. These 
organs represent an ideal model to test this assumption, given their 
high content in flavonoids, the deep knowledge about their biosyn-
thetic pathways and the characterization of the different phenolic 
compounds accumulated in the fruit.56 Indeed, a BTL-homologue 
has been found in grape berries in both red57 and white (Braidot, 
Petrussa, Peresson, and Bertolini, results to be published) cultivars. 
This protein shares several similarities with the above-mentioned 
mammalian and carnation protein. In particular, the immunohis-
tochemical identification by an anti-BTL antibody shows a peripheral 
localization in the skin of the grape berry correlated, as expected, to 
the high pigment accumulation. In addition, an intriguing evidence 
has been provided, because a cross-reactivity has also been detected 
in vascular bundles of berry pulp. These observations confirm that 
the carrier may be involved in flavonoid accumulation, since it is 
present in tissues that are directly involved in flavonoid synthesis or 
translocation. Conversely, parenchymatic cells exhibit no immuno-
histochemical staining.

The analysis of the BTL-homologue expression profile, in different 
tissues during berry development, shows a continuous increase in 
the skin, starting from véraison till harvest stage, similarly to other 
proteins related to flavonoid biosynthetic pathway.51 On the contrary, 
the expression profile of the grape BTL-homologue displays a bell-
shape pattern in the pulp.57 This apparently conflicting evidence 
could be rationalized considering that the expression profiles in the 
skin and in the pulp are very similar to the patterns observed for 
flavonoid accumulation during maturation, respectively. In the skin 
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Conclusions

From the results above described, it is evident that, even if the 
synthesis of flavonoids has been well-characterized, several question 
marks still remain for the transport mechanisms of these metabolites. 
Up to now, the models of flavonoid transport have been mainly based 
on genetic approaches, where this process has been correlated to the 
expression of several specific genes in reproductive organs, during 
development, or in response to environmental factors. Limited infor-
mation is available for a direct identification and characterization of 
proteins involved in the uptake and accumulation of these metabo-
lites. Therefore, it is crucial that the future research would be more 
focused toward the understanding of the biochemical mechanisms 
responsible for flavonoid transport and regulation. This would also 
represent a good reference to identify a general model for the trans-
port of other secondary metabolites in higher plants. Furthermore, 
since the Vitis genome has been recently published (http://www.
genoscope.cns.fr/externe/GenomeBrowser/Vitis/), this plant would 
represent a better candidate than Arabidopsis for studying the trans-
port and accumulation of flavonoids. Finally, for a comprehensive 
understanding of this process and for the selection of new grape vari-
eties, the identification of the gene products needs to be integrated 
with biochemical and physiological studies.
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