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A B S T R A C T

Even though it is one of the oldest perennial domesticated fruit crops in the world, grapevine (Vitis vinifera L.)
cultivation today is the result of both conventional breeding practices (i.e. hybridizations adopted during the last
century) and vegetative propagation. Human-assisted asexual propagation has allowed the maintenance of de-
sired traits but has largely impacted the frequency of spontaneous somatic mutations observed in the field.
Consequently, many grapevine fruit attributes to date have been artificially selected, including: fruit yield,
compactness, size and composition, the latter being greatly diversified in the pursuit of altering berry skin
coloration. The present review provides an overview of various aspects related to grapevine diversity, with a
special emphasis on grape berry skin color variation and will discuss the current knowledge of how grape skin
color variation is affected by the synthesis of phenolic compounds, particularly anthocyanins and their under-
lying genetic factors. We hope this knowledge will be useful in supporting the importance of the berry color trait
diversity in cultivated grapevines, which is used as basis for selection during breeding programs because of its
application for vine growers, winemakers and consumers.

1. Introduction

Grapevine (Vitis vinifera L.) is one of the most valuable agricultural
crops worldwide and has been an integral part of human history since
its domestication about 6000–8000 years ago (McGovern et al., 2017).
This species is a member of the Vitaceae family, with Vitis being the
only species of important economic interest, due mainly to its use as
table grapes or for processing into wine (Galet, 1988; Levadoux et al.,
1962; This et al., 2006).

During the domestication process of the wild Vitis vinifera subsp.
sylvestris to Vitis vinifera subsp. sativa, a complex and long-term evolu-
tionary process led to dramatic changes in grape morphology and
physiology. Consequently, the resulting variability in several important
traits has contributed to the large phenotypic diversity that is found in
the cultivated grapevine nowadays (Terral et al., 2010; This et al.,
2006). In response to different selective pressures, cultivar diversifica-
tion has clearly occurred in several fruit traits (color, flavor, seedless-
ness). However, for some of these traits, the biological relevance and/or
understood meaning of this variability still remains unclear (Cabezas
et al., 2006; Emanuelli et al., 2010; Fournier-Level et al., 2010; This
et al., 2006).

From early times, vine growers have selected the grapevine

phenotypes capable of ensuring a greater and more regular fruit pro-
duction and quality, maintaining them through vegetative propagation
(Bacilieri et al., 2013). Although vegetative propagation has been used
as a strategy for multiplication of plants with desired features, natural
crossings between the newly introduced cultivars and the local germ-
plasm also occurred along with the emergence of somatic mutation
events (Pelsy, 2010). Somatic mutations that affect berry skin color
leading to various phenotypes have been one of the major contributors
for the current diversity in cultivated grapevines. Indeed, several pig-
mented varieties with certified clones with different color shades are
currently known, such as, cv. ‘Aramon’, cv. ‘Grenache’, cv. ‘Pinot’ and
cv. ‘Terret’. Moreover, white-skinned varieties, such as cv. ‘Savagnin’,
cv. ‘Chardonnay’ and cv. ‘Chasselas’ also comprise pigmented clones
(Pelsy et al., 2015).

Research on grape berry color demonstrates that in white-skinned
cultivars the absence of anthocyanins is related with the insertion of the
Gret1, a long retrotransposon, in the promotor region of MYBA1 gene,
combined with two non-conservative mutations in the coding sequence
of MYBA2 gene (Fournier-Level et al., 2010; Lijavetzky et al., 2006).
Additionally, several molecular and cellular mechanisms have been
described as being behind berry skin color reversions occurring on
grape varieties, which is linked to the phenolic profiles, specifically
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with the anthocyanin profile of the cultivars and ultimately with the
skin color phenotype diversity.

The present review provides a general overview of grapevine di-
versity, with an emphasis on the berry skin color phenotype as a source
of diversity, highlighting the phenolic compounds that determine this
trait in grapevines and their underlying genetic factors.

2. Grapevine origin and domestication

Vitis vinifera L. (2n=38) belongs to the family Vitaceae, which
comprises about 60 inter-fertile wild Vitis species distributed in Asia,
North America and Europe under subtropical, Mediterranean and
continental temperate climatic conditions (Galet, 1988; Levadoux et al.,
1962). It is the single Vitis species that has acquired significant eco-
nomic interest over time; some other species, for example the North
American V. rupestris, V. riparia or V. berlandieri, are used as breeding
rootstock due to their resistance against grapevine pathogens such as
phylloxera [Daktulosphaira vitifoliae (Fitch)], oidium [Uncinula necator
(Schw.) Burr] and mildews. Indeed, a great majority of the cultivars
widely cultivated for fruit, juice and mainly for wine, classified as Vitis
vinifera L. subsp. vinifera (or sativa), derive from wild forms [Vitis vini-
fera L. subsp. sylvestris (Gmelin) Hegi] (This et al., 2006), an event es-
timated to have occurred approximately 22,000 years ago. Since then,
the cultivated form has suffered a steady decline in the effective po-
pulation size, probably resulting from low-intensity management by
humans before the domestication (Zhou et al., 2017). Data based on
morphological differentiation and genetic relationships between wild
and cultivated grapes has suggested the existence of at least two origins
for the cultivated germplasm, one in the Near East and another in the
western Mediterranean region (Arroyo-García et al., 2006). Thus, it is
accepted that during the process of grapevine dissemination, multiple
events of domestication and spontaneous hybridizations appeared
among selected individuals and local wild populations, revealing an
important contribution of Vitis vinifera subsp. sylvestris from both the
Near East and Eastern Europe to crop diversity.

Archeological and historical findings suggest that the primary do-
mestication event, could have occurred around 4000-6000 BC in the
Near-East region between the Black and Caspian seas (Myles et al.,
2011; Terral et al., 2010; This et al., 2006). The first evidence of wine
production is found in the northern Zagros mountains of Iran, dating
around 5000-5400 BC (McGovern, 2003; McGovern et al., 1996).

From the primary domestication region, humans gradually spread
the initial cultivars to adjacent regions in the central and southern
Zagros mountains, Jordan Valley and Egypt (Myles et al., 2011; This
et al., 2006). Further dispersal occurred, following the main Medi-
terranean civilizations, which conducted grapevine expansion to more
distant Mediterranean regions like Crete, southern Greece, both coasts
of the Italian and Iberian peninsulas and the north of Africa. Under the
influence of the Roman Empire this culture was expanded inland,
mainly through the main trade routes of the Rhine, Rhone, Danube and
Garonne rivers and reached other European temperate regions (This
et al., 2006). In the middle ages, the Catholic Church had a significant
role in disseminating grape cultivation mainly through the crusades
that aimed to spread their religion to new regions (Sefc et al., 2003;
This et al., 2006). Moreover, the extension of Islam also contributed to
the diffusion of grape viticulture (particularly table grape cultivars) to
North of Africa, Iberian Peninsula and Middle East (Zinelabidine et al.,
2010).

During the 16th century, missionaries introduced the European
grapevines to America, with seeds and cuttings from their places of
origin, such as France, Germany, Spain, Italy and Eastern Europe. Later,
during the 19th century, cuttings were also imported to South Africa,
Australia and New Zealand. After millennia of global expansion, in the
mid nineteenth-century, different disease-causing agents brought from
America reached to Europe, particularly the phylloxera aphid, leading
to a drastic change in the genetic diversity in the European vineyards

with impacts to the present days. European viticulture was saved from
extinction through the introduction of some non-vinifera species as
rootstocks (indigenous from Eastern North America), which have a
natural resistance to phylloxera and other soil-born problems that are
not present in the European grapevines (This et al., 2006). In the 60's
and 70's of 20th century, French grapevine varieties, such as cv.
‘Chardonnay’, cv. ‘Cabernet Sauvignon’, cv. ‘Syrah’ or cv. ‘Merlot’, were
introduced in large numbers in the in the viticulture of the new world
countries due to the perception of wine quality associated with French
wine denominations (This et al., 2006). A recent study focused on the
basis of grapevine genotype× environment (G×E) interactions
showed that, for example, the cv. ‘Cabernet Sauvignon’ was less de-
pendent on growth conditions and that its transcriptome remained
more stable across vintages and locations, suggesting that the limited
plasticity of this French cultivar may underpin its success in many
different parts of the globe (Dal Santo et al., 2018; Paim Pinto et al.,
2016).

3. Spontaneous variation in grapevine

3.1. The role of naturally occurring mutations and human selection on
grapevine diversity

During the domestication and selection processes the biology of
grapes underwent several dramatic changes that led to a significant
divergence in important traits, contributing to the large phenotypic
diversity found nowadays in cultivated grapevines. One of the most
important events during domestication was the appearance of her-
maphrodite flowers, removing the necessity to maintain both male and
female wild plants (This et al., 2006). Additionally, cultivar diversifi-
cation as a response to different selective pressures was clearly ob-
served for berry color (Fournier-Level et al., 2010), Muscat flavor
(Emanuelli et al., 2010) or table grape seedlessness (Cabezas et al.,
2006). Other traits also appear to have been modified through do-
mestication, such as seed size, leaf size and morphology, although their
biological significance is not completely understood (This et al., 2006).

A few decades ago the number of different cultivars held in germ-
plasm collections around the world was estimated at approximately
10.000 (Alleweldt and Dettweiler, 1994), a large number that included
several synonyms (different names for the same cultivar) and homo-
nyms (identical name for different cultivars). The current estimation of
the number of different grapevine cultivars is around 5.000, being
many of them being closely related. Information on the origin, main use
and pedigree of these cultivars can be found on the Vitis International
Catalogue (VIVC, http://www.vivc.de), which is a valuable tool to ea-
sily compare molecular fingerprints.

Genetic diversity has long been studied in grapevine with different
sets of molecular markers (Castro et al., 2016, 2012; 2011; Ferreira
et al., 2015), which has provided partial views of the genetic re-
lationships among cultivated and wild germplasm, as well as on the
expansion and evolution of domesticates (This et al., 2006). Although
self-pollination is the major mating system in grapevine (Jackson,
2008), a primary conclusion of genetic diversity studies found that
some cultivars were derived by spontaneous hybridizations from other
existing cultivars. The first demonstrated case was cv. ‘Cabernet Sau-
vignon’, shown to be a spontaneous hybrid from the cross between cv.
‘Cabernet Franc’ and cv. ‘Sauvignon Blanc’ (Bowers and Meredith,
1997). In fact, the probable reason why cultivars from a given region
seem to be more closely related than to cultivars from other regions
(Sefc et al., 2000) is because they have close family relationships.

Moreover, the current globalization of wine markets has focused
only on a small number of highly appreciated cultivars of both white
(cv. ‘Chardonnay’, cv. ‘Sauvignon Blanc’) and red cultivars (cv.
‘Cabernet Sauvignon’, cv. ‘Syrah’ and cv. ‘Merlot’), and the demand for
healthy disease-free plant material has led to a drastic reduction of
diversity in the cultivated grapevine. Consequently, most of the
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traditional and local cultivars have almost disappeared, and some of
those cultivars are only found in germplasm collections (This et al.,
2006).

As stated before, human activity has played a pivotal role in shaping
the existing diversity of grapes. In fact, most of the today's cultivars do
not have a deliberate origin as they are the result of different processes
of selection on certain grapevine genotypes that spontaneously oc-
curred in nature. Since early times, vine growers have selected grape-
vine phenotypes capable of ensuring a greater and more regular fruit
production and quality, and maintained them through vegetative pro-
pagation – a process which is believed to have been used since the
beginning of the domestication process (Bacilieri et al., 2013).

Despite the importance of vegetative propagation as a conservation
strategy to maintain desired phenotypes as genetically identical clones
of the original donor plant (i.e. true-to-type), somatic mutations may
naturally occur during plant growth and accumulate over time.
Consequently, this somatic mutation might lead to a slightly different
genotype and eventually to a different phenotype on a specific plant of
the same cultivar, leading to clonal polymorphism. The new generated
clone can be vegetatively propagated retaining the selected genetic and
morpho-physiological difference, giving rise to a new cultivar (Pelsy,
2010). From the start of grapevine domestication, vegetative propaga-
tion combined with somatic variation have been widely exploited by
vine growers to improve the phenotypic features of classic cultivars,
representing a valuable source of diversity (This et al., 2006).

Higher plants have stratified apical meristems with layers of di-
viding cells that are characterized by different ontologies. Each cell
layer develops independently from the adjacent layers, leading to the
different plant tissues within an organ (Neilson-Jones, 1969).
Thompson and Olmo (1963) proposed that the shoot apical meristem
(SAM) of grapevine is composed of two different cell layers, L1 forming
the epidermis and L2 making up most of the other parts of the plant,
including mesophyll cells and gametes.

Somatic variation results from mutational events during plant de-
velopment in a single cell that belongs to a specific shoot apical mer-
istem cell layer. This mutated cell can then propagate by mitotic divi-
sion, leading to the emergence of a mutated section and giving rise to a
chimera. Such structures are specific types of genetic mosaic in which
one or two entire cell layers of the apical meristem are genetically
distinct from the others and remain developmentally independent from
the adjacent layers. According to their spatial patterning, chimeras can
be classified in the following three types: mericlinal, sectorial and
periclinal. Mericlinal chimeras comprise a mutation in just a part of one
tissue layer. Sectorial chimeras contain a mutation in a section of sev-
eral layers and periclinal chimeras have a mutation in one or more
entire layers (Fig. 1) (Dermen, 1960).

Briefly, somatic mutations can be propagated to the whole plant by
a two-step process. First, a somatic mutation emerges in one cell of the
shoot apical meristem, and is then propagated by cell division to an
entire cell layer, generating a stable chimeric structure. Afterwards, the
replacement of one cell layer by another can lead to a homogenization
of the genotype of the whole plant, representing the second step of the
process (Hocquigny et al., 2004). Due to the low level of organization of
cell division in the inner layers, the most common cellular rearrange-
ment observed is the invasion of the outer L1 layer by cells from the
inner layer. Although rare, the opposite phenomenon, L1 cell invasion
of the inner layer, is also accepted (Pelsy, 2010).

In grapevine, somatic variation occurs with relative frequency and
is described as quite a common phenomenon. Despite the fact that
mutation frequencies and rates are still relatively unknown, the rever-
sion from the chimeric to the original status seems to occur more fre-
quently than the opposite, maybe due to the unstable nature of the
chimeras (reviewed in Pelsy, 2010; Torregrosa et al., 2011). Indeed,
several variant traits have been described, including for berry color or
flavor, date of ripening, canopy growth, size and compactness of bun-
ches or productivity (Fig. 1, Table 1).

Some cultivars are known to be more prone to exhibit somatic
polymorphisms than others. The basis for the wide range of clones in
some cultivars could be genetic, due to a more unstable genetic back-
ground, but also the reflex of a longer history of cultivation or growth at
a large extension, in which the age of the genotype should be con-
sidered, as well as the total area planted in different vineyards around
the world to produce different wines with specific oenological char-
acteristics (Pelsy et al., 2015; Torregrosa et al., 2011).

As an example, the ‘Pinot’ group typifies clonal phenotypic di-
versity, being one of the most ancient grapevine varieties made up of a
large panel of clones (Pelsy et al., 2015). This great diversity of clones,
which is due to spontaneous somatic mutations that have occurred over
time is manifested in traits such as berry skin color (cv. ‘Pinot Noir’, cv.
‘Pinot Gris’ and cv. ‘Pinot Blanc’), flesh pigmentation (cv. ‘Pinot Tein-
turier’), yield level (cv. ‘Pinot Fin’ versus cv. ‘Pinot Moyen’), leaf mor-
phology (cv. ‘Pinot Meunier’), canopy growth (cv. ‘Pinot Detroit’) and
absence of wax on berries (cv. ‘Pinot Moure’).

At the genetic level, clonal polymorphism can result from single-
nucleotide polymorphisms (SNPs), variations of SSR (Simple Sequence
Repeat) length and insertion or deletion (INDELs) events.

The cultivar ‘Pinot Meunier’, a periclinal somatic variant of cv.
‘Pinot Noir’, shows an increase of trichomes on the leaf surface, which
could be the result of an ancient mutation occurring only in the L1
epidermal layer (Franks et al., 2002). Besides inflorescences instead of
tendrils, an extreme dwarfism was also observed by the same authors in
plants regenerated from cv. ‘Pinot Meunier’ L1 cell layer, whereas
plants regenerated from L2 cell layer were tall and with normal glab-
rous leaves, similar to cv. ‘Pinot Noir’ phenotype. These variations were
found to be genetically heritable and associated with a point mutation
in GAI1 gene involved in the gibberellic acid signaling (Boss and
Thomas, 2002). This mutation in the DELLA domain converts a leucine
residue into a histidine, which seems to alter the gibberellin-response
properties of the protein, resulting in a critical ‘Pinot’ L1 mutant phe-
notype.

The cv. ‘Ugni Blanc’ is another case of somatic variation that had a
major importance on the understanding of the molecular mechanisms
behind fleshy fruit morphogenesis. A fleshless berry (Flb) somatic var-
iant was described for this cultivar. Fernandez et al. (2013) showed that
the fleshless phenotype is caused by an inverted-repeat transposable
element in the promoter region of the PISTILLATA-like (PI) gene, a gene
that was shown to be drastically repressed after flower fertilization in
previous grapevine studies (Dauelsberg et al., 2011; Poupin et al.,
2007). The same authors also concluded that PI alteration causes its
ectopic expression and that this effect is cell layer-specific. The ab-
normal PI expression after fertilization in the L2 cell layer of the Flb
somatic variant and derived Flb mutant plants abrogates flesh devel-
opment by preventing the differentiation of the highly vacuolated cells
that are characteristic of this mesocarp tissue. Moreover, when the
mutation is also present in the L1 cell layer, fruit development cannot
proceed normally, being blocked at fruit set.

3.2. Color variation as a consequence of chimerism

The clonal polymorphism affecting berry skin color is the most well-
studied polymorphism leading to various phenotypes, having been in-
tensively investigated in different grapevine varieties (Ferreira et al.,
2018, 2016; Giannetto et al., 2008; Migliaro et al., 2014).

The occurrence of chimeric structures (with three or four-allele
genotypes) has been detected by using microsatellite markers in a wide
range of varieties, including cv. ‘Primitivo’ (Franks et al., 2002), cv.
‘Greco di Tufo’ and cv. ‘Corvina Veronese’ (Crespan, 2004), cv. ‘Ca-
bernet Sauvignon’ (Moncada et al., 2006) or cv. ‘Pinot’ (Hocquigny
et al., 2004). A certain locus presenting three alleles in one individual
can be explained by a chimeric structure consisting of two cell layers
with genotypes combining one common and one specific allele of each
layer, whereas a four-allele locus is due to two completely different
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genotypes in each layer.
The certified clone PG52 of cv. ‘Pinot Gris’ showed a triallelic profile

at VVS2 microsatellite loci (126:134:148) (Hocquigny et al., 2004).
Self-progenies of this clone produced only white-berried plants carrying
two alleles (126:134), whereas plants regenerated from the L1 cell layer

produced black berries with a different genotype (134:148). Thus, the
grey-colored berry phenotype of PG52 clone could result from a chi-
meric structure, comprised of a colored L1 epidermis and L2 cells with a
mutation that prevents anthocyanin synthesis, where the [134] allele at
locus VVS2 is the common allele of both cell layers and the [148] and

Fig. 1. Somatic variation in grapevine. Top: Diagram
representing the three types of chimeras (Mericlinal,
Sectorial and Periclinal) classified according to their
spatial patterning [Adapted from Torregrosa et al.
(2011)]. Bottom: Examples of mutant phenotypes of
different varieties. a) ‘Corinto Bianco’ and its seedless
mutant; b) ‘Ugni Blanc’ and its fleshless mutant; c)
Dwarfism phenotype of ‘Pinot Meunier’; d) ‘Pinot
Noir’ and its grey and white-skinned color variants; e)
White-skinned berries variegation in ‘Pinot Gris’
bunch [Adapted from Boss and Thomas (2002); This
et al. (2006); Vargas et al. (2007); Pelsy (2010)]. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Table 1
- Described variants for some of the most well-known international grapevine varieties [Adapted from Pelsy (2010)].

Varietal group Variants Phenotype Clonality ascertaining References

Cabernet Sauvignon Cabernet Sauvignon Black-skinned berries
Malian Bronze-skinned berries Bud sport of Cabernet Sauvignon Boss et al. (1996); Walker et al. (2006)
Shalistin White-skinned berries Bud sport of Malian

Chardonnay Chardonnay Blanc White-skinned berries/neutral aroma
Chardonnay Muscaté Rosy-skinned berries/aromatic 16 SSRS Duchêne et al. (2009)
Chardonnay Rose Rosy-skinned berries/neutral aroma Bud sport of Chardonnay Blanc This et al. (2007)

Italia Italia Green-skinned berries
Ruby Okuyama Light-rosy-skinned berries Bud sport of Italia Kobayashi et al. (2004)
Rubi Light-rosy-skinned berries Bud sport of Italia de Oliveira Collet et al. (2005)
Benitaka Rosy-skinned berries Bud sport of Italia Azuma et al. (2009)
Brasil Black-skinned and red-fleshed berries Bud sport of Benitaka de Oliveira Collet et al. (2005)

Muscat d’Alexandria Muscat d’Alexandria White-skinned berries
Flame Muscat Red-skinned berries Bud sport of Muscat d’Alexandria Kobayashi et al. (2004)
Zibibbo Nero Red-skinned berries Bud sport of Muscat d’Alexandria De Lorenzis et al. (2015)

Pinot Pinot Noir Glabrous leaves/black waxed berries
Pinot Moure No wax berries 50 SSR Hocquigny et al. (2004)
Pinot Meunier Hairy leaves and dwarfism 50 SSR Franks et al. (2002)
Pinot Gris Red-grey-skinned berries Bud sport of Pinot Noir Vezzulli et al. (2012)
Pinot Blanc White-skinned berries Bud sport of Pinot Noir Vezzulli et al. (2012)

Savagnin Savagnin blanc White-skinned berries/neutral aroma
Savagnin
Rose

Rosy-skinned berries/neutral aroma 16 SSR Duchêne et al. (2009)

Gewurztraminer Rosy-skinned berries/aromatic 16 SSR
Ugni Blanc Ugni Blanc Fleshy berries

Fleshless mutant Fleshless berries Bud sport of Ugni blanc Fernandez et al. (2006)
Pedro Ximenes Pedro Ximenes Seeded berries

Corinto Bianco Seedless berries 20 SSR Vargas et al. (2007)

V. Ferreira et al. Plant Physiology and Biochemistry xxx (xxxx) xxx–xxx

4



[126] alleles are specific to the L1 and L2 cell layers, respectively.
Moreover, PG52 clone occasionally produces colored berries with white
variegations. The colored skin sector was found to have the tri-allele
profile, identical to the leaf at the VVS2 locus, whereas the white skin
sector showed the diallelic combination transmitted to the self-pro-
genies. A displacement from the L2 cell layer to the L1 could be re-
sponsible for generating the white-berried sector on cv. ‘Pinot Gris’
berries. Such displacements can affect a few berries or a whole bunch
on a cane, according to the development stage during which the dis-
placement occurs (Pelsy, 2010).

Moreover, the lack of anthocyanin pigments in the white-skinned
phenotype has been associated with the insertion of Gret1 retro-
transposon in the promoter region of MYBA1 gene combined with two
non-conservative mutations in the coding sequence of MYBA2, a point
mutation and a dinucleotide deletion (Kobayashi et al., 2004; Walker
et al., 2007), both regulating the transcription of UFGT (UDP-glucose:
flavonoid 3-O-glucosyltransferase), a key point in the anthocyanin
pathway.

It is now well established that the clonal difference between the
black-skinned cv. ‘Pinot Noir’ and the green-yellow cv. ‘Pinot Blanc’
was caused by a large deletion, which removed the functional colored
alleles of both MYBA genes that regulate pigment production. This
mutation led to the emergence of the colorless phenotype observed in
cv. ‘Pinot Blanc’. In turn, the grey-skinned phenotype of cv. ‘Pinot Gris’
results from a chimeric structure generated by the two-step process
described above, composed of a colored L1 epidermis and L2 cells with
a mutation that prevents anthocyanin synthesis (Hocquigny et al.,
2004; Walker et al., 2006; Yakushiji et al., 2006). More recently,
through a structural dynamics study along chromosome 2, comprising
29 ‘Pinot’ clones, Vezzulli et al. (2012) concluded that cv. ‘Pinot blanc’
is not a bud sport of cv. ‘Pinot Gris’, since deletions comprising MYBA
genes have different lengths, ranging from 100 kb to 179 kb for cv.
‘Pinot Blanc’ clones and from 4202 kb–4350 kb in the L2 cell layer of cv.
‘Pinot Gris’. Consequently, a ‘Parallel Model’ was proposed to explain
the evolutionary events that led to the formation of ‘Pinot’ berry color
somatic variants, where the black-skinned ancestor cv. ‘Pinot Noir’ gave
rise to the grey-skinned (cv. ‘Pinot Gris’) and the white-skinned (cv.
‘Pinot Blanc’) berry variants independently (Fig. 2-A). This model was
an important advance in the knowledge on the emergence of somatic
color mutants within a variety. Before that the prevailing idea was that
these variants arise sequentially, the so called ‘Sequential Model’,
proposed by Walker et al. (2006), in which the black-skinned berry
ancestor (cv. ‘Cabernet Sauvignon’) gave rise to a periclinal chimera,
the bronze-skinned phenotype of cv. ‘Malian’, through a deletion en-
compassing the functional alleles of MYBA1 and MYBA2 in the L2 cells,
which in turn gave rise to the white-skinned phenotype of cv. ‘Sha-
listin’, as the result of a cellular rearrangement (or displacement) in cv.
‘Malian’ whereby the L2 cell layer (unpigmented phenotype) replaced
the L1 cells (pigmented phenotype) (Fig. 2-B).

4. Grapevine berry skin color: an important quality trait

4.1. Biochemical and genetic factors underlying berry skin color

Grapevine berries are complex organs composed of three clearly
distinguished parts, the exocarp (skin) and mesocarp (flesh), which
together constitute the pericarp, and the seeds. Berry development
follows a double sigmoid growth pattern with three distinct phases, two
growth periods separated by a lag phase. The onset of ripening occur-
ring at the end of the lag phase (a short period known as verison) re-
presents a key point in berry development in which several important
changes occur, including the initiation of sugar accumulation, berry
softening, berry pigmentation driven by the synthesis of anthocyanins
in red cultivars, catabolism of organic acids and flavor maturation
(Hardie et al., 1996; Robinson and Davies, 2000).

In this sense, several compounds accumulate during grape

development in pericarp, and their presence is responsible for many
relevant agronomic traits for table and wine grape quality, namely
berry crispness and firmness, aroma and taste-related traits. For in-
stance, the ratio between sugar (glucose and fructose) and acid (malic
and tartaric) content at harvest is important for the flavor in table
grapes and for the production of quality wines (Lijavetzky et al., 2012).
Moreover, berry coloration is also an important trait quality that is used
as the basis for selection during breeding programs. The color de-
scription in grape is an important factor for market acceptance and is
crucial for two main reasons: 1) impact on consumers of table grapes,
since they generally prefer well pigmented grapes and 2) for wine-
makers in the management of product transformation. Especially for
the latter, the evaluation of the phenolic compounds content, particu-
larly anthocyanins, is extremely relevant (Rustioni et al., 2013).

Considering that color is such an important quality parameter in
table grapes and wines, it is imperative to understand how berry col-
oration is affected by genetic factors that regulate phenolic compounds
biosynthesis, particularly flavonoids and anthocyanins, as this knowl-
edge will contribute to a more stable production of high-quality pig-
mented grapes (Azuma, 2018).

Phenolic compounds are synthesized from the amino acid pheny-
lalanine through the phenylpropanoid pathway (Fig. 3), which is one of
the most well-studied pathways in the plant kingdom, both at the en-
zymatic and regulatory levels. In grapes the synthesis of these com-
pounds responds to specific developmental cues and to environmental
factors, such as low temperature and light, which have a synergistic
effect on their accumulation. Additionally, recent studies also make
reference that this response seems to be cultivar-specific, namely re-
garding the effect of solar radiation on phenolic compounds accumu-
lation. Since phenolic compounds also influence organoleptic proper-
ties of the berries (such as taste and color) and are associated with
several beneficial attributes for human health, this highlights the im-
portance of adding new knowledge on secondary metabolites in
grapevine to help vine growers to develop new cultivation techniques
to modify and improve grape quality and adapt to a changing climate
(reviewed by Azuma, 2018; Flamini et al., 2013; Matus, 2016; Wong
and Matus, 2017).

Among the different phenolic compounds that influence the quality
of grapes and wines, flavonoids (C6eC3eC6 skeleton structure) and
stilbenes (C6eC2eC6) are the most important ones. Flavonoids are one
of the most abundant groups of compounds in grape berry and consist
of a mixture of different glycosylated and acylated derivatives of fla-
vonols, flavan-3-ols [when organized into polymers are called proan-
thocyanidins (PAs) or condensed tannins] and anthocyanins. Among
these classes of flavonoids, flavonols and anthocyanins are the main
pigments that determine the berry skin color in grapevine.

Flavonols are yellow pigments that contribute directly to the color
of white wines, being masked by anthocyanins in the red wines,
whereas anthocyanins are pigments responsible for the orange, pink,
red, blue and purple color of the berry skin in colored grapes. However,
there are also a few cultivars, called teinturier or dyed cultivars, that
can accumulate anthocyanins in their flesh in parallel with the accu-
mulation in the berry skin, such as cv. ‘Alicante Bouschet’, also called
cv. ‘Garnacha Tintorera’ (He et al., 2010; Teixeira et al., 2013). Al-
though the profile of these compounds is commonly used as a finger-
print for cultivar identification, different clones of the same variety may
present different anthocyanin contents, which is related with the level
of intravarietal diversity of each grape variety (Van Leeuwen et al.,
2013).

Usually, the main representatives of flavonols in red grapes are
quercetin-3-O-glucosides (dihydroxylated) followed by myricetin (tri-
hydroxylated), whereas quercetin and kaempferol (monohydroxylated)
derivatives constitute the major flavonol compounds in white grapes
(Castillo-Muñoz et al., 2007; Mattivi et al., 2006). Moreover, other less
abundant flavonols can be synthesized; isorhamnetin is the methylated
form of quercetin, and laricitrin and syringetin are the methylated
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forms of myricetin (Czemmel et al., 2017; Flamini et al., 2013; Teixeira
et al., 2013). Regarding the quality of red wines, flavonols influence
their color by means of copigmentation, a phenomenon that occurs due
to molecular associations between anthocyanins and flavonols or other
non-colored phenolic compounds (Castillo-Muñoz et al., 2010; Liang
et al., 2011).

The genes coding for the enzymes of the flavonoid branch within the
phenylpropanoid pathway are transcriptionally regulated by the com-
binatorial interaction between three classes of transcription factors
(TFs): myeloblastosis (R2R3-MYB), basic helix-loop-helix (bHLH) and
tryptophan-aspartic acid repeat protein (WDR or WD40) (Ramsay and
Glover, 2005). A fourth class of TFs (WRKY) has been recently char-
acterized in grapevine by Amato et al. (2017), who proposed WRKY26
as a putative regulator of vacuolar transport and acidification. Ad-
ditionally, it was found that WRKY26 is also involved in the flavonoid
pathway, showing a particular role in proanthocyanidin biosynthesis
and deposition. In grapevine, the R2R3-MYB proteins family is cur-
rently understood to be composed of 134 genes (Wong et al., 2016) and

is characterized as two highly conserved DNA binding domains and a
variant number of C-terminal motifs (Dubos et al., 2010). These genes
have been related to phenylpropanoid regulation and are thought to
have expanded by gene duplication (Matus et al., 2008).

Although the initial regulatory mechanism of the first flavonol
branch target gene flavonol synthase 1 (FLS1 or FLS4) by the R2R3-
MYB transcription factor MYBF1 is well-established, it is unclear how
the high diversity of flavonol compounds found in grapes is achieved.
Until recently, only two structural genes had been identified as involved
in flavonol modification, namely GT5 and GT6, which encode a UDP-
glucuronic acid: flavonol-3-O-glucuronosyltransferase and a double
functional UDP-glucose/UDP-galactose: flavonol-3-O-glucosyl-
transferase/galactosyltransferase, respectively (Ono et al., 2010).
However, Czemmel et al. (2017) identified other promising novel fla-
vonol biosynthetic genes, such as a flavonol glucosyltransferase (GT3)
and a rhamnosyltransferase (RhaT1).

In addition, the anthocyanin content and composition, which are
greatly affected by cultivar type and viticultural/environmental

Fig. 2. Schematic representation of the evolutionary models that explain the development of somatic berry skin color mutants within a variety: Parallel model (A)
and Sequential model (B) [Adapted from Ferreira et al. (2018)]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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conditions, are also an important factor with a direct impact on color
variation of grape berry skin, providing a huge assortment of colors
ranging from whitish, yellow, green, to pink, grey, and to darker red,
purple and black berries. These different color shades and hues are
mainly influenced by the presence of five major anthocyanins in grape,
which differ from each other in the number and positions of the

hydroxyl and methoxyl groups on the B-ring (reviewed by He et al.,
2010). Cyanidin and peonidin are dihydroxylated precursors of red
anthocyanins, whereas delphinidin, petunidin and malvidin are trihy-
droxylated precursors of blue and purple (Fig. 3). In grape, anthocya-
nins are mainly present as 3-O-monoglucoside derivatives due to the
presence of two disruptive mutations in the anthocyanin 5-O-

Fig. 3. Schematic representation of the main pathways involved in flavonoid biosynthesis in grapes. 1) general biosynthetic phenylpropanoid pathway. PAL,
phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumaroyl: CoA-ligase; CHS, chalcone synthase; STS, stilbene synthase. 2) basic upstream
flavonoid pathway leading to the biosynthesis of colored anthocyanidins. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H,
flavonoid 3′-hydroxylase; F3′5′H, flavonoid 3′,5′-hydroxylase; DFR, dihydroflavonol 4-reductase; LDOX, leucoanthocyanidin dioxygenase. 3) Specific branch for the
anthocyanin modification of free anthocyanidins. Colored boxes indicate the skin color produced by the five major anthocyanins (red boxes represent the di-
hydroxylated anthocyanins and purple boxes the tri-hydroxylated anthocyanins). UFGT, UDP-glucose:flavonoid 3-O-glucosyltransferase; OMT, O-methyltransferase
[Adapted from Flamini et al. (2013) and Kuhn et al. (2014)]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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glucosyltransferase gene, which produces a non-functional form of the
enzyme. Additionally, anthocyanins can also be acylated with aromatic
and aliphatic acids as acetylmonoglucoside and p-coumar-
oylmonoglucoside derivatives.

The anthocyanin synthesis regulation is directly related with the
activity of different R2R3-MYB transcription factors, some of which are
located in two well-described grape color loci. The recently identified
‘vegetative color locus’ (Matus et al., 2017) harbors MYBA5/6 and
MYBA7 genes (Chr. 14), while the ‘berry color locus’ comprises MYBA1
and MYBA2 genes (Chr. 2) (Walker et al., 2007), two essential genes
that determine berry skin color variation (Fournier-Level et al., 2010).
Both loci share the regulation of late biosynthetic and modification/
transport-related genes, such as UDP-glucose: flavonoid 3-O-glucosyl-
transferase (UFGT) and anthocyanin 3-O-glucoside-6″eO-acyl-
transferase (3AT) (Matus et al., 2017; Rinaldo et al., 2015; Walker et al.,
2007). However, the synthesis of specific anthocyanins is also affected
by the expression of early biosynthetic genes that encode flavonoid 3′-
hydroxylase (F3′H) and flavonoid 3′, 5′-hydroxylase (F3′5′H). These
enzymes competitively control the synthesis of di- and trihydroxylated
anthocyanins, respectively, whereas anthocyanin O-methyltransferase
(AOMT) methylates anthocyanins of both groups. Usually F3′5′H ac-
tivity prevails over F3′H, and the products of flavonoid hydroxylases
are predominately channeled into the branch of the pathway involved
in the biosynthesis of delphinidin (blue purplish derivatives) at the
expense of those involved in the synthesis of cyanidin (reddish deri-
vatives) (Castellarin et al., 2006; Castellarin and Di Gaspero, 2007;
Jeong et al., 2006). In contrast with the well-characterized MYBA1
gene, which promotes the synthesis of larger quantities of trihy-
droxylated anthocyanins, the vegetative color locus genes (MYBA6/7)
are not able to activate the trihydroxylated branch due to the lack of a
C-terminal protein motif that is present on MYBA1 and related genes of
the berry color locus. Consequently, only dihydroxylated anthocyanins
with a reddish hue are almost exclusively accumulated on the vegeta-
tive organs, both in black- and white-skinned cultivars (Matus et al.,
2017). Additionally, anthocyanin synthesis is also induced by light and
high sucrose levels (Yamakawa et al., 1983). More specifically, it has
been shown that the DFR gene expression, which is higher after ri-
pening onset (Boss et al., 1996), is induced by sucrose. Behind this
regulation is the presence of two sucrose boxes on the gene promoter to
which sugar can bind and activate gene expression (Gollop et al., 2002).

In summary, several members of the R2R3-MYB family have been
characterized, many of which act as positive regulators of the synthesis
of anthocyanins (MYBA1/A2, MYB5B, MYBA6 and MYBA7), proan-
thocyanidins (MYBPA1/PA2/PAR) and flavonols (MYBF1). Along with
its role as an activator of flavonoid pathway structural genes (CHI,
F3′5′H, ANS, LAR1 and ANR), MYB5B also regulates other processes
such as vacuolar acidification and membrane remodeling (Cavallini
et al., 2015). This is of particular relevance since, in other genera like
Petunia, it has been shown that vacuolar pH affects the coloration of the
synthesized anthocyanins. An increase in pH shifts the color from
purple to blue in plant lines that synthesize malvidin or petunidin de-
rivatives, or from red to a dull grey in a cyanidin background (Tornielli

et al., 2009).
More recently, repressors of the accumulation of small weight

phenolic acids and flavonoids (MYB4A) (Cavallini et al., 2015) and
positive regulators of stilbenoid accumulation (MYB15 and MYB14)
(Holl et al., 2013) have also been identified. The differential activation
or repression of different steps of the pathway is responsible for re-
stricting the anthocyanins accumulation to specific developmental
stages and also in response to different environmental factors and
agricultural practices (reviewed by Matus, 2016).

4.2. The berry color locus: master regulator of berry skin color

Skin color in grapes has become greatly diversified, showing dif-
ferent color shades as a result of hybridization and human selection. As
stated above, the color of berry skin is mainly associated with the
content and composition of anthocyanins, which is determined by the
allelic status of a major locus that spans over a 200-kb region on
chromosome 2 (Azuma et al., 2009; Fournier-Level et al., 2009; Matus
et al., 2008). This berry color locus comprises a cluster of closely related
R2R3-MYB genes and pseudogenes, among which the functional
MYBA1 and MYBA2 genes, two adjacent transcription factors that
regulate the transcription of UFGT (UDP-glucose:flavonoid 3-O-gluco-
syltransferase), represent the major genetic determinant of skin color
variation., A third gene (MYBA3) has also been functionally tested but
does not activate anthocyanin synthesis and the less related gene
MYBA4 gene also does not seem to play a role in anthocyanin bio-
synthesis in grape berries (Fig. 4) (Walker et al., 2007).

The emergence of the colorless phenotype observed on the white-
skinned cultivars, a derived state that arose from the highly colored
(less diverse and homozygous) wild ancestor. This resulted from the
simultaneous occurrence of mutations in MYBA1 and MYBA2 genes,
which cause the loss of transcription factor expression and, conse-
quently, abrogate anthocyanin biosynthesis. Different combinatorial
mutations on these two genes led to the emergence of not only the
white-skinned phenotypes, but also to a range of pale-phenotypes,
largely assessed in different genotypes and somatic variants (Ferreira
et al., 2018, 2017; Lijavetzky et al., 2006; Migliaro et al., 2014). These
were selected during the domestication process, favoring a rapid dif-
fusion of the less colored phenotypes, leading to the diversification of
berry color. Nowadays, both vine growers and winemakers take ad-
vantage of this color diversity to address consumer tastes in table grapes
and wine.

The mutations on MYBA1 and MYBA2 genes can be grouped as
summarized by Matus et al. (2017): (i) inactivation of MYBA1 through
the insertion of the Gret1 retrotransposon in its promoter/5′ un-
translated region (5′-UTR) (Kobayashi et al., 2005, 2004); (ii) non-sy-
nonymous single-nucleotide polymorphism and a frame-shift mutation
in the MYBA2 coding region (Walker et al., 2007); or (iii) a large de-
letion removing both MYBA1 and MYBA2 from the berry color locus
(Walker et al., 2006; Yakushiji et al., 2006).

In more detail, the absence of anthocyanins in white-skinned cul-
tivars has been largely associated with the insertion of the Gret1, a

Fig. 4. The berry color locus on chromosome 2. a)
Schematic representation of the anthocyanin-related
MYBA genes as present in the grapevine genome of
cv. ‘Pinot Noir’ PN 40024. All genes are displayed in
the same orientation, mostly positioned in tandem,
with the exception ofMYBA1/MYBA10 that share the
presence of a non-MYB gene between them. Gene
sizes are represented to scale, but intergenic regions
are not; b) Genomic organization of MYBA1 and
MYBA2 protein variants. Each domain is shown with
a specific color box, indicating that the MYB repeats
are identical between the proteins, R2 and R3 DNA

binding domains and the C-terminal domain, which is repeated in VvMYBA2 (CR1 and CR2) [Adapted from Matus et al. (2017) and Walker et al. (2007)]. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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10,422 bp long gypsy-type retrotransposon, in the promoter region of
MYBA1 gene, which leads to transcriptional inactivation. The presence
of Gret1 retrotransposon in the promoter of the MYBA1 gene was first
described and associated with a loss-of-function in cv. 'Italia' and cv.
'Muscat of Alexandria' cultivars resulting in the non-functional allele
VvmybA1ITA, also called VvmybA1a allele (Kobayashi et al., 2004). On
the other hand, the most likely original sequence of MYBA1, before the
Gret1 retrotransposon insertion, corresponds to the functional wild-type
allele VvmybA1AFL, commonly known as VvmybA1c allele, which com-
pletely lacks Gret1 (Yakushiji et al., 2006). Moreover, other MYBA1
functional alleles have been described, mainly associated with rever-
sions from mutated-to-functional allelic versions. The partial Gret1
retrotransposon excision from the MYBA1 promoter leaving behind its
solo-3′LTR region constitutes the VvmybA1RUO allele, also named
VvmybA1b. This allele has been firstly described on cv. ‘Ruby
Okuyama’, which may have occurred as a result of intra-recombination
between the 5′LTR and 3′LTR of Gret1 in the 5′-flanking region near the
coding region of MYBA1, and its functional allele (Kobayashi et al.,
2005, 2004). Since then it has been identified in several red-skinned
somatic variants derived from white-skinned cultivars, and described as
the main mechanism responsible for color recovery on white-skinned
cultivars (Ferreira et al., 2018; Migliaro et al., 2014).

In addition, the rosy-skinned somatic variant cv. ‘Benitaka’ derived
from the white-skinned cv. ‘Italia’ is caused by the appearance of the
functional allele VvmybA1BEN, which was reported as a result of
homologous recombination between the promoter regions of the non-
functional allele of MYBA1 (VvmybITA) and MYBA3, resulting in the
restoration of MYBA1 transcripts on cv. ‘Benitaka’ (Azuma et al., 2009).
Furthermore, a less frequent functional allele, called VvmybA1SUB, was
also observed in some cultivars, as the result of three short insertions,
two in the 5′-UTR region (111- and 44-bp) and one in the second intron
(33-bp) (Lijavetzky et al., 2006; This et al., 2007).

Regarding MYBA2 gene polymorphisms, Walker et al. (2007) re-
ported that MYBA2 can be inactivated by two non-conservative muta-
tions, one leading to an amino acid substitution (change of arginine
residue at position 44 in the red allele [G] to leucine in the white allele
[T], within the first MYB repeat) and the other to a frame shift resulting
in a smaller protein (a 2-bp deletion [CA] was found altering the
reading frame at the amino acid position 258). The non-functional al-
lele of this gene was named VvmybA2w, while the functional allele was
called VvmybA2r.

Walker et al. (2007) reported that Vvmyb1w (equivalent to Vvmy-
bA1ITA) and VvmybA2w, and VvmybA1r (equivalent to VvmybA1AFL) and
VvmybA2r, were closely linked on the same chromosome, and named
them the white and red alleles, respectively. Since these two adjacent
MYB alleles in the berry color locus are inherited together, it is helpful
to consider them as part of a single MYB haplotype (Azuma et al., 2008,
2009). Based on the detection of VvmybA1ITA and VvmybA1AFL, it was
first thought that haplotype A (Hap A, equivalent to the white allele)
corresponds to a non-functional ‘white’ haplotype, containing both non-
functional alleles VvmybA1ITA and VvmybA2w and that haplotype C
(Hap C, equivalent to the red allele) corresponds to the ‘colored’ hap-
lotype. Later on, Fournier- Level et al. (2010) reported that Hap C could
be divided into two subgroups: Hap CeN and Hap C-Rs. Hap CeN is
presumed to be the ancestral MYB haplotype, containing the functional
VvmybA1AFL and VvmybA2r alleles and Hap C-Rs contains the functional
VvmybA1AFL and the non-functional VvmybA2w (Fig. 5).

Taking into account this haplotype structure, it seems that the Gret1
insertion in the MYBA1 promoter region occurred after the emergence
of VvmybA2w. Other MYB haplotypes have been identified, namely by
Walker et al. (2006) and Yakushiji et al. (2006) who showed that the
skin color mutation responsible for changing black-skinned cv. ‘Pinot
Noir’ to white-skinned cv. ‘Pinot Blanc’ is caused by deletion of the
VvmybA1AFL and VvmybA2r alleles in Hap CeN, resulting in the non-
functional Hap D, which contains null alleles both at theMYBA1 (called
VvmybA1PNB allele) and MYBA2 loci (Fig. 5) (Azuma et al., 2008).

Furthermore, Hap B seems to be originated from Hap A since it contains
the alleles VvmybA1RUO (resulting from intra-recombination between
the 5′LTR and 3′LTR of Gret1 in the 5′-flanking region near the coding
region of MYBA1) and VvmybA2w (Fig. 5).

The color recovery in rosy-skinned cv. ‘Benitaka’, a bud sport of the
white-skinned cv. ‘Italia’ (Hap A/Hap A), is caused by the appearance of
the functional VvmybBA1BEN allele at the MYBA1 locus, due to homo-
logous recombination between the promoter regions of the non-func-
tional allele of MYBA1 and MYBA3, as mentioned earlier (Azuma et al.,
2009). The occurrence of this allelic combination, VvmybA1BEN and
VvmybA2w, at the color locus gave rise to a new functional haplotype
called Hap G (Fig. 5) (Azuma, 2018).

Several genetic studies have revealed that white-skinned cultivars
are homozygous for non-functional Hap A (Hap A/Hap A), whereas
color-skinned cultivars contain at least one functional haplotype
(Azuma et al., 2007; Kobayashi et al., 2004; Lijavetzky et al., 2006; This
et al., 2007). Furthermore, it was also found that the MYB haplotype is
a major genetic determinant of anthocyanin content in grape berry skin
and several findings indicate that the combination of functional hap-
lotypes at the color locus affects the quantity of anthocyanins. Thus,
grape cultivars with two functional haplotypes have a higher antho-
cyanin content than those with only a single functional haplotype
(Azuma et al., 2008, 2011; Ban et al., 2014; Song et al., 2014). A similar
conclusion was made by Carrasco et al. (2015) which, despite having
found new functional alleles in wild accessions, never observed in
cultivated grapevine, showed that wild accessions carrying two func-
tional haplotypes had higher anthocyanin levels than accessions with a
single functional haplotype. Thus, the difference in potential antho-
cyanin accumulation between Hap CeN and Hap C-Rs grapes can be
explained by the number of functional MYB alleles in each haplotype.
Hap CeN has two functional alleles (VvmybA1AFL and VvmybA2r),
whereas Hap C-Rs has only one (VvmybA1AFL).

The MYB haplotype composition at the berry color locus is also a
major genetic factor that determines the anthocyanin composition,
since it has been demonstrated that the number and kind of functional
MYB haplotypes affects the ratios of tri-to dihydroxylated anthocyanins
and of methylated to non-methylated anthocyanins (Azuma, 2018).
This has been demonstrated by Azuma et al. (2009), who showed that
the two colored bud sports of the white-skinned cv. ‘Italia’ (Hap A/Hap
A), the red-skinned cv. ‘Ruby Okuyama’ (Hap A/Hap B) and the rosy-
skinned cv. ‘Benitaka’ (Hap A/Hap G) in addition to having different
MYB haplotype composition also have different anthocyanins content
and composition. The cv. ‘Ruby Okuyama’ has predominantly dihy-
droxylated non-methylated anthocyanins, whereas cv. ‘Benitaka’ has
predominantly methylated anthocyanins and a moderate amount of
trihydroxylated anthocyanins, which is also reflected by a F3′5′H/F3′H
expression ratio and much higher AOMT expression in cv. ‘Benitaka’
than in cv. ‘Ruby Okuyama’.

5. Conclusions

Grapevine has a highly diversified phenotypic variation and some
key features affect desired attributes for grape growers, not only in
regard to crop yield, but also quality-related features, such as the color
of the berry skin. Berry skin color is one of the most important evolu-
tionary traits and a prime factor contributing to grape quality and
subsequent market value. This major quality-trait is mainly determined
by the quantity and composition of anthocyanins, and decreased grape
quality has recently been associated with the poor coloration of red-
berried cultivars. Considering the worldwide commercial importance of
grapes, this review provides a useful overview of the current knowledge
about the genetic control of anthocyanin biosynthesis, contributing to a
more comprehensive understanding of the metabolic and genetic fac-
tors that control grape skin color.

During the last decade, several studies related with grape skin color
have shown that R2R3-MYB gene structure and composition at the color
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locus is the major genetic determinant of the anthocyanin content and
composition in grape berry skin. However, these genes might be single
parts of a highly complex network. In this sense, the multi-omics data
integration (genomics, transcriptomics, proteomics, metabolomics) al-
lows to building complex maps of molecular regulation and interaction.
In grapevine, network analyses have mostly been adopted to infer about
gene function and coordinated biological processes related to plant
metabolism, namely the regulatory mechanisms that control berry
composition (reviewed by Wong and Matus, 2017). Recently, Vannozzi
et al. (2018) took advantage of the integrated network analysis and
identified transcription factors of different families, including WRKYs
that are putatively involved in the regulation of the grapevine STS
multigenic family, along with the R2R3-MYB family (MYB13, MYB14
and MYB15) (Wong et al., 2016). In this way, these studies could bring
knowledge regarding new anthocyanin regulators, which may act as
singular effectors in the activation of structural genes or through a
combinatorial affect and play a major role in the synthesis of these
compounds.
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