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Distribution and Function of Flavonoids
The flavonoids are a group of compounds based on

the polyphenolic flavan skeleton, variously substituted
with hydroxyl, methyl, galloyl, glucosyl, and acyl moieties.
Flavonoids can form complexes with other flavonoids,
metal ions, and numerous other molecules (Asen et al.
1972, Brouillard et al. 1989, Strack and Wray 1993, Haslam
1998). Flavonoids can also form oligomers and extensive
polymers under a range of biological and chemical condi-
tions (Harborne 1967, Delcour et al. 1983, Haslam 1998).

There are more than 4,000 known flavonoids of diverse
physiological function (Stafford 1991, Koes et al. 1994,
Shirley 1996). Flavonoids occur in all vascular plants and
in most mosses, but they have not been detected in algae
or bacteria and are only rarely found in fungi (Markham

1982, Stafford 1991, Weiss et al. 1999). Historically, fla-
vonoids, particularly anthocyanins, have been extensively
studied in their role as floral pigments and various color
mutants have aided the elucidation of the biosynthetic
pathway (Harborne 1958, 1967, Stafford 1990). Studies of
these compounds in numerous species, including grapes,
have been instrumental to our understanding of the ge-
netic and molecular basis of pigmentation (Bateson 1901,
Lawrence 1950, Barritt and Einset 1969, Sparvoli et al.
1994, Holton and Cornish 1995, Boss et al. 1996a,b).

The chromophoric nature of the flavonoid ring struc-
ture results in the absorption of light in both the ultravio-
let and visible spectra (Markham 1982). Absorbing ultra-
violet light protects plants from UV radiation, which has
been proposed as the archetypal role of flavonoid com-
pounds (Koes et al. 1994, Shirley 1996, Smith and Mark-
ham 1998). Flavonoids that absorb both UV and visible
light, including pigments such as aurones, chalcones, and
anthocyanins, act as attractants for pollination and seed
dispersal (Saito and Harborne 1992, Koes et al. 1994,
Shirley 1996). Other physiological roles attributed to fla-
vonoids include facilitating conditional male fertility in
pollen (Ylstra et al. 1992, Taylor 1995) and the establish-
ment of symbioses with nitrogen-fixing bacteria in the
rhizosphere (Djordjevic et al. 1987, Clarke et al. 1992, Re-
court et al. 1992). Flavonoids also act as deterrents to her-
bivory through the bitter and astringent nature of the
flavan-3-ols and condensed tannins (Horowitz 1964,
Shaver and Lukefair 1969, Feeny 1976, Elliger et al. 1980,
Dreyer et al. 1981, Nef 1988, Wagner 1988, Mole 1989,
Harborne and Grayer 1993, Lu and Bennick 1998). In addi-
tion, many flavonoids and isoflavonoids have phytoalexin
activity with roles in plant defense against fungal and
bacterial pathogens (Skipp and Bailey 1977, Smith 1982,
Dixon and Lamb 1990, Dakora et al. 1993).
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Flavonoids in Grapes and Wine
Three classes of flavonoids are commonly detected in

grapes and wine: anthocyanins, flavonols, and tannins.
Anthocyanins are responsible for the color of red wine
and grapes (Ribéreau-Gayon and Glories 1986). Flavonols
are generally considered to act as UV protectants and
free-radical scavengers (Flint et al. 1985, Smith and
Markham 1998, Downey et al. 2003b). Although colorless,
flavonols are also thought to contribute to wine color as
anthocyanin copigments (Asen et al. 1972, Scheffeldt and
Hrazdina 1978, Boulton 2001). In winegrapes, tannins in-
clude a range of polyphenolic compounds ranging from
small oligomeric forms to large proanthocyanidin poly-
mers, also known as condensed tannins. These oligomers
and polymers are composed of monomeric subunits analo-
gous to the flavan-3-ol monomers, such as catechin and
epicatechin. The role of condensed tannins in grape is
uncertain, but their bitterness and astringency is thought
to act as a feeding deterrent to herbivorous animals and
insects (Feeny 1976, Harborne and Grayer 1993). In wine,
tannins are an important component of its gustatory im-
pact, with flavan-3-ols and proanthocyanidins contributing
to body and mouthfeel (Glories 1988, Thorngate 1997,
Gawel et al. 2000). Tannins also contribute to color stabil-
ity of wine by forming long-lived polymeric complexes
with anthocyanins (Timberlake and Bridle 1976, Gawel
1998, Malien-Aubert et al. 2002, Mateus et al. 2002, Vidal
et al. 2002). In red wines there are commonly two types of
tannin, condensed and hydrolyzable. Hydrolyzable tannins
are derived from wood, such as oak barrels or chips, or
can be added to wine in powdered form (Ribéreau-Gayon
1972). Hydrolyzable tannins are not flavonoid compounds
and will not be considered here. Of the three classes of
flavonoids, condensed tannins are present in the greatest
proportion in grapes, followed by anthocyanins, with fla-
vonols present at relatively low levels (Souquet et al. 1996).

Flavonoid Biosynthesis
The biosynthesis of flavonoids is the culmination of

two metabolic pathways, the shikimate and the phenyl-
propanoid. The phenylpropanoid pathway synthesizes fla-
vonoids from carboxylated acetyl-CoA (malonyl-CoA) and
the amino acid phenylalanine, which is produced via the
shikimate pathway (Dewick and Haslam 1969, Heller and
Forkmann 1993). Under normal growth conditions, ~20% of
the carbon fixed by plants flows through the shikimate
pathway, while ~2% of all carbon fixed by the plant flows
from the shikimate pathway into phenylpropanoid metabo-
lism (Markham 1982, Herrmann 1995).

The phenylpropanoid pathway is generally considered
to culminate in anthocyanin synthesis. Branches in this
pathway produce a range of other compounds, such as
hydroxycinnamates, stilbenes, lignin, lignan, aurones, fla-
vones, isoflavonoids, as well as the flavonoids, which in-
clude flavonols, tannins, and anthocyanins (Harborne
1967, Gerats and Martin 1992, Haslam 1998). Much of the

biosynthetic pathway was elucidated through characteriza-
tion of color mutants, and genes encoding many enzymes
in the pathway have been cloned (Forkmann 1993, Hela-
riutta et al. 1993, Sparvoli et al. 1994, Charrier et al. 1995,
Tanaka et al. 1996, Gong et al. 1997, Tanner et al. 2003, Xie
et al. 2003). The study of flavonoid biosynthesis in grape-
vines has primarily focused on anthocyanin biosynthesis
in the skin of the berry (Boss et al. 1996a, Ford et al. 1998,
Downey et al. 2004a). Research has also been extended to
the synthesis of flavonols in developing Shiraz and
Chardonnay berries (Downey et al. 2003b) and tannin bio-
synthesis in Shiraz grape berries and grapevine leaves
(Bogs et al. 2005).

In red grapes, anthocyanin accumulation commences at
veraison, the onset of ripening (Somers 1976, Mullins et
al. 1992, Boss et al. 1996a). Initially, only glucosides of the
dihydroxylated anthocyanins cyanidin and peonidin accu-
mulate, followed by the trihydroxylated anthocyanins
based on delphinidin, petunidin, and malvidin (Mazza and
Miniati 1993, Boss et al. 1996b, Katalinic and Males 1997,
Keller and Hrazdina 1998). The accumulation of anthocya-
nins in the skin of red grapes coincides with expression of
the gene encoding the final step in anthocyanin biosyn-
thesis, UDP-glucose:flavonoid 3-O-glucosyl transferase
(UFGT) (Boss et al. 1996a). In white grapes, there are no
anthocyanins in the skin because the gene encoding
UFGT is not expressed (Boss et al. 1996b). Flavonol bio-
synthesis in the grape also occurs only in the skin of the
berry (Downey et al. 2003b). However, unlike anthocyanin
biosynthesis, there are two distinct periods of flavonol
synthesis in grape berries, the first around flowering and
the second beginning one to two weeks after veraison and
continuing throughout ripening.

Tannins in the grape berry are found in both the seeds
and skin, with trace amounts also detected in the vascula-
ture of the berry (Coombe 1987a). The main period of tan-
nin synthesis in the seeds occurs immediately after fruit
set with the maximum level observed around veraison. As
with flavonols, the level of tannin in the skin is high at
flowering and accumulation continues from fruit set until 1
to 2 weeks after veraison (Kennedy et al. 2001, Downey et
al. 2003a, Bogs et al. 2005). The bulk of the tannin in both
the seeds and the skin is present as proanthocyanidin
polymers. Proanthocyanidin composition differs between
seeds and skin with the seeds having shorter polymers
comprised of similar amounts of catechin and epicatechin
subunits (Downey et al. 2003a). In the skin, proanthocy-
anidin polymers tend to be much longer and comprised
mainly of epicatechin subunits (Cheynier et al. 1997a,
Kennedy et al. 2001, Downey et al. 2003a). The level of ex-
tractable tannins was observed to decrease in both seeds
and skin between veraison and harvest. Physiologically,
the decreasing extractability of tannins, particularly from
grape skins, represents a decrease in the overall bitterness
and astringency of tannins in the grape berry and is likely
part of the seed dispersal strategy that includes sugar ac-
cumulation and anthocyanin biosynthesis in the berry.
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For winemakers, a key issue is how the relative contri-
butions of individual flavonoid components affect wine
quality. For viticulturists, the challenge is to discover
strategies that enrich winegrapes in the particular flavo-
noids considered most desirable for different styles of
wine.

Factors Affecting Flavonoid Biosynthesis
There are many factors reputed to affect flavonoid bio-

synthesis in plants, including light, temperature, altitude,
soil type, water, nutritional status, microbial interactions,
pathogenesis, wounding, defoliation, plant growth regula-
tors, and various developmental processes. While many of
these factors have been investigated in grapevines, with
the primary focus on grape color, much of the published
research has been conducted on model plant species,
such as Arabidopsis, or in other crops.

Nutrient availability has a fundamental influence on
plant growth (Russell 1961, Marschner 1995, Keller et al.
1998) and has been shown to effect the flavonoid compo-
sition of plant tissues. Of the three nutrients commonly
applied as fertilizer—nitrogen, potassium, and phos-
phate—only nitrogen and potassium have thus far at-
tracted viticultural research. Both low and excessively
high levels of nitrogen fertilizer have been shown to de-
crease color in grape berries (Kliewer 1977, Keller and
Hrazdina 1998, Delgado 2004), while high potassium has
been reported to decrease color in grapes (Morris et al.
1983, Jackson and Lombard 1993). The most likely mecha-
nism for decreasing phenolic content at high nutrient lev-
els is excessive vigor.

Vine vigor has also been reported to impact upon the
tannin content and composition of grape skins in Pinot
noir. In the berry skin, proanthocyanidins were higher in
low-vigor vines, with an increase in the proportion of epi-
gallocatechin subunits in proanthocyanidin polymers and
an increase in the average size of polymers observed with
decreasing vine vigor (Cortell et al. 2005). It is uncertain
whether this change is due to the difference in vine vigor
or is an indirect effect of changes in canopy architecture
resulting in differential bunch exposure effects.

Physical characteristics can also affect flavonoid accu-
mulation (Jackson and Lombard 1993, McDonald et al.
1998). Such characters as the parent material and the age
of the soil that largely determine the micronutrient pool,
structure, and texture of soil have a significant effect on
plant growth (Russell 1961, Northcote 1992, Marshner
1995). However, the major consequence of soil type is the
capacity of the soil to hold water while remaining suffi-
ciently well-drained to avoid waterlogging (Russell 1961,
Northcote 1992). Irrigation can alleviate water-stress-re-
lated reductions in plant growth and development, al-
though some reports suggest water deficit increases tan-
nin and anthocyanin content in grapes (Nadal and Arola
1995, Dry et al. 1998). In grape cell cultures, anthocyanin
biosynthesis is extremely sensitive to osmotic stress (Do
and Cormier 1991, Suzuki 1995). Osmotic stress results in

increased anthocyanin accumulation, which suggests that
deficit irrigation could be a powerful tool for managing
anthocyanins in the vineyard. However, some research
suggests that while excessive water application decreased
tannin content (Kennedy et al. 2000), water deficit had
little or no effect on tannin or anthocyanin accumulation
in the grape berry (Kennedy et al. 2000, 2002, Stoll 2000).
Rather, the primary effect of water deficit was to decrease
berry size and thus change the ratio of skin weight to total
berry weight and therefore anthocyanin and tannin con-
centration in the berry. Closer investigation of this phe-
nomenon suggested that changes in anthocyanin and tan-
nin concentration did in fact occur with deficit irrigation
aside from any effect related to berry size (Roby et al.
2004). However, the authors considered that changes in
the structure and development of the skin were respon-
sible rather than any direct effect on flavonoid biosynthe-
sis (Roby and Matthews 2004, Roby et al. 2004).

The difficulty with interpreting deficit irrigation treat-
ments is that water availability impacts on a wide range of
plant processes apart from flavonoid biosynthesis. For ex-
ample, stomatal closure in response to water deficit re-
duces photosynthesis, thereby reducing all metabolite ac-
cumulation and resulting in decreased root and shoot
growth (Jones 1992). In extreme cases this may lead to
senescence of some tissues and alter source-sink relation-
ships within the plant (Coombe 1989).

Many such responses are regulated by plant growth
regulators such as abscisic acid, ethylene, cytokinins, gib-
berellins, and auxins, and the influence of these com-
pounds has been specifically examined with respect to
their influence on flavonoid biosynthesis. In grapevines,
abscisic acid has been shown to increase anthocyanin ac-
cumulation in grape berries of the cultivars Olympia, Kyo-
ho, and Cabernet Sauvignon (Matsushima et al. 1989, Hi-
ratsuka et al. 2001, Ban et al. 2003, Dan and Lee 2004,
Jeong et al. 2004). The application of gibberellins (GA3) to
grapes has generally been reported to decrease anthocya-
nin levels in the fruit (Dan and Lee 2004). Gibberellic acid
is usually applied to table grapes to increase berry size
and the decrease in anthocyanin levels under these cir-
cumstances is likely to occur through an effective dilution
of anthocyanin concentration in individual berries. A simi-
lar effect has been reported with the growth regulator
forchlorfenuron (N-(2-chloro-4-pyridyl)-N’-phenylurea;
CPPU) (Dan and Lee 2004).

Auxins and cytokinins are also plant growth regulators
that were extensively used to manage plant production.
While these were shown to increase anthocyanin biosyn-
thesis in plants generally (Deikman and Hammer 1995,
Nakamura et al. 1980, Ozeki and Komamine 1981), the ap-
plication of the auxin napthaleneacetic acid was shown to
inhibit the anthocyanin accumulation in Cabernet Sau-
vignon grape berries (Jeong et al. 2004). Application of
the synthetic auxin benzothiazole-2-oxyacetic acid to
Shiraz vines delayed the onset of ripening, including an-
thocyanin accumulation in the grape skin (Davies et al.
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1997), a result of a delay in the expression of genes en-
coding critical steps in anthocyanin biosynthesis such as
chalcone synthase and UFGT. A similar result was reported
in the Kyoho cultivar with auxin 2,4-dichlorophenoxyacetic
acid inhibiting anthocyanin accumulation and expression
of the flavonoid pathway genes phenylalanine ammonia-
lyase, chalcone synthase, chalcome isomerase, dihy-
droflavonol reductase, and UFGT, while the same genes
were upregulated and anthocyanin content increased with
the application of abscisic acid (Ban et al. 2003).

Ethylene has also been identified as a plant growth
regulator that has a particular effect on fruit ripening
(Burg and Burg 1965). Application of ethylene had no ef-
fect on anthocyanin accumulation in Arabidopsis (Deik-
man and Hammer 1995); however, in grape berries there
seems to be a requirement for low levels of endogenous
ethylene for anthocyanin biosynthesis (Chervin et al.
2004). Exogenous application of ethylene or ethylene-re-
leasing compounds has also been shown to enhance grape
skin color (Roubelakis-Angelakis and Kliewer 1986, El-Ke-
reamy et al. 2003).

Wounding and pathogenesis have also been observed
to impact upon phenylpropanoid biosynthesis in grape-
vines. While this has been extensively investigated in re-
lation to the phytoalexins resveratrol and viniferin (Lang-
cake and Pryce 1976, 1977a,b, Langcake and McCarthy
1979, Pool et al. 1981, Creasy and Coffee 1988, Dercks and
Creasy 1989, Jeandet et al. 1995), to date this work has
not been extended to flavonoids.

The effect of altitude on grape berry development and
composition has also been examined. In the Spanish red
Vitis vinifera cultivars Touriga Nacional and Touriga Fran-
cesca, anthocyanin content was observed to increase with
increasing altitude from 150 to >250 m above sea level
(Mateus et al. 2002). In contrast, flavan-3-ol monomer, dim-
mer, and total proanthocyanidin content in the skin of
both cultivars decreased with increasing altitude, while
seed monomers and proanthocyanidins decreased in
Touriga Nacional but increased in Touriga Francesca
(Mateus et al. 2001). However, it is unlikely that these re-
sults are strictly effects of altitude but rather the effects
of different climatic conditions at each site, with the
higher latitude sites cooler than the lower sites.

Many variables impact flavonoid composition in grape-
vines and many of these factors are closely interrelated
and difficult to isolate experimentally. Added to this is the
genetic variation between plant species and varieties. In
Vitaceae alone there are ~10,000 known cultivars (Mullins
et al. 1992), resulting in an enormous diversity of fla-
vonoid content and composition. Despite the variability
conferred by any or all of these parameters, the greatest
influences on the flavonoid content of any cultivar are site
and season (Bakker et al. 1986, Gonzalez-San Jose et al.
1990, Revilla et al. 1997, McDonald et al. 1998, de Freitas
and Glories 1999, Guidoni et al. 2002). For a given site in
an irrigated vineyard, it is assumed that characteristics
such as soil will remain invariant, nutrition will be ad-

equate, and viticultural practices will not vary greatly from
year to year. Thus, the primary seasonal difference will be
climatic, predominantly sunlight and temperature.

Influence of Light and Temperature on
Grape Composition

Investigations into the effects of light on flavonoid
biosynthesis in grapes have taken a range of approaches,
most involving the application of physical shade treat-
ments, including plastic sheeting (Kliewer et al. 1967),
shade cloth (Smart et al. 1988), bags (Weaver and McCune
1960, Kliewer and Antcliff 1970), and foil-clad cages (Has-
elgrove 1997). Others have tried binding canes under the
canopy (Archer and Strauss 1989), sampling different
parts of the canopy where the light regimen was per-
ceived to be different (Price et al. 1995, Haselgrove et al.
2000, Bergqvist et al. 2001), and defoliation (Kliewer and
Antcliff 1970, Hunter et al. 1995). In addition, treatments
have been applied at different developmental stages from
fruit set to veraison. These approaches resulted in a range
of different exposure levels of fruit and, in some cases,
different levels of foliage exposure with concomitant im-
pacts on photosynthesis.

Where shading of the foliage has occurred, the fla-
vonoid content of the grapes was observed to decrease
significantly (Buttrose et al. 1971, Kliewer 1977, Crippen
and Morrison 1986, Smart et al. 1988). However, there was
also a general decrease in carbon fixation in these grape-
vines, which resulted in lower levels of other metabolites
such as sugars and organic acids (Kliewer et al. 1967, Kliew-
er 1977, Smart et al. 1988, Rojas-Lara and Morrison 1989).

The application of shading treatments has also been
shown to substantially alter temperature and humidity
within grapevine canopies (Kliewer et al. 1967, Rojas-Lara
and Morrison 1989, Haselgrove et al. 2000). Increased hu-
midity in the canopy has a 2-fold effect. First, by lowering
vapor pressure deficit, transpiration and photosynthesis
are decreased, reducing growth and subsequently fla-
vonoid accumulation. Second, high humidity increases the
risk of pathogenesis through fungal or bacterial infection
(Emmett et al. 1992), which may cause a general wound
response inducing flavonoid accumulation (Mehdy and
Lamb 1987, Vogt et al. 1994).

Increased temperature in the plant, either through direct
heating by incident radiation or increased air temperature,
will increase the rate of metabolic processes in the plant
with an associated increase in development and metabolite
accumulation (Hawker 1982, Jones 1992, Ebadi et al. 1995,
Dokoozlian and Kliewer 1996). However, at high tempera-
tures many metabolic processes stop or are significantly
reduced (Jones 1992). In grapevines it is thought that this
temperature is ~30°C (Coombe 1987b).

There is much historical data on the effects of sun ex-
posure on grape composition, including phenolic and fla-
vonoid composition of the berry. Reports on the effects of
shading on grape color have fascinated growers and re-
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searchers. One study on table grapes showed that when
grown in the dark, Tokay berries remained green (Weaver
and McCune 1960). While this study shaded ~40 cultivars,
most of which colored normally, the Tokay result made a
vivid impression on the viticultural industry, leading to
numerous subsequent investigations.

These subsequent investigations showed that low light
also reduced color in Emperor table grapes and in the
winegrape Pinot noir (Kliewer 1970, 1977). Similar results
were later reported in Shiraz (Smart et al. 1985) and
Cabernet Sauvignon (Morrison and Noble 1990, Hunter et
al. 1991, Dokoozlian and Kliewer 1996). Together these re-
sults created a strong impression that light was necessary
for color formation in grapes, an impression reinforced by
observations from other plant species, such as apple,
where light is an absolute requirement for anthocyanin
biosynthesis (Siegelman and Hendricks 1958, Chalmers
and Faragher 1977, Lancaster 1992, Dong et al. 1998). Gen-
erally, the consensus developed that low light reduced
anthocyanins and other flavonoids, while increasing light
increased the flavonoid content of grapes (Wicks and
Kliewer 1983, Dokoozlian and Kliewer 1996).

As investigations into the effects of exposure on grape
color continued, a growing body of contradictory data
began to appear. Some studies failed to observe any
change in total anthocyanins with shading, while others
reported that high light resulted in decreased anthocyanin
levels (Hunter et al. 1995, Bergqvist et al. 2001, Spayd et
al. 2002). In other cases, there was no change in the total,
but shifts in anthocyanin composition were observed
(Price et al. 1995, Haselgrove et al. 2000, Spayd et al. 2002,
Downey et al. 2004a). Many possible explanations have
been suggested for the range of results, including differ-
ences in cultivar, site, and season as well as sampling and
analytical techniques. In addition, it has often been diffi-
cult to separate the effects of light and temperature.

Separating the Effects of Light and
Temperature on Anthocyanin Biosynthesis

The first serious attempts at separating the effects of
light and temperature on flavonoid biosynthesis in grape-
vines used potted vines of Pinot noir and Cabernet Sau-
vignon in a phytotron (Kliewer and Torres 1972, Dokooz-
lian and Kliewer 1996). The authors present a convincing
case for increased anthocyanin biosynthesis in exposed
compared to shaded fruit, which clearly demonstrates that
anthocyanin biosynthesis in grapevines can be manipu-
lated by bunch exposure. Nevertheless, it can be reason-
ably argued that a phytotron is a highly artificial environ-
ment and that these results may in part be an artifact of
both the phytotron and potted vines. In the field,
Bergqvist et al. (2001) closely monitored the light and
temperature environment of Cabernet Sauvignon and Gre-
nache grape berries as well as anthocyanin accumulation
in the fruit. These authors observed that anthocyanin ac-
cumulation increased with increasing light up to 100 mmol/

m2/s on the north (shaded) side of the canopy. However,
on the south (sunny) side of the canopy, when exposure
exceeded 100 mmol/m2/sec anthocyanin accumulation be-
gan to decrease in both Cabernet Sauvignon and Gre-
nache berries (Bergqvist et al. 2001).

Spayd et al. (2002) examined north-south oriented rows
of Merlot. The east side of rows received only morning
sun, while the west side of rows was exposed to afternoon
sun. Because of this, temperature of fruit on the west side
of rows was substantially higher than fruit on the east
side. Fruit from the east side of rows had higher levels of
anthocyanins than fruit from the west side, exposed to hot
afternoon sun, consistent with the observations of Berg-
qvist et al. (2001). To separate the effects of light and tem-
perature, Spayd et al. (2002) artificially cooled more ex-
posed fruit and heated less exposed fruit. Cooling the
highly exposed fruit on the west side of the row increased
the level of anthocyanins in that fruit, while heating the
less exposed fruit resulted in a reduction in anthocyanins
levels, demonstrating that accumulation of anthocyanin is
more a function of temperature than of light.

Using an alternative approach, Downey et al. (2004a)
developed a lightproof box that excluded light from
bunches of Shiraz grapes without modifying other microcli-
mate parameters such as temperature and humidity. In two
out of three seasons, there was no difference in total an-
thocyanins between the shaded and normally exposed
fruit. However, in one season the level of anthocyanins in
the shaded fruit was significantly lower throughout berry
development and at harvest than in the normally exposed
fruit. The authors concluded that anthocyanin biosynthe-
sis in Shiraz was not, on the whole, influenced by light or
dark in Shiraz and that observations for the second sea-
son were temperature related, as it was extremely hot.

Generally, the extant literature suggests that tempera-
ture has a greater influence on anthocyanin biosynthesis
in grapes than light. There is a strong indication that
above 100 mmol/m2/s incident solar irradiation, the tem-
perature load on the berry has a negative impact on an-
thocyanin biosynthesis. At precisely what berry tempera-
ture that occurs remains uncertain, although it has been
observed in Cabernet Sauvignon grape berries that antho-
cyanins were greater in the fruit when the day temperature
was a constant 20°C rather than 30°C (Buttrose et al.
1971). Complicating this is the effect of diurnal differences
in temperature, where lower night temperature (15°C) re-
sulted in greater anthocyanin accumulation than a con-
stant temperature of 30°C (Mori et al. 2005). When the day
temperature was between 30 and 35°C, anthocyanin syn-
thesis in Pinot noir was unaffected, while it was virtually
inhibited in Cardinal grape berries at similar temperatures
(Kliewer and Torres 1972). Elsewhere, Ferrini et al. (1995)
suggest that in the grape cultivar Trebbiano, the critical
leaf temperature for photosynthesis occurs between 27.5
and 35°C. Thus, as Coombe (1987b) suggested for pri-
mary metabolism of the berry, the critical metabolic tem-
perature may very well be ~30°C.
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Both Bergqvist et al. (2001) and Spayd et al. (2002) ob-
served that the temperature of fully exposed fruit was
>10°C than shaded fruit and that the fully exposed fruit
was also significantly warmer than the ambient air tem-
perature. That is consistent with the conclusions Smart
and Sinclair (1976) had drawn from excised grape berries
and suggests that grape berry temperature, particularly in
warm-climate viticulture (Winkler regions IV and V; Wink-
ler et al. 1974), frequently reaches a level that would in-
hibit anthocyanin synthesis.

While anthocyanin biosynthesis might be reduced by
high temperature, in forage legumes high temperature
stress increases tannin accumulation in leaves (Lees et al.
1994). A salient observation from research on forage le-
gumes might wisely be noted: at the optimum temperature
for growth, tannin levels were significantly reduced (Carter
et al. 1999), implying that all secondary metabolite biosyn-
thesis might be reduced under optimum conditions for
biomass accumulation. That is analogous with the high-
vigor, low-quality observations of Cortell et al. (2005), but
also suggests that some degree of stress stimulates the
production of secondary metabolites in plants. Indeed,
this acts as a pertinent reminder that much of the physi-
ological role of secondary metabolites is a defensive re-
sponse to environmental stresses (Koes et al. 1994, Spar-
voli et al. 1994, Dixon and Paiva 1995).

Nevertheless, the observation that higher temperatures
result in decreased anthocyanin levels energized growers
and researchers alike to examine mechanisms to manage
vineyard temperature. This research has primarily focused
on the use of evaporative cooling in vineyards, which was
found an effective means of reducing temperature with
concomitant increases in grape color in the Tokay, Cardi-
nal, and Carignane cultivars (Gilbert et al. 1970, Kliewer
and Schultz 1973). To date this research has not been ex-
tended to winegrapes; although generally the application
of excessive water is likely to result in increased vigor,
and possibly increased berry size, which may have unde-
sirable impacts in winegrape quality. Furthermore, in-
creased water use has implications for disease pressure
(Gilbert et al. 1970) and may be impractical where the cost
or availability of water is a limitation.

Changes in Anthocyanin Composition
with Bunch Exposure

Apart from the effect of various light and temperature
regimes on total anthocyanins, anthocyanin composition
has also been closely examined. Anthocyanins in grape
(Vitis vinifera L.) are based on cyanidin, peonidin, del-
phinidin, petunidin, and malvidin. Each of these is glu-
cosylated at the 3 position of ring C. The glucoside can
be further substituted with acetyl and coumaroyl moieties,
giving rise to some 15 different anthocyanins commonly
found in grape berries (Mazza 1995). Recent research has
shown shifts in anthocyanin composition, with shaded
fruit having a higher proportion of trihydroxylated antho-
cyanins: those based on delphinidin, petunidin, and

malvidin (Spayd et al. 2002, Downey et al. 2004a). This
shift had not previously been reported, although shifts in
composition based on glucoside substitution have been
reported with a proportional shift from nonacylated gluco-
sides to coumaroylglucosides with shading (Gao and
Cahoon 1994, Price et al. 1995, Haselgrove et al. 2000).

Furthermore, temperature is also implicated in altering
the anthocyanin composition of grape berries. Downey et
al. (2004a) reported a proportional increase in coumaroyl
glucosides in a season of high temperature, while Spayd
et al. (2002) reported that cooling the fruit decreased cou-
maroyl derivatives and heating caused a substantial in-
crease. Such shifts in composition with temperature sug-
gest that warm-climate fruit would tend to have a higher
proportion of malvidin, petunidin, and delphinidin coumar-
oyl derivatives, while cool-climate, shaded fruit might
have more peonidin and cyanidin nonacylated glucosides
and acetylglucosides. What has not yet been firmly estab-
lished is the relative contribution of each of these compo-
nents to final wine color. However, research on extractabil-
ity of anthocyanins from the fruit into the wine suggests
that the nonacylated glucosides and acetylglucosides are
more readily extracted from the fruit than the coumaroyl-
glucosides (Leone et al. 1984, Roggero et al. 1984). Such an
observation may account for some of the reduction in
grape berry color observed in very hot seasons. Whether
this decrease occurs through degradation of anthocyanins
or reduced anthocyanin biosynthesis is not known.

Light and Temperature Effects on
Flavonols and Tannins

While the first exposure experiments were primarily con-
cerned with the impact of light on anthocyanin accumula-
tion in the grape, other flavonoid components such as fla-
vonols and tannins have also attracted research interest.
Flavonol accumulation in plant tissues has previously been
studied in a number of species, with exposure to UV
shown to increase flavonol glucosides in vegetative and
reproductive tissues (Hrazdina and Parsons 1982, Ryan et
al. 1998, Vogt et al. 1999, Reay and Lancaster 2001). This
effect has also been reported in winegrapes, with exposed
fruit higher in flavonol glucosides, while shaded fruit had
lower flavonol content (Price et al. 1995, Haselgrove et al.
2000, Spayd et al. 2002). More recently, Downey et al.
(2004a) reported that the level of flavonols in both leaves
and fruit of the grapevine were almost negligible when
those tissues had not been exposed to light. Subsequent
exposure of those tissues to sunlight resulted in a rapid
increase in flavonol accumulation and in expression of the
gene encoding flavonol synthase (Downey et al. 2004b).

In contrast, tannin accumulation in Shiraz grape berries
appears to be largely unaffected by bunch exposure
(Downey et al. 2004a). In the seed there was no observ-
able effect of bunch exposure on either the proantho-
cyanidin content or composition. In the skin of the grape
berry at harvest, there was also no appreciable difference
in tannin content. However, the study examined proantho-
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cyanidin content and composition throughout berry de-
velopment in both shaded and exposed fruit, revealing
significant differences in both content and composition
throughout the intermediate stages of berry development,
with shaded fruit reaching a much lower maximum in
proanthocyanidin content than exposed fruit. The peak in
proanthocyanidin accumulation in winegrapes occurred
around time of veraison and then decreased toward har-
vest in what is generally considered to be a decrease in
tannin extractability rather than degradation or turnover
(Czochanska et al 1979, Amrani-Joutei et al. 1994, Escri-
bano-Bailon et al. 1995, Cheynier et al. 1997b, Saint-Cricq
de Gaulejac et al. 1997, de Freitas and Glories 1999, Ken-
nedy et al. 2001, Downey et al 2003a). This decrease in
tannin extractability was observed in both shaded and ex-
posed fruit; however, the decrease was greater in exposed
fruit such that the levels were virtually the same in
shaded and exposed fruit at harvest. The effects of shad-
ing on tannin accumulation in grape berries have only
been examined in Shiraz, although this is an active area of
research in the Australian wine industry.

Managing Wine Flavonoid Composition
in the Vineyard

While a plethora of studies on the flavonoid composi-
tion of wines have been published, few have attempted to
link wine flavonoid composition to that of the grapes at
harvest and fewer still have examined the connection be-
tween environment or viticultural practice and grape and
wine flavonoid composition. Of these, Price et al. (1995)
examined the effect of bunch shading on the anthocyanin
and flavonol content of the fruit and subsequent wines of
the cultivar Pinot noir. Total phenolics were higher in
wines made from exposed compared to shaded wines.
Both flavonols and anthocyanins were significantly lower
in the wines made from the shaded fruit, although the
level of anthocyanins was not significantly different in
the skin of the grape. Both pigmented polymers and
proanthocyanidins were lower in the wines made from
shaded fruit, while the level of catechin monomers was
significantly higher. Elsewhere, decreasing vine water sta-
tus in Cabernet Sauvignon has been observed to increase
concentration of flavonols, anthocyanins, and skin-de-
rived proanthocyanidins in the wine (Kennedy et al. 2002).

The effects of grape maturity and yield on flavonoid
composition of wine have also been researched. In culti-
vars Tinto Fino and Cabernet Sauvignon, the level of cat-
echin monomers in the wines decreased with increasing
grape maturity (Pérez-Magarino and Gonzalez-San Jose 2004).
While catechin decreased with maturity, other flavan-3-ol
components such as epicatechin and proanthocyanidin
dimers and trimers increased in concentration in more ma-
ture fruit. Some sensory attributes of Cabernet Sauvignon
wines were examined at different yields. Bitterness and as-
tringency, associated with flavan-3-ol and proanthocyan-
idin content, were rated higher in wines from low-yielding
compared with high-yielding vines (Chapman et al. 2004).

These few examples suggest that the content and com-
position of different flavonoid classes, such as flavonols,
anthocyanins, and proanthocyanidins, can be manipulated
by viticultural practices such as canopy management, irri-
gation, yield regulation, and timing of harvest. Of the viti-
cultural approaches to managing and manipulating grape
flavonoid content and composition for wine quality, can-
opy management for bunch exposure has attracted consid-
erable interest and has been widely implemented as a man-
agement tool in many countries. As a result, a substantial
effort of current research is focused on developing the
potential to mange flavonoid composition of the fruit
through bunch exposure and understanding the impacts of
those manipulations of wine quality.

Conclusions
While much of the extant data on the impact of envi-

ronment and cultural practice on grape and wine quality is
derived from isolated studies—several conducted on a
single season’s data and limited to comparatively few cul-
tivars—some valuable conclusions emerge. Of the many
factors that influence flavonoid content and composition
of a grape cultivar, site and season are the most dramatic.
Assuming that most other inputs are relatively constant,
these influences can be crudely summarized as light and
temperature. Long recognized, these have proven difficult
to manage, although row orientation, trellising, and other
canopy modifications are demonstrated mechanisms for
manipulating both parameters to an extent. Furthermore,
strategic use of irrigation and cover crops in other horti-
cultural systems suggests that such approaches may be
effective in influencing temperature in viticultural systems.

Existing studies also indicate a lack of uniformity of re-
sponse across grape cultivars. While the inherent plastic-
ity of the plant may account for some of this variation, it
may also be an artifact of the different research method-
ologies used. Nevertheless, there is a clear indication that
the response of grapevines to various management prac-
tices is cultivar dependent. Thus, applying the same man-
agement practice to a multitude of different grape cultivars
is unlikely to result in optimum flavonoid content or com-
position in some or all of those cultivars, and strategies
will need to be tailored to suit individual cultivars. This is
clearly the antithesis of applying a single, universal prac-
tice and is likely impractical, both from a research and a
viticultural management perspective. The solution lies
somewhere in between, and what is currently beholden to
researchers is to determine which cultivars show similar
responses such that management strategies can be devel-
oped for groups of cultivars.

While developing management strategies for optimizing
grapevine flavonoid composition is a major research ob-
jective, equally important is the development of standard-
ized tools for measuring flavonoids in fruit and wine that
the industry can readily adopt. While many practical
analyses have been usefully described (Iland et al. 2000),
a standardized measure of tannins has yet to be adopted.
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One possible method is that of Harbertson and colleagues
(Harbertson et al. 2002, 2003, Downey and Adams 2005).
The value of such a method would be greatly enhanced by
a database of tannin content across a wide range of culti-
vars and regions, which, combined with grape color data,
may prove a useful tool for predicting final wine color.
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