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The content of selected phenolic compounds including resveratrol (trans-3,5,4′-trihydroxystilbene)
and its cis-isomer and glucosides (piceides) were monitored in grape (Vitis vinifera L. cv. Corvina)
berry skin during ripening in the vineyard and in response to the post-harvest drying process
(wilting). Four wilting conditions were compared (traditional, mixed, low-temperature, and high-
temperature) to verify the eliciting effect of drying on resveratrol production. During fruit ripening
the cis-piceid was the major stilbene found in berry skins, and a weak accumulation of stilbene
synthase (STS) mRNA was observed, whereas UV-light irradiation greatly stimulated STS transcript
of unripe berries. A time-course experiment showed the highest STS mRNA accumulation and
resveratrol content (34 µg/g fresh weight at 58 days) occurring in berry skins in a mixed wilting
process.
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INTRODUCTION

Plant phenolics have important effects on fruit physi-
ology, as well as on food quality and human nutrition.
Their presence in grapes and red wine may contribute
to health benefits because of their antioxidant and
anticarcinogenic activities (1, 2). Resveratrol (trans-
3,5,4′-trihydroxystilbene), its cis isomeric configurations
and their glucosides (piceides) and oligomers (viniferins)
are stilbene compounds classified as phytoalexins be-
cause of their role in plant defense mechanisms against
fungal pathogens (3-6).

The synthesis of resveratrol in grape berries and
leaves is stimulated by stresses such as fungal infection
(mainly Botrytis cinerea), injury, and UV light exposure
(7-15). Moreover, grape cultivar and soil type, as well
as enological practices, also affect the final resveratrol
content in wine (16-24). A high resveratrol concentra-
tion in wine has been associated with moderate fungal
infection, whereas extensive fungal development may
destroy the induced phytoalexin (25). In the latter
condition the oxidative degradation of resveratrol by
both laccase-like stilbene-oxidase of Botrytis cinerea (26)
and grapevine peroxidases (27) have been detected.

The free cis-resveratrol is rarely monitored in Vitis
vinifera grape berries. Two hypotheses have been

postulated to explain its origin: (i) the hydrolysis of its
cis-glucoside (23), and (ii) the isomerization of the trans
form under UV irradiation (28).

The resveratrol synthesis in grape is catalyzed by the
stilbene synthase (STS) enzyme which utilizes p-cou-
maryl-CoA and malonyl-CoA as substrates (29). The
same substrates are also utilized by chalcone synthase
(CHS) for the production of chalcone, i.e. the precursor
of flavonoids (30). The UV irradiation induces resvera-
trol biosynthesis in grape berry, the final content being
related to the developmental stage of the plant (10). In
fact, the resveratrol content decreases in ripe grape
berry exposed to UV irradiation, probably because of the
competition between CHS and STS for the same sub-
strate, and the consequent accumulation of anthocyanin
in fruits (31).

An increased level of STS mRNA induction has been
monitored after the addition of fungal cell wall to cell
cultures of Vitis cv. Optima (32). Moreover, elements
that are ethylene- and ozone-responsive in the grapevine
STS promoter region have been identified by means of
reporter genes (33, 34). In Vitis cv. Optima, the STS
enzyme is believed to be encoded by a multigene family
of at least seven differentially expressed genes charac-
terized by high nucleotide sequence homology (32, 35).

In a previous work, the content of resveratrol isomers
in two Valpolicella wines obtained from dried grapes
was reported (36, 37). Recioto and Amarone are typical
Italian wines produced with cv. Corvina grapes from the
Valpolicella viticultural area (North Italy). This area is
located at low altitude and is not exposed to natural UV
irradiation able to induce resveratrol isomerization (38).
Before winemaking, the picked cluster grapes are
layered in plateaus and partially dried in ventilated
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rooms for about 100 days (traditional wilting condition).
To reduce the drying time and to minimize the risks of
Botrytis cinerea infections some alternative wilting
procedures, in which grapes are dried by heating, are
currently being tested.

This research aims to examine the relationship be-
tween the resveratrol content of cv. Corvina grape berry
skin and the specific STS enzyme activity during grape
ripening and selected post-harvest drying conditions
(wilting). The drying process is supposed to be an abiotic
stress able to induce stilbene synthase gene expression,
and thus, resveratrol production. The induction of STS
enzyme in grape skin at different ripening phases,
wilting times, and UV treatments has been studied at
the transcriptional level by northern blot analysis.

MATERIALS AND METHODS

Sample Collection and Preparation. Healthy grape
clusters from cv. Corvina (Vitis vinifera L.) were randomly
sampled at 2-week intervals from véraison (i.e., the brief period
corresponding to the beginning of anthocyanin accumulation
in skins of red grape) to ripening. Additional ripe grape
clusters were collected and allowed to undergo the post-harvest
wilting process. During the grape ripening and wilting pro-
cesses a sample of 50 fresh random berries was weighed and
analyzed for the soluble solids content (°Brix). Hand-peeled
berry skins were immediately frozen in liquid nitrogen, stored
at -80 °C, and analyzed for resveratrol content, total polyphe-
nols, flavonoids, anthocyanins, catechins, and proanthocyani-
dins as reported in the following paragraphs.

Wilting Conditions. The ripe grape clusters were dried
using one of the following wilting conditions: (a) traditional -
the grapes were layered on racks at ambient temperature in
a naturally ventilated room for 100 days; (b) mixed - the grapes
were heated at 45 °C for 36 h, then placed into the traditional
ventilated room for 94 days; (c) low-temperature - the grapes
were heated at 28 °C for 15 days; or (d) high-temperature -
the grapes were heated at 45 °C for 110 h.

UV Irradiation. The berries from grapes sampled at
véraison and ripening were cut from clusters and irradiated
with a UV light at 312 nm for 15 min. Control (nonirradiated)
and treated berries were incubated in the dark at room
temperature with their petioles in water for 24 h. Hand-peeled
skins were frozen in liquid nitrogen and stored at -80 °C for
HPLC and northern blot analysis.

Analytical Methods. Resveratrol was extracted from berry
skins as described by Di Stefano and Cravero (39) and
analyzed using a Gilson HPLC system (Milano, Italy) equipped
with three pumps (mod. 306), a dynamic mixer (mod. 811C),
a diode array UV-visible detector (mod. 106), and an injection
valve with a 20-µL loop (Rheodyne, Cotati, CA). Separation
was carried out at 30 °C on a Spherisorb ODS1 RP-C18 column
(250 × 4.6 mm, 5 µm particle size) with a precolumn of the
same material (Merck, Darmstad, Germany). A ternary gradi-
ent elution with acetic acid (A), methanol (B), and water (C)
was used as follow: conditioning with 5% A, 10% B, and 85%
C (flow rate of 0.4 mL/min); at time 5 min, 5% A, 15% B, and
80% C (flow rate of 0.5 mL/min); and at 30 min, 5% A, 45% B,
50% C (flow 0.5 mL/min) until 45 min. Chromatograms were
recorded at 280 and 306 nm. Resveratrol (tR 36.8 min), trans-
piceid (tR 29.2 min), and cis-piced (tR 37.5 min) were identified
by their retention times and UV-visible spectra of commercial
standard (Sigma, St. Louis, MO), and by comparison with
literature data (25, 28, 36, 40-42).

Samples of grape berry were also analyzed for total polyphe-
nols (43), flavonoids, anthocyanins (39), catechins (44), and
proanthocyanidins (45) using spectrophotometric methods.

Isolation of Total RNA. Total RNA was isolated from
berry skin according to the procedure described by Loulakakis
et al. (46) with minor modifications as previously reported (47).
The RNA concentration and quality were determined by
spectrophotometric assay at 260 nm and using the absorbance

ratio A260/A280, respectively (48). Moreover, polysaccharide and
polyphenol contaminants were checked considering the absor-
bance ratio A260/A230 (49, 50). The integrity of isolated nucleic
acid and its contamination with DNA was examined by
agarose gel electrophoresis. In each step, to avoid RNAse
contamination, the glassware and solutions were treated
following the instructions of Sambrook et al. (48).

Northern Blot Analysis. Aliquots of total RNA (12 µg)
were denatured and separated on 1.2% (w/v) agarose/formal-
dehyde gel according to a standard method (48). RNAs were
blotted onto nylon membrane (Gene Screen Plus, Du Pont,
Boston, MA) by capillary transfer using 20× SSC and then
fixed by UV cross-linking. The pT7T3 vector containing the
pSV368 cDNA clone was double-digested with EcoRI and
HindIII restriction enzymes to obtain a fragment of ca. 1370
base pairs. This fragment was 32P labeled by random priming
and used as a probe. Hybridization experiment was carried
out according to Tonutti et al. (47). Two washes were per-
formed at 42 °C using 0.1% SDS added with 1× SSC or 0.1×
SSC. Filters were autoradiographed on Kodak X-ray films at
-80 °C.

Statistical Analysis. The content of each compound was
plotted over the sampling period and the experimental data
were fitted by using Statistica 5.1 software (StatSoft, Tulsa,
OK).

RESULTS AND DISCUSSION

Changes during Grape Ripening. Grape berries
showed good sanitary conditions from véraison to ripen-
ing. The berry weight and total soluble content of juice
increased throughout ripening up to 2.08 g and 22.1
°Brix, respectively (Table 1). Figure 1 shows the changes
of phenolic compounds in grape skin during the devel-
opment phases. As expected, anthocyanins followed a
rising trend, reaching their maximum at ripening, and
a similar course was observed for total polyphenols
(Figure 1A). Resveratrol was mainly in the glycosilated
form (Figure 1B). Its isomer cis-piceid was the major

Figure 1. Changes of grape skins (cv. Corvina) during fruit
ripening in [A] total polyphenols (0), flavonoids ([), antho-
cyanins (2), catechins (b), and proanthocyanidins (+), and [B]
trans-resveratrol (O), trans-piceid (×), and cis-piceid (4).
Samples were collected after véraison (time zero).

Table 1. Soluble Solids Content (°Brix) and Berry
Weight (g) of cv. Corvina Grapes during Maturation

days from véraison
(time zero) °Brix berry weight (g)

0 7.3 ( 0.6 1.57 ( 0.08
24 14.1 ( 0.8 1.88 ( 0.11
44 20.4 ( 0.4 1.97 ( 0.20
59 22.1 ( 0.7 2.08 ( 0.15
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stilbene found in berry skins, and it showed a steady
increase during fruit ripening (39.5 µg/g fw at 60 days
after véraison). Conversely, resveratrol was not detect-
able at véraison and reached only 1.5 µg/g fw at
ripening. These findings confirm that resveratrol is
mostly bound as cis- and trans-glucosides in grape berry
skins (19, 51) and suggest that a high resveratrol
content may be related to gray mold infection. The total
resveratrol content found in this study increased during
grape ripening and its level was in agreement with
previous findings (37).

Changes during Grape Wilting. The drying process
of grapes was followed by monitoring berry weight and
soluble solid content (Table 2). Traditional wilting
increased the °Brix value of grape berries up to 28.6,
whereas berry weight was reduced by 0.47 g. However,
the maximum weight loss (0.68 g) was obtained with
the high-temperature condition. Total polyphenols, fla-
vonoids, anthocyanins, catechins, and proanthocyani-
dins contents of grape berry skin slightly decreased
under mixed wilting (Figure 2A), whereas their concen-
trations remained almost stable using the other wilting
conditions tested (data not shown).

During wilting the content of stilbenes always in-
creased with respect to time zero, except for the high-
temperature condition. In particular, by using mixed
wilting the resveratrol content peaked at 35 µg/g fw at
day 58 (Figure 2B) and a similar trend was observed
under traditional wilting for resveratrol (28 µg/g fw at
day 74) and its trans-piceid (15 µg/g fw at day 74). After
an initial increase there was a slight decrease of
resveratrol content toward the end of the drying pro-
cesses that might indicate stabilization or fall. The
combined effect of time and temperature seems to play
an important role as a stress factor in resveratrol
accumulation during post-harvest of grape berry. Cantos
et al. (15) reported no significant difference in resvera-
trol content between control and UV-treated grapes
during storage at 0 °C for 10 days. However, when
grapes were transferred to 15 °C for 5 days a significant
difference was observed between the control and the
irradiated samples.

STS mRNA Induction by UV Treatment during
Ripening. The hybridization of total RNA with the

pSV368 cDNA clone identified a STS transcript of 1.7
Kb. Only a minor difference in STS induction was
monitored during the 59 days of ripening (Figure 3A),
thus confirming the results reported for resveratrol
content in the same period. The effect of an UV
elicitation treatment during ripening showed interesting
results (Figure 3B). In fact, the UV exposure (15 min)
of berry skin at véraison induced a high STS signal
coupled with a noticeable increase in resveratrol content
(39.8 µg/g fw). Conversely, it appeared that the UV
exposure did not have the same effect on grape skin at
harvest (i.e., after 59 days of ripening) as demonstrated
by the resveratrol level (4.8 µg/g fw) and STS mRNA
accumulation.

Effect of Wilting on STS mRNA Induction. High
STS mRNA induction and resveratrol content in berry
skin were reached after 74 days during traditional
wilting (Figure 4A). However, the highest levels were
monitored at 58 days during a mixed wilting (Figure
4B); the mixed wilted sample showed a low mRNA
inhibition effect at 94 days, whereas both wilting
processes showed a similar decrease in resveratrol
content.

Because resveratrol is a phytoalexin that is also
synthesized in response to biotic stress, it could be
argued that its high content in berry skin might be a
response to Botrytis cinerea attach occurring during
wilting. The good sanitary condition of the grapes
monitored throughout all of the experiments brought
us to exclude this hypothesis, unless an undetectable
larval form was present.

In the attempt to get more insight into the effect of
temperature and duration of drying treatment on the
molecular mechanism of resveratrol synthesis, the STS
mRNA levels of berry skin wilted at different conditions
were also studied. During low-temperature wilting (15
days at 28 °C) a weak STS signal was detected only
upon 15 days of treatment (Figure 4C). Figure 2D shows
that the opposite trend was observed when a high-
temperature wilting (110 h at 45 °C) was performed.
In this case the transcriptional signal of pSV368, as well
as the resveratrol content, progressively decreased,
reaching their relative minimums after 110 h.

Taken together, these results showed that resveratrol
content in grape skin of cv. Corvina was coupled with

Table 2. Soluble Solids Content (°Brix) and Berry
Weight (g) of cv. Corvina Grapes during Wiltinga

wilting conditionsb

days traditional mixedc low-temp high-temp

0 22.1d [2.08]e 22.5 [1.63] 22.1 [2.08] 22.1 [2.08]
1.5 22.5 [1.63]
3 22.9 [1.96]
4.6 25.1 [1.40]

15 27.4 [1.54]
30 22.4 [1.65]
40 25.9 [1.73]
58 26.3 [1.28]
74 27.1 [1.61]
94 26.2 [1.17]

100 28.6 [1.69]
a Results are reported as °Brix [berry weight (g)]. b Wilting

conditions: traditional (at room temperature); mixed (at 45 °C ×
36 h; then 94 days at r.t.); low-temp (at 28 °C × 15 days); high-
temp (at 45 °C × 110 h, i.e., 4.6 days). c Days represent the
duration of wilting at room temperature (after the drying at 45
°C × 36 h). d The mean values are tabled. The pooled SD is as
follows: traditional (0.85); mixed (1.14); low-temperature (0.81);
high-temperature (0.72). e The mean values are tabled. The pooled
SD is as follows: traditional (0.14); mixed (0.22); low-temperature
(0.13); high-temperature (0.12).

Figure 2. Changes of grape skins (cv. Corvina) during fruit
wilting under mixed wilting condition (at 28 °C for 15 days)
in [A] total polyphenols (0), flavonoids ([), anthocyanins (2),
catechins (b), proanthocyanidins (+), and [B] trans-resveratrol
(O), trans-piceid (×), and cis-piceid (4) .
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an increased STS mRNA induction. In particular, the
UV exposure and certain wilting processes may posi-
tively influence the STS transcription level and, as a
consequence, the resveratrol content. An important
finding of this study was that following UV irradiation
the resveratrol concentration increased by a factor of
ca. 40 in grape skin at véraison (Figure 3B) but not at
ripening. Moreover, mixed wilting greatly anticipated
high STS mRNA induction and resveratrol synthesis
when compared to the traditional wilting (Figures 4A
and 4B). On the other hand, short-term associated with
high-temperature wilting did not seem to produce the
same effect (Figure 4D).

It has been reported that in Vitis cv. Optima the
resveratrol synthase is most likely organized by a
complex of at least seven genes and that mRNAs of six
genes are differentially accumulated during 12 h elici-
tor-fungal attack (35), thus suggesting a different
involvement of the isolated genes in resveratrol syn-
thesis and induction of STS activity. The cDNA se-

quence contained in the pSV368 clone is able to hybrid-
ize a transcript which is differentially regulated according
to the developmental phase of the grape berry and has
been demonstrated to actively participate in de novo
synthesis of resveratrol during UV exposure and the
wilting process. The noticeable induction of STS mRNA
and the consistent increase of resveratrol at véraison
was not found at harvest (Figure 1B); these findings
support the already formulated hypothesis of a more
active resveratrol synthesis from véraison until the
phase which precedes ripening, at which time the ability
to synthesize resveratrol progressively decreases until
the complete ripening of the berry (9, 11, 52). It has been
reported that the decreased ability of grape skin to
synthesize resveratrol at ripening in response to UV
irradiation may be due to an increased chalcone syn-
thase (CHS) activity (which utilizes the same substrate
as stilbene synthase) with accumulation of anthocyanin
(31). The obtained results suggest that it is not the
competition between CHS and STS for the same sub-

Figure 3. Northern blot hybridization of total RNA isolated from grape skin of cv. Corvina at different ripening phases and after
UV exposure probed with pSV368 cDNA clone. STS mRNA induction and trans-resveratrol content (A) during ripening, and (B)
at véraison and full ripening in UV-light exposed and unexposed skin grape at véraison and harvest. trans-Resveratrol content
is expressed as µg/g fresh weight.

Figure 4. Time-course experiment of STS mRNA induction and trans-resveratrol content (µg/g fresh weight) in grape skin under
four different wilting conditions; (A) traditional - grape layered in a naturally ventilated room for 100 days; (B) mixed - induction
in skin grape heated for 36 h at 45 °C then placed into the traditional ventilated room for 94 days; (C) low-temperature - heated
for 15 days at 28 °C; (D) high-temperature - heated at 45 °C for 110 h.
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strate which determines resveratrol decrease, but the
lowered sensitivity of the ripe berry to UV treatment,
thus determining only a weak STS mRNA induction and
resveratrol content.

The results presented in this study indicate that UV
irradiation and the wilting process play different roles
in the STS induction, thus suggesting the presence of
mechanisms which differentially modulate STS mRNA
induction and resveratrol synthesis. In particular, mixed
wilting is a method of choice to increase expression and
accumulation of resveratrol in wine. To understand
more about the molecular mechanism regulating the
resveratrol synthesis, and the role of each isolated gene
involved in stilbene synthase activity, it would be
interesting to investigate the STS induction level of the
sequence specific for the seven genes belonging to the
family under the same conditions monitored in this
study. Moreover, deletion and overexpression of each
STS gene might contribute to clarifying their role in
stilbene synthase activity and resveratrol synthesis.
More information will be useful to understanding which
sequences are involved in activation or inactivation/
degradation of the stilbene synthase in different steps
or grape developmental phases.
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