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Induction of Resveratrol Biosynthesis in Grape Skins 
and Leaves by Ultrasonication Treatment
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Abstract. Grapes (Vitis vinifera) are one of the most important fruits worldwide and are eaten raw or after 
conversion to jelly, jam, juice and wine. Grape skins are a major source of resveratrol (3,5,4′-trihydroxystilbene), 
which has the ability to reduce blood sugar as well as anticancer, anti-inflammatory, and other beneficial 
cardiovascular effects. In this study, we investigated the increased accumulation of resveratrol in grape skin 
and leaves following ultrasonication treatment, which has been shown to induce resveratrol accumulation in 
several plants. Various ultrasonication treatment times and incubation periods were employed to identify the 
optimum conditions for the maximum accumulation of resveratrol. Treatment and further incubation led to 
increased resveratrol in both grape skins and leaves, with the highest increases of 7.7-fold and 1.9-fold occurring 
in response to 5 min ultrasonication treatment followed by 6 hour incubation and 15 min ultrasonication 
treatment followed by 3 hour incubation, respectively. The underlying mechanism for the increased amounts 
of resveratrol were studied by employing a semi-quantitative RT-PCR to monitor the expression levels of 
the resveratrol synthase (RS) gene in response to ultrasonication treatment. The RS gene increased the expression 
in response to ultrasonication treatment, suggesting that up-regulation of the RS gene by ultrasonication treatment 
triggers increased amounts of resveratrol. Taken together, these data indicate that this simple ultrasonication 
treatment of grapes can be an efficient post-harvest technology for increasing resveratrol in grape skins in 
addition to cleaning the fruits.
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Introduction

Grapes (Vitis vinifera) are one of the most important fruits 
cultivated worldwide and can be eaten raw or after being 
made into jelly, jam, juice and wine. Grape fruits contain 
a variety of healthy substances including anthocyanin and 
other phenolic compounds (Cantos et al., 2002). Grape skin 
is a major source of the potent phytoalexin resveratrol (3,5,4′
-trihydroxystilbene) (Langcake and Pryce, 1976). Grape wine 
processed from grape skins contains resveratrol, which plays 
an important role in the French paradox due to the beneficial 
cardiovascular effects it imparts (Goldberg et al., 1996; 
Lamuela-Ravento’s and Waterhouse, 1993; Pezet and Cuenat, 
1996). Resveratrol has been accepted as an important compound 
for health promotion and prevention of various cancers, 
cardiovascular disease, and atherosclerosis (Baur and Sinclair, 
2006; Delmas et al., 2006; Roupe et al., 2006). Resveratrol 
also acts as an anti-aging compound by activating the longevity 
assurance gene, Sirtuin (SIRT1) (Borra et al., 2005). In addition 

to its availability to markets as an herbal or dietary supplement 
in tablets, capsules, powders, and extracts from unprocessed 
botanical supplies (e.g., grape seeds/skins), more up to date 
applications for resveratrol are starting to include this popular 
phytochemical infortified foods and beverages.

As one of the most important stilbenephytoalexins, resver-
atrolis formed or induced in plants as a part of their resistance 
mechanisms against pathogens, UV irradiation, and many 
abiotic stresses (Dixon, 2001). Resveratrol is a stilbene 
compound formed by the Shikimic pathway that has one 
molecule of p-courmaroyl-CoA and three molecules of malonyl- 
CoA (Fig. 1). Resveratrol has two isomeric forms, cis- and 
trans-resveratrol; however, only trans-isomer has been shown 
to be present in grapes (Jeandet et al., 1991; Langcake and 
Pryce, 1976; Vrhovsek et al., 1997). 

In grape plants, resveratrol is mainly present in grape 
skins, but also in the seeds (Pezet and Cuenat, 1996), stems 
(Bavaresco et al., 1997) and leaves (Park et al., 2009). In 
grape leaves, resveratrol works as a phytoalexin, its formation 
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Fig. 1. Biosynthesis pathway of resveratrol. Resveratrol can be 
synthesized either starting with phenylalanine or from tyrosine. 
PAL, phenylalanine ammonia lyase; TAL, tyrosine ammonia 
lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate: 
CoA ligase; STS, stilbene synthase/resveratrol synthase; CHS, 
chalcone synthase.

is correlated with disease resistance and it is actually the 
most important antifungal compound present (Gerats and 
Martin, 1992; Jeandet et al., 1991, 1995; Langcake, 1981; 
Langcake and McCarthy, 1979; Langcake and Pryce, 1976). 
In grape clusters, stilbenes are located in skin (Jeandet et 
al., 1991) and are mainly present in the glucosylated form 
(Creasy et al., 1998; Roggero et al., 1995). The concentration 
of resveratrol in the skin of ripening grapes and leaves varies 
considerably depending on the variety and growth stages 
(Okuda and Yokotosuka, 1996; Park, 2009). In addition, the 
amount of resveratrol varies widely depending on several 
factors including the genotype, geographical area of cultivation, 
climate, growing conditions, and post-harvest operations 
(Langcake and Pryce, 1976). Many of these factors have 
been investigated to enable the maximum production of 
resveratrol (Bavaresco, 2003). Different biotic and abiotic 
elicitors induce grape resveratrol (Bavaresco et al., 2001), 
and elicitation of resveratrol-related compounds in grape 
fruits has been reported in response to fungal infection caused 
by Botrytis cinerea (Jeandet et al., 1995), Rhizopus stolonifer 
(Sarig et al., 1997), and Aspergillus spp. (Bavaresco, 2003). 
Resveratrol can also be elicited by abiotic factors such as 
UV-C illumination (Cantos et al., 2001, 2002), ozone (Gonzalez- 
Barrio et al., 2006), and methyl jasmonate (Vezzulli et al., 
2007).

Ultrasonic cleaners are used to clean a wide variety of 
objects by applying high frequency sound waves to agitate 

a material suspended in a liquid, and an ultrasonic cleaner 
has been designed to clean and disinfect all residues of 
contaminants on fruits and vegetables (Lin and Erel, 1992). 
This system facilitates removal of all residues, including 
mud, mold, worms, fungi, bacteria, and agrochemicals. The 
device uses ultrasound (usually at 20-400 kHz) and an 
appropriate cleaning solvent, which is usually tap water. In 
addition to the cleaning effect, ultrasonication is also used 
to induce plant secondary metabolites. Indeed, ultrasonicationed 
to a 60-70% increase in shikonin yield in Lithospermum 
erythrorhizon cell culture (Lin and Wu, 2001), 75% increase 
in ginsenoside saponins in ginseng cells (Lin et al., 2001), 
and a three-fold increase in taxol in Taxus baccata cell 
culture (Rezaei et al., 2011). The elicitation of resveratrol 
by ultrasonication has been extensively studied in whole or 
sliced peanut kernels, and increases of 8 to 143 times were 
reported (Potrebko and Resurreccion, 2009; Rudolf and 
Resurreccion, 2005; Sales and Resurreccion, 2009).

Since grape skin is the major source of resveratrol in wine 
and juice, induction of high levels of resveratrol in grape 
skin can have practical applications. Therefore, this study 
was conducted to determine if ultrasonication of post-harvested 
grape fruits might have the benefit of increasing resveratrol 
in the skins in addition to thoroughly cleaning the fruit. To 
accomplish this, the effects of various ultrasonication treatment 
times followed by several hours of incubation on the contents 
of resveratrol in post-harvested grape fruits and leaves were 
investigated. The results showed that increased amounts of 
resveratrol in grape fruits and leaves in response to ultra-
sonication were positively correlated with the up-regulation 
of RS mRNA, indicating a regulatory mechanism of the gene 
expression by ultrasonication.

Materials and Methods

Grape Samples and Chemicals

The fruits and leaves of the grape Campbell Early cultivar 
(Viti slabrusca × V. vinifera) were sampled and experiments 
were conducted two times, in September, 2011 and 2012. 
Similar-sized grape fruits and leaves were collected from 
the vineyard of Yeungnam University on a sunny day. 
Additionally, trans-resveratrol was purchased from Sigma- 
Aldrich (St. Louis, MO, U.S.A) and stored in the dark to 
avoid conversion to cis-resveratrol. All solvents used for 
extraction and high-performance liquid chromatography (HPLC) 
analysis were of analytical grade and obtained from Sigma- 
Aldrich or Merck (Darmstadt, Germany). 

Ultrasonication Treatment

Grape bunches and leaves harvested from the vineyard 



498 Kor. J. Hort. Sci. Technol. 31(4), August 2013

A B

Fig. 2. HPLC chromatogram of the resveratrol in grape skin extracts. Control (A) and ultrasonication for 5 min followed by 6 h 
incubation (B).

were treated by ultrasonication in an ultrasonic cleaner with 
a frequency of 40 kHz frequency (Branson, Model-8510, 
overall dimensions: 24″ × 18″ × 14.5″, tank dimensions: 
19.5″ × 11.5″ × 6″, weight: 36 lbs, Fredericksburg VA, USA). 
The bunches and leaves of grapes were placed under sterile 
ddH2O in the ultrasonic tank as described by Lin et al. (2001). 
The ultrasonication times were adjusted to 5, 10 and 15 min 
and were followed by incubation for 0, 3, 6 and 12 hat 
25°C in the dark for each ultrasonication time. All samples 
were analyzed in triplicate. After treatment, as much of the 
water remaining on the bunches and leaves was removed 
as much as possible using a paper towel. The control grape 
bunches and leaves were subjected to the same conditions 
as the treatment samples, excluding the ultrasonication treatment. 
Following incubation, the grape skins were peeled removed 
from the grape fruits, snap-frozen in liquid nitrogen and 
stored at -80°C and freeze-dried. Ultrasonication application 
and all analyses were conducted in dim light to prevent 
trans-resveratrol to cis-resveratrol is omerization as described 
by Trela et al. (1996).

Resveratrol Analysis

Extraction of resveratrol from grape skin and leaves was 
conducted according to the method described by Romero-Perez 
et al. (2001), with minor modification. Briefly, one gram 
of freeze-dried grape skins and leaves was ground with a 
mortar-pestle and then added to 25 mL of ethanol/water 
solution (80:20 v/v) and vortexed for 30 s. The mixtures 
were then maintained at 50°C for 60 min with gentle stirring. 
This procedure was repeated two times, with the supernatants 
being pooled after centrifugation at 3,500 g for 10 min. The 
supernatant was subsequently dried using a rotary evaporator, 
re-dissolved in 5 mL HPLC grade methanol, and filtered 
through a 0.45 µm syringe filter. Finally, the extracts were 
injected into a HPLC system. 

The reversed-phase HPLC system consisted of a pump 
equipped with an Eclipse XDB-C18 column (5 µm, 4.6-250 
mm, Agilent Technologies, USA) and a UV detector (Young- 

Lin, YL9100, Seoul, Korea). The isocratic mobile phase 
contained acetonitrile/water with 0.1% TFA (25:75, v/v) and 
was applied at a flow rate of 1 mL･min-1. The wavelength 
and column temperature were set at 320 nm and at 40°C, 
respectively. The samples were manually injected (20 µL) 
and the peak of resveratrol was identified based on comparison 
with a standard resveratrol peak. The concentration of resveratrol 
in the samples was calculated using a regression curve obtained 
from the peak areas observed during analysis of various 
concentrations of the standard.

Expression Levels of the Resveratrol Synthase (RS) Gene 

For RS expression level analysis, total RNA was extracted 
from the grape skins as described by Chang et al. (1993). 
The expression levels were then measured by semi-quantitative 
RT-PCR using primers designed based on the published 
sequences of the grape RS and Actin genes (GenBank accession 
no. JN858961 and AY680701, respectively). Specifically, 
primer sets detecting a 160 bp product of RS (forward: GRVF 
= 5′-GTCCAAGATCACCCATCTTG-3′; reverse: GRVR = 5′- 
TCCTTAGCAGTTCGAAGGAC-3′) and 161 bp product of Actin 
(forward: GActF = 5′-GATGGTGTGAGTCACACTGT-3′; 
reverse: GActR = 5′-CGGACAATTTCCCGTTCAGC-3′) were 
used for RT-PCR. Reverse transcription was carried out at 
42°C for 5 min, followed by PCR amplification of RS for 
25 cycles and Actin for 22 cycles of denaturation at 95°C 
for 10 s, annealing at 52°C for 40 s, and extension at 72°C 
for 40 s, with a final extension at 72°C for 5 min using 
Titanium One-Step RT-PCR Kit (Takara Bio Inc., Japan) 
and an XP Thermal Cycler (BIOER, China). The amplified 
PCR products were then visualized on 1.2% agarose gel.

Measurement of Total Soluble Solids in Fruits

Total soluble solids in both control grapes and those 
treated by 5 min sonication followed by 0, 3, 6 and 12 
h incubation were measured without peeling off the skins 
using a refractometer (Atago PAL-1 Pocket Refractometer, 
Japan) and expressed as Brix (°Brix).
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Fig. 3. Amount of resveratrol in grapeskins subjected to different 
ultrasonication treatments and incubation times. The error bar 
represents the standard deviation (three replications for each 
treatment). The same letters indicate no significant difference.

Fig. 4. Amount of total soluble solids in grape fruits treated 
by 5 min ultrasonication followed by incubation for different 
times. The error bar represents the standard deviation (three 
replications for each treatment). The same letters indicate 
no significant difference.

Fig. 5. Amount of resveratrol in grape leaves subjected to 
different ultrasonication and incubation times. The error bar 
represents the standard deviation (three replications for each 
treatment). The same letters indicate no significant difference.

Statistical Analysis

Data were analyzed using statistical analysis software 
(SAS), 2001 version 9.1 (SAS Institute Inc., Cary, NC, USA). 
Duncan’s test was used to determine whether the values 
were significant (p < 0.01).

Results

Induction of Resveratrol in Grape Skin without Changing 

the Sweetness by Ultrasonication Treatment

The resveratrol concentration in grape skins was measured 
immediately after each ultrasonication treatment (Fig. 3). 
A significantly higher amount of resveratrol over the control 
(20.72 µg･g-1) was observed following ultrasonication treatment 
for 5 min (48.20 µg･g-1), 10 min (48.42 µg･g-1) and 15 min 
(36.92 µg･g-1), and ultrasonic treatment for 5 min followed 
by 6 h of incubation induced highest levels of resveratrol, 
with amounts 7.7-fold higher (148.05 µg･g-1 dw) than those 
in the control (19.18 µg･g-1 dw). However, the treatment 
did not lead to an increase in maintenance of the level of 
resveratrol. When the amount of reseveratrol was measured 

again in fruits incubated for another 6 h (5 min ultrasonication 
treatment followed by 12 h), it had decreased drastically 
to the level of the samples treated by 5 min of ultrasonication 
without any incubation (Fig. 3).

Total soluble solids in the control and the 5 min-ultrasonicated 
grape fruits were measured to compare the effects of ultra-
sonication on the sweetness of grape fruits following treatment. 
The total soluble solids were 14.10 and 14.77 in the control 
and the treated samples, but there was no significant difference 
between groups (Fig. 4).

Induction of Resveratrol in Grape Leaves by Ultrasonication 

Treatment

Resveratrol accumulation in grape leaves following ultra-
sonication treatment showed different patterns than those 
observed in grape fruits. Specifically, ultrasonication for 5 
min increased the resveratrol amounts when compared to 
the control; however, ultrasonication for 10 and 15 min 
resulted in reduced amounts of resveratrol when compared 
to no ultrasonication treatment (Fig. 5). After 3 h of incubation, 
leaves subjected to 15 min-ultrasonication accumulated the 
highest amounts of resveratrol (67.99 µg･g-1 dw), as indicated 
by amounts 1.9 fold higher than those of the control (36.83 
µg･g-1 dw). The resveratrol contents in grape leaves subjected 
to ultrasonication for 5 min increased at all incubation times 
(including no incubation), but the levels were not significantly 
different from those of the controls (Fig. 5).

Up-regulation of Resveratrol Synthase by Ultrasonication 

Treatment

Semi-quantitative RT-PCR was conducted to identify the 
underlying mechanism leading to the increased amounts of 
resveratrol in ultrasonicated grape fruits and leaves. The total 
RNA was extracted from the skin of grape fruits that were 
ultrasonicated for 5 min following all incubation times, as 
well as from grape leaves subjected to 15 min ultrasonication 
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Fig. 6. Semi-quantitative RT-PCR for detection of the relative expression of the resveratrol synthase (RS) gene in ultrasonicated 
grapeskins (A) and grape leaves (B). Total RNA was extracted from grapeskin and grape leaves subjected to 5 min and 15 
min ultrasonication treatment or no ultrasonic treatment, followed by incubation for various lengths of time. The PCR products 
of the RS and Actin gene were visualized on 1.2% agarose gels.

and all incubation times. In addition, the Actin gene was 
amplified to verify equal loading of the total RNA (Fig. 
6). In grape skins, the expression levels of RS were low 
and almost not-detectable; however, they were up-regulated 
after only 5 min of ultrasonication treatment and maintained 
at high values for all incubation times (Fig. 6A). In grape 
leaves, the RS gene was expressed at very low levels in 
the leaves. Gene expression in leaves was not changed in 
response to 15 min of ultrasonication; however, it was highly 
up-regulated after 3 h and further incubation (Fig. 6B). 

Discussion

To the best of our knowledge, increased accumulation 
of resveratrol in grape skins and leaves by ultrasonication 
treatment has not been reported to date; although, ultrasonication 
treatments are usually used to clean grapes. In this study, 
we applied a one-time ultrasonication treatment to grape 
fruits and leaves followed by various incubation periods. 
We observed higher accumulation of resveratrol in grape 
skins and leaves, though the accumulation patterns and the 
effective treatments differed among sample types. Specifically, 
grape skins accumulated very high amounts of resveratrolin 
response to the treatment, with a 7.7 fold increase being 
observed in response to 5 min ultrasonication treatment 
followed by 6 h incubation (Fig. 3). In grape leaves, the 
accumulation was highest after 15 min of ultrasonication 
treatment followed by 3 h incubation, with values 1.8 fold 
higher than those in the control being observed (Fig. 5). There 
were also increase and decrease in the amounts of resveratrol 
in response to ultrasonication treatment and incubation time 
reported in peanut kernels. Specifically, a significant increase in 
resveratrol concentrations was shown in ultrasonication-treated 
peanut kernels after 24 h of incubation in the dark, but a 
decrease occurred after incubation for 24-36 h (Rudolf and 
Resurreccion, 2005).

Further analysis of the mechanism of the increase of 
resveratrolin response to simple ultrasonication treatment 
was conducted using semi-quantitative RT-PCR to measure 

expression of the RS gene (Fig. 6). In grape skin, the expression 
levels of RS increased directly in response to 5 min of 
ultrasonication treatment and were then maintained during 
all observed 12 h incubation times. Expression of the RS 
gene in grape leaves did not change in response to 15 min 
of ultrasonication, but did increase after 3 h, which was 
concurrent with the highest resveratrol amounts being observed 
in leaves after 3 h incubation following the 15 min-ultrasonication 
treatment. These data suggest that the accumulation of grape 
resveratrol in response to ultrasonication occurs in a time- 
dependent manner based on induction of the RS gene. These 
findings are supported by those of Wang et al. (2010), who 
found that UV-C treated grapes leaves showed the maximum 
induction of resveratrol and stilbene synthase after incubation 
for 16 and 24 h, followed by a decrease after subsequent 
incubation. The highest expression of RS mRNA was observed 
in peanut leaves following incubation for 12 to 24 h after 
treatment with different biotic and abiotic stresses including 
yeast extract, paraquat, UV irradiation, ethylene, salicylic 
acid and methyl jasmonate, which also coincides with our 
findings (Chung et al., 2003). Although we did not test the 
enzymatic activity of phenylalanine ammonia-lyase (PAL), 
the enhanced enzymatic activity of PAL in response to 
ultrasonication could also be attributed to increased amounts 
of resveratrol. Ultrasonication treatments of Panax ginseng 
cells caused a dramatic increase in the enzymatic activity of 
PAL (Wu and Lin, 2002), which is responsible for deamination 
of phenylalanine for the biosynthesis of resveratrol precursor 
coumaryl CoA (Soleas et al., 1997). A coordinated induction 
of PAL and stilbene synthase activity were observed in 
response to UV irradiation in leaves of various species of 
Vitaceae (Fritzemeier and Kindl, 1981) and infungal cell 
walls in cell suspension cultures of Vitis cv. Optima (Melchior 
and Kindl, 1991), where the activities of both enzymes were 
induced in parallel, reaching a maximum after different 
lengths of time and then decreasing.

Over the past decade, ultrasonication has been effectively 
employed to induce the production of remarkable secondary 
metabolites (Cravotto and Cintas, 2006). The biosynthesis 



501Kor. J. Hort. Sci. Technol. 31(4), August 2013

of ginsenoside in ginseng cells was upregulated by 75% when 
compared to a control by simple ultrasonication treatment. 
This increase might have been due to mechanical stress as 
well as micro-streaming induced by acoustic cavitations (Lin 
et al., 2001). A significant enhancement of the trans-esterification 
of glucose and divinyldicarboxylates by ultrasonication treatment 
was observed with higher yields than those observed in 
response to shaking for the same reaction time (Xiao et al., 
2005). It is assumed that the effects of ultrasonication occur 
via increased mass transport owing to the effects of cavitations, 
which results in faster product dispersion from the enzymatic 
location (Xiao et al., 2005).

Quantitative measurement of total soluble solids in grapes 
is an important factor for post-harvest processing and ensuring 
high quality wine and juice production. Therefore, we also 
measured the amount of total soluble solids in grape fruits 
subjected to 5 min ultrasonication treatment followed by 
incubation for different times. We found no significant change 
in response to treatment (Fig. 4), confirming that ultrasonication 
treatment did not have any negative effects on post-harvest 
processing of grapes with ultrasonication.

Quality is one of the most important aspects of fresh fruits 
in the market. Consumers are very concerned with the source 
of the fruits, existence of hormones, toxic residues, toxins 
and preservatives used during production and post-harvest 
operations. The preservation and quality of grapes are directly 
related to the cultivars, crop conditions, cultivation system 
and post-harvest operations. Post-harvest cleaning of grape 
fruits by ultrasonication treatment maybe the best option 
for eliminating all debris from the grapes. Another advantage 
of this technique is the improved nutrients, especially the 
phytochemical resveratrol. This technique also did not show 
any negative effects on the amount of total soluble solids 
in grapes; therefore, it has practical importance in enology 
and in the food industry because the high levels of resveratrol 
in grape skin can be applied for production of resveratrol-rich 
wine, juice and jams. Further investigation is required to 
determine the proper ultrasonication treatment strength and 
incubation time for maximization of resveratrol production 
in grape skins. 
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