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To protect varietal aromas from oxidation before alcoholic fermentation, two grape must samples were prepared 
from white grapes potentially low in copper, pre-cooled and supplemented with ascorbic acid and solid CO2 (trial 
ACO2) or SO2 (trial BSO2). The wines prepared from musts protected from oxidation had aroma descriptors that 
included “passion fruit” and “grapefruit skin”. The lower concentrations of flavanols in the ACO2 trial demonstrated 
that the use of solid CO2 as an oxidation preventative instead of SO2 reduced the extraction of these polyphenols 
from the grape solids. The higher concentration of hydroxycinnamoyl tartaric acids of the wine from the ACO2 trial 
with respect to BSO2 was ascribed to the lower grape polyphenoloxidase activity induced by the lower oxygen level 
in the ACO2 trial, or to the combination of caftaric acid quinone with the SO2 in BSO2. Although the grapes were very 
ripe (alcohol in wines ~ 14.5% vol), the wines made with musts prepared by the two techniques were characterised 
by aroma descriptors like “passion fruit” and “grapefruit skin”, and these aromas were not detected in the wines 
prepared from unprotected musts.
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For the production of white wine, the grapes are usually pressed 
after destemming and crushing, and the must that is obtained after 
settling is fermented by yeasts at a temperature that generally 
is lower than 20°C (Bely et al., 1990). Enzymatic oxidation 
reactions may begin during harvest and the transport of grapes 
from the vineyard to the cellar, and are active at crushing (Iglesias 
et al., 1991; Macheix et al., 1991; Rigaud et al., 1991; Spanos & 
Wrolstad, 1992). C6 saturated and unsaturated volatile aldehydes 
and alcohols are the products of the oxidation of unsaturated 
fatty acids catalysed by grape lipoxygenase (Cayrel et al., 1983; 
Zamora et al., 1985), and must browning is the result of polyphenol 
oxidation by grape polyphenol oxidase (PPO) (Wissemann & 
Lee, 1980; Singleton et al., 1985; Singleton, 1987; Cheynier & 
Ricardo da Silva, 1991). As polyphenols (mainly those of the class 
of flavanols) are also involved in wine browning (Tulyathan et 
al., 1989; Fernandez-Zorbano et al., 1995; Fernandez-Zorbano et 
al., 1998), their extraction from grape skin and seeds during must 
preparation should be minimised. In the presence of oxygen, PPO 
oxidises hydroxycinnamoyl tartaric acids, with the production 
of caftaric acid quinone that can be reduced by glutathione (if 
present), and the production of 2-S-glutathionyl caftaric acid (GRP, 
a colourless form) (Singleton et al., 1987). Caftaric acid quinone 
can also oxidise the other must phenolics as well as the same GRP 
(Cheynier & Van Hulst, 1988), with the production of caftaric 
acid and quinones (coupled oxidation-reduction reactions) that 
give rise to the brown pigments responsible for must browning. 
In some cases, to reduce the phenolic content when the must is 
particularly rich in these compounds, PPO action is promoted 
throughout the contact of must with oxygen or air (must oxidation 
or hyper-oxidation) (Dubourdieu & Lavigne, 1990; Cheynier et 
al., 1993; Schneider, 1998). Unfortunately, if this technique is 
used, odorous thiols, a class of aromas that is present in some 
grapes as cisteinyl derivatives (Darriet, 1993; Darriet et al., 1993; 

Darriet et al., 1995; Bouchilloux et al., 1998; Tominaga et al., 
1998; Peyrot des Gachons et al., 2000; Murat et al., 2001), can 
be oxidised, with a loss of the varietal characters of the wine. The 
free thiols released by yeasts from the above precursors during 
fermentation (Dubourdieu et al., 2006) can also be precipitated 
by copper from anti-mildew treatments in the vineyard (Darriet et 
al., 2001). Therefore, if the wines are to express odorous thiols, 
the must should be protected against oxidation (Rigaud et al., 
1990; Rigaud et al., 2006), and vineyard treatments with copper-
containing pesticides should be limited (Darriet et al., 2001).

In this study, grape pre-cooling and two techniques to protect 
must against contact with atmospheric oxygen were tested in 
order to minimise PPO activity and to obtain wines endowed with 
aroma descriptors ascribed to odorous thiols. The influence of 
these techniques on the extraction of flavanols from grape solids 
was also studied. An additional aim of the experiments was to 
verify the possibility of producing wine from grape varieties that 
differed from Alsatian varieties but that still had aroma descriptors 
ascribed to odorous thiols (Tominaga et al., 2003).

MATERIALS AND METHODS
Grapes and winemaking techniques
Vinification experiments were performed in 2006 with Grillo 
grapes from a vineyard in the Marsala terroir (western Sicily). 
Grillo, a white variety indigenous to western Sicily, was used in 
the past to produce Marsala wines, and is now used for quality 
white wine production. The vineyard was trained to an espalier 
system, with Guyot pruning, 12 to 15 buds/vine and a planting 
density of 4 000 vines/ha, corresponding to 2.5 x 1 m spacing. 
Anti-mildew treatments with copper-containing pesticides were 
discontinued in mid-June, about two weeks after flowering.

Grapes (2 000 kg) were picked on 2006-09-17, put into 10 to 12 
kg plastic crates, moved to the winery and stored in a refrigerated 
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room for about 30 hours at 8°C to avoid PPO activity at crushing 
and the extraction of polyphenol when passed through a heat 
exchanger.

Two experiments relating to the protection of must against 
oxidation by CO2 (ACO2) and SO2 (BSO2) were carried out, each on 
1 000 kg of refrigerated grapes.

The first was the ACO2 trial, during which previously refrigerated 
grapes were destemmed, crushed and stored in a 10 hL vat in 
which previously solid CO2 (50 g/100 kg) had been placed. During 
crushing, 15 g/100 kg ascorbic acid, 0.8 mL/100 kg maceration 
enzymes (Endozym ICS 10 Arômes, Pascal Biotech), 0.8 mL/100 
kg pectolytic enzymes (Endozym ICS 10 Èclairs, Pascal Biotech) 
and solid CO2 (50 g/100 kg) were added. After cold maceration at 
10°C for 24 hours, the crushed grapes were pressed (Drain Press 
SF 18, Puleo s.r.l., Marsala, Sicily). Prior to the introduction of 
the crushed grapes a small amount of solid CO2 was added to the 
press, and the pressing was started after solid CO2 sublimation. 
After pressing (max 0.2 bar), free run must (6.5 hL) was sent to a 
10 hL tank in which 50 g/100 kg solid CO2 had been placed and 
clarified by static settling at 10°C for 20 hours. The clear must (6 
hL) was acidified with 160 g/hL tartaric acid, charged with 10 g/hL 
diammonium phosphate (DAP) containing thiamine (0.25%), and 
fermented by inoculation of 20 g/hL reactivated dry yeast (Sinergie 
Levuline C19/ALS, Groupe Oeno France). During fermentation 
(the temperature was 18°C), when the amount of alcohol reached 
3% and 8% vol respectively, 10 and 5 g/hL of DAP were added and 
one-third of the must volume was pumped over in air.

The second trial was the BSO2 trial. In comparison to the 
ACO2 trial, BSO2 differed in the time of cold pre-fermentative 
maceration (three hours rather than the usual 24-hour period, to 
avoid excessive extraction of phenolics induced by the presence 
of SO2). Potassium meta-bisulphite (10 g/100 kg) was added to 
the crushed grapes instead of solid CO2. Neither SO2 nor solid 
CO2 was added in subsequent operations prior to the alcoholic 
fermentation. During fermentation, the must was charged with 20 
g/hL of DAP containing thiamine (0.25%).

The control wine was prepared according to the usual technique 
of the cellar. The grapes were picked manually, transported to 
the cellar in big crates, destemmed, crushed, and 10 g/100 kg 
of potassium meta-bisulphite were added, as well as maceration 
and pectolytic enzymes. The juice was clarified using flotation 
by sparging with air. During fermentation (the temperature 
was 20°C), the must was supplemented with 30 g/hL of DAP 
containing thiamine (0.25%).

At the end of alcoholic fermentation, 100 mg/L SO2 (as 
potassium meta-bisulphite) was added to three wines, and they 
were stored sur lies in stainless steel tanks at about 16°C for one 
month, with bâtonnages once a week. In December, samples 
for chemical, physical and sensory analyses were taken and 
refrigerated at 5°C.
Chemicals, instrumentation and analysis
Determinations of the concentrations of alcohol, extract, total 
acidity, pH, volatile acidity and free and total SO2 were performed 
according to EEC 2676 standard procedure (EEC, 1990). Ash 
alkalinity was determined using the indirect method according to 
Usseglio-Tomasset and Garcia Moruno (1993), and buffer power 
(dB/dpH) in the ratio 10/ΔpH, where ΔpH is the difference between 

the pH of the wine and that of the same wine to which 10 meq/L 
NaOH has been added (Usseglio-Tomasset, 1995). The reactivity 
of flavanols to p-dimethylamino-cinnamaldehyde (p-DAC assay) 
was determined by UV-Vis spectrophotometry (Delcour & Janssens 
de Varebeke, 1985) (Beckman DU 640 spectrophotometer, Milan, 
Italy) as being (+)-catechin equivalent. Hydroxycinnamoyl 
tartaric acids (HCTA) was tested by HPLC (Di Stefano & 
Cravero, 1992). The standard employed was chlorogenic acid, 
and the concentration of HCTA was expressed as chlorogenic acid 
equivalents. By processing these data (hypothetical identity of ε 
for chlorogenic and caftaric acids at 220 nm and the data from the 
coefficients determined by injecting free hydroxycinnamic acids 
and chlorogenic acid), the concentration of caftaric, coutaric and 
fertaric acids was estimated. 2-S-glutathionyl caftaric acid was 
evaluated as caftaric acid equivalent. The analysis of fixed acids 
was performed by HPLC on an Agilent series 2100 instrument 
(Milan, Italy) equipped with a C18 column (EconosphereTM C18, 
5 μm, 250 x 4.6 mm i.d., Lokeren, Belgium, part n° 70066), 
volume injected 20 μL, flow rate 0.6 mL/min., detection at 210 
nm. Prior to injection, 0.5 mL of sample was stripped of phenolics 
by passing it through a 400 mg C18 Sep Pack cartridge (Sep Pak, 
Waters, Milan, Italy, part n° WAT036810), activated with 2 mL 
of methanol, followed by 3 mL of H3PO4 10-3 M and elution with 
H3PO4 10-3 M until a volume of 10 mL was reached. Free volatiles 
were determined according to the method outlined by Gianotti and 
Di Stefano (1991). In brief, 25 mL of wine, charged with 1-Hep- 
tanol as internal standard (0.25 mL of 40 mg/L hydroalcoholic 
solution), diluted to 75 mL with distilled H2O, were passed  
through a 1 g C18 cartridge (Isolute, SPE Columns, Uppsala, 
Sweden, part n° 221-0100-C) previously activated with 3 mL 
of methanol followed by 4 mL of distilled H2O. After washing 
with 30 mL of distilled H2O, volatiles were recovered by elution 
with 12 mL dichloromethane, dehydrated and evaporated to  
0.5 mL prior to injection into the gas chromatograph (Perkin-
Elmer Autosystem XL, Milan, Italy) and GC-MS (Agilent 
6890 Series GC system, Agilent 5973 Net Work Mass Selective 
Detector, Milan, Italy), both equipped with a DB-WAX column 
(Agilent Technologies, 30 m, 0.250 mm i.d., film thickness 0.25 
μm, part n° 122-7032).

Oven temperatures: 40°C for 2 min (during splitless injection), 
from 40 to 60°C, 40°C/min, 60°C for 2 min, from 60 to 190°C, 
2°C/min, from 190 to 230, 5°C/min, 230°C for 15 min; injector 
250°C, Fid 250°C, transfer line 230°C, carrier helium 1 mL/min.; 
EM. 70 eV. The identification of volatiles was done by injection of 
commercial standards or others prepared in our laboratory (ethyl 
esters of 2-hydroxyglutaric acid) (Di Stefano, 1983).

All the solvents and reagents were purchased from WWR 
International, Milan, Italy. The chemical and physical determi
nations were performed in triplicate.
Sensory evaluation of wines
In June 2007, after six months’ storage in bottles at 5°C, the 
wines were subjected to qualitative sensory analysis (duo-trio and 
preference tests) at Marsala (Sicily, Italy) by a trained panel of 
27 judges consisting of oenologists and students following the 
Viticulture and Oenology course of the University of Palermo. The 
judges were also asked to evaluate whether the two wines were 
characterised by aromas attributable to the descriptors passion 
fruit and grapefruit skin, and which was more intense. Prior to the 
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sensorial analysis the panel of judges was familiarised with these 
aromas by smelling fresh passion fruit and grapefruit skin.
Statistical analysis
To compare the mean values of any compound, the Student’s t-test 
was performed with the SPSS software package (version 13).

RESULTS AND DISCUSSION
Wine composition
The composition of the ACO2 and BSO2 wines (Table 1) was quite 
similar, although some differences were found in ash alkalinity (p 
≤ 0.05), total flavanols (p-DAC assay) and SO2. The differences 
in SO2 content were due to the fact that, in the BSO2 trial, SO2 was 
present prior to the addition of potassium meta-bisulphite at the 
end of alcoholic fermentation. On the other hand, the composition 
of the control wine was different from that of the ACO2 and BSO2. 
In this wine, malolactic fermentation occurred at the end of 
alcoholic fermentation, prior the addition of SO2 and storage. The 
high ethanol content (about 14.5% vol for the trials) means that 
the vinified grapes were very ripe and rich in sugars, as is normal 
in western Sicily.

The absence of SO2 in the must of the ACO2 trial allowed us 
to minimise the extraction of flavanols during the contact of the 
must with grape solids, as proven by the p-DAC assay, which 
gave a lower result in the ACO2 wine than in BSO2 (Table 1).

The difference between the two trials is even clearer when 
we note that, in ACO2, the must remained in contact with solid 
grape parts for a longer time than in BSO2. The smaller content 
of flavanols in the control can be due to the enzymatic oxidation 
reactions that occurred during must preparation. The fact that the 

ACO2 wine contained far more hydroxycinnamoyl tartaric acids 
than BSO2 (p ≤ 0.001) (Figure 1), apparently in contradiction to 
the above statement, could prove that the solid CO2 preserved it 
against must contact with oxygen. Nevertheless, the presence of 
GRP (Okuda & Yokotsuka, 1999) could prove that the PPO was 
also active in the ACO2 wine, although to a lesser extent than in 
BSO2, and that the complete inactivation of these enzymes was not 
possible in the operative conditions of this work.

In accordance with findings of Makhotkina and Kilmartin 
(2009), the minor content of caftaric acid and GRP in the BSO2 
wine could be due to the reaction of caftaric acid quinone with 
SO3H

-, from which compounds similar in structure to the GRP are 
produced. The caftaric acid quinone that reacted with SO3H

- was 
subtracted to the reaction with glutathione and flavanols. Such a 
model explains the lower content of caftaric acid in the BSO2 wine 
with respect to ACO2, and confirms that, during the preparation 
of the BSO2 trial must, a higher amount of caftaric acid quinone 
was produced as well as that the PPO was more active. The very 
small amounts of caftaric (6 mg/L) and coutaric acids (1 mg/L) 
in the control suggest that enzymatic hyper-oxidation reactions 
occurred.
Volatile compounds in wines
In both the ACO2 and BSO2 trials, the resulting wines were rich in 
ethyl esters of medium-chain fatty acids, with a slight difference 
in favour of ACO2 (Table 2).

The content of medium-chain fatty acids was not high in the 
ACO2 or BSO2 wines. In agreement with Houtman and Du Plessis, 
(1986) higher amounts of these compounds would be expected 
for wines obtained from clarified musts. Furthermore, the ratios 

TABLE 1
Composition of ACO2 (trial with solid CO2), BSO2 (trial with SO2) and control wines

Control ACO2 BSO2

pH 3.4 3.1± 0.3 3.1± 0.3

Alcohol level %, v/v 14.2 14.4 ± 0.0 14.6 ± 0.0

Extract g/L 20.1 22.6 ± 0.5 20.9 ± 0.5

Total acidity† meq/L 87.7 81.1 ± 1.6 82.0 ± 1.8

Volatile acidity‡ meq/L 7.5 3.7 ± 0.4 3.7 ± 0.4

Tartaric acid g/L 3.1 3.3 ± 0.1 3.5 ± 0.1

Malic acid g/L 0.6 ‘’ 0.6 ± 0.0 0.6 ± 0.0

Buffer power meq/L 37.4 33.3 ± 0.9 33.3 ± 0.9

Ash alkalinity meq/L 21.0 15.6 ± 0.4 * 14.7 ± 0.3

Free SO2 mg/L 15.0 18.0 ± 0.7 *** 24.0 ± 0.6

Total SO2 mg/L 98.0 86.0 ± 0.9 ** 107.0 ± 0.9

p-DAC assay§ mg/L 13.8 24.5 ± 0.1 * 28.6 ± 0.1

†as tartaric acid 
‡ as acetic acid	
§ as (+)-catechin
“ lactic acid
All data represent mean value ± standard deviation (n = 3 for trials, n = 1 for control). 
Significant differences between treatments are indicated by *, **, *** at p ≤ 0.05, 0.01, 0.001 respectively. Only trial data were submitted to the statistical analysis.
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between hexanoic and octanoic acids were different from those 
of the corresponding esters (Figure 2). The content of ethyl esters 
of medium-chain fatty acids and of medium-chain fatty acids 
of the control (respectively lesser and higher than the ACO2 and 
BSO2 trials), show that the vinification technique affected the 
production of fermentation volatiles. The differences between the 
ACO2 and BSO2 trials are significant at p ≤ 0.01 for medium-chain 
fatty acids and ethyl decanoate. Acetates of fermentative and 
pre-fermentative alcohols, particularly isoamyl acetate, reached 
maximum values in BSO2 (p ≤ 0.05 for isoamyl acetate) (Figure 2). 
Acetates and ethyl esters were also particularly high, in spite of 
the hydrolytic reactions that certainly occurred during storage, as 
proven by the presence in both wines of nearly 1 mg/L of diethyl 
succinate, the content of which is proportional to the chemical age 
of the wine (intensity of hydrolytic and esterification reactions) 
(Marais & Pool, 1980; Francioli et al., 2003; Di Stefano, personal 

communication). The trans-3-hexenol/cis-3-hexenol ratio was 
greater than 1 in BSO2 and lower than 1 in ACO2 (Table 2), probably 
due to the different techniques used for preparing the musts 
(Nicolini et al., 1996). Nevertheless, the differences between the 
two treatments were not significant.

Sensory analysis
The sensory analysis showed that even though enzymatic oxidation 
reactions occurred, grapefruit and passion fruit aromas were still 
evident in the wines. The control was not included in the duo-trio 
test because it lacked passion fruit and grapefruit skin aromas. 
In both the ACO2 and BSO2 wines, these aroma descriptors were so 
intense that they overwhelmed those of the fermentative esters.

The duo-trio test showed significant differences between the 
two trials, at the 1% level (Roessler et al., 1978). Most of the 
judges (20 out of 27) were able to detect differences between 

TABLE 2
Fermentative, pre-fermentative and post-fermentative volatiles of ACO2 (trial with solid CO2), BSO2 (trial with SO2) and control wines 
(µg/L), determined by absorption of lypophilic volatiles of wine on C18 cartridge and elution with dichloromethane

Control ACO2 BSO2

Isoamyl acetate 2147 2670 ± 123 * 3046 ± 140

Ethyl hexanoate 579 1047 ± 59 1031 ± 58

Hexyl acetate 959 183 ± 8 187 ± 9

3-Methyl-pentan-1-ol 18 73 ± 9 * 103 ± 12

4-Methyl-pentan-1-ol 57 155 ± 18 * 105 ± 12

1-Hexanol 671 976 ± 45 926 ± 48

Trans-3-hexenol n.d. 27 ± 3 *** 83 ± 9

Cis-3-hexenol 72 63 ± 7 80 ± 9

Ethyl octanoate 959 1961 ± 90 1894 ± 87

Ethyl-2-OH-4-methyl-pentanoate 56 56 ± 5 46 ± 4

Ethyl-2-furoate n.d. 55 ± 6 *** n.d.

Ethyl decanoate 328 812 ± 37 ** 624 ± 34

Diethyl succinate 1695 1058 ± 57 1073 ± 61

Ethyl-9-decenoate 107 35 ± 2 *** 51 ± 2

Phenetyl acetate 342 365 ± 17 410 ± 23

Ethyl dodecanoate n.d. 122 ± 6 *** 50 ± 3

Hexanoic acid 5345 934 ± 53 *** 500 ± 23

Phenetyl alcohol 24506 15369 ± 3197 13850 ± 2881

Octanoic acid 11586 1575 ± 89 *** 926 ± 43

Diethyl-2-OH-glutarate 66 271 ± 27 ** 166 ± 18

Monoethyl-2-OH-glutarate 127 97 ± 9 ** 67 ± 8

Decanoic acid 3539 274 ± 13 ** 218 ± 12

n.d. = not detected
All data represent mean value ± standard deviation (n = 3 for trials, n = 1 for control) 
Significant differences between treatments are indicated by *, **, *** at p ≤ 0.05, 0.01, 0.001 respectively. Only trial data were submitted to the statistical analysis
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FIGURE 2
Medium-chain fatty acids, their ethyl esters and acetates of pre-fermentative and fermentative alcohols of ACO2 (trial with solid CO2) and BSO2 (trial with SO2) wines (mg/L). 
Data has not been reported for the control. Mean ± standard deviation; n=3. Significant differences between treatments are indicated by *, **, *** at p ≤ 0.05, 0.01, 0.001 

respectively.

FIGURE 1
Hydroxycinnamoyl tartaric acids and GRP of ACO2 (trial with solid CO2) and BSO2 (trial with SO2) wines (mg/L) (t-CTA: trans-caffeoyl tartaric acid, c,t-pCuTA: cis,trans-
p-coumaroyl tartaric acid, GRP: grape reaction product). Mean ± standard deviation; n=3. Significant differences between treatments are indicated by *** at p ≤ 0.001. 

Control was not included since the content of hydroxycinnamoyl tartaric acids was very small.

the wines made with the two different techniques, although the 
preference test did not highlight any significant differences. Some 
of the 11 descriptors identified by the judges referred to passion 
fruit, aromatic grasses, grapefruit skin and fermentative esters, 
such as pineapple, banana and green apple.

CONCLUSIONS
The use of solid CO2 in place of sulphur dioxide allowed us to 
prolong cold maceration of the must with grape solids, with fewer 
flavanols extracted than in the case of SO2 treatment, in which 
case a shorter contact time was applied. Under these conditions, 
as deduced from the concentrations of hydroxycinnamoyl tartaric 

acids and the GRP of the wines, PPO activity was only partly 
inhibited. Nevertheless, grape refrigeration as well as both solid 
CO2 and SO2 were able to protect the varietal aromas from 
oxidation. Vinification of the control wine without protecting the 
must from oxidation seemed to destroy the varietal aromas. To 
our knowledge, this work shows for the first time that descriptors 
such as passion fruit and grapefruit skin can be applied even to 
wines from Mediterranean grape varieties.
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