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The volatile compounds of wines made from three grape varieties (Monastrell, Cabernet Sauvignon and
Syrah) using three pre-fermentation techniques (grape freezing, dry-ice and cold maceration) and a con-
trol treatment were measured. The different winemaking practices, which are intended to increase the
aromatic properties of wines, produced results that depended on the variety concerned. For example,
freezing the Cabernet Sauvignon and Syrah grapes produced different results compared with the respec-
tive controls, whereas few changes were found on freezing the Monastrell wine. Differences were signif-
icant in the case of some volatile compounds. Linear discriminant analysis allowed some grouping of the
varieties at sampling but not of the pre-fermentation techniques used.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Wine aroma is generated by several classes of compounds,
including alcohols, esters, organic/volatile acids, aldehydes, ke-
tones, lactones, sulphur, nitrogen compounds and terpenes. Their
combinations and their levels differentiate one wine from another
(Etievant, 1991; Marti, Mestres, Sala, Busto, & Guasch, 2003; Rapp,
1998) and affect the organoleptic character (Palomo, Pérez-Coello,
Diaz-Maroto, Viñas, & Cabezuda, 2006). These chemical com-
pounds are found in most wines and the production methods used
may cause important changes in their concentrations. Differences
in concentration explain the perceived differences between certain
types of wine even though they may contain the same specific
compounds (Salinas, Alonso, Pardo, & Bayonove, 1998).

The persistence of different grape derived aroma compounds
during the wine-making process is influenced by vinification con-
ditions; aroma compounds tend to increase following maceration
of the solid parts or through the release of glycosylated precursors,
and to decrease following applications of high temperatures or as a
result of oxidation. The extraction of volatile compounds from the
grape is essentially a diffusion or leaching process, and the rate and
extent of extraction is influenced by the nature of each compound,
its concentration and location in the berry, and the processing
methods used (temperature, duration, and the extent of macera-
tion, clarification, solubility of the compound in the water/alcohol
medium, the concentration gradient between the grape solids and
ll rights reserved.

z).
the wine, and chemical equilibria and reactions in the wine during
fining (Esti & Tamborra, 2006).

During winemaking, pre-fermentation techniques of freezing
increase the volume of the intracellular liquids, disrupting the
membranes and providing an easy exit for the aromatic
compounds (Alvárez, García, González, & Martin, 2000). Skin
maceration generally prompts increased concentrations of most
aroma components in the final wine, though the end-results are
influenced by maceration conditions (time and temperature) and
the grape variety used (Selli et al., 2006). On the other hand, the
variety of grape employed in making a particular wine, in many
cases, is largely responsible for the aroma of that wine. This is
due to the persistence of certain compounds present in the grape
throughout the entire process of vinification (Piñeiro et al., 2006).

Monastrell is a neutral variety with an insignificant monoter-
pene content (Gómez, Martinez, & Laencina, 1994) but is of great
economic importance since it is the second most cultivated red
wine variety in Spain. The characteristics of its wines have been
studied (Gómez, Laencina, & Martinez, 1995) and the most impor-
tant flavour compounds were seen to be those arising from the fer-
mentation process. Monastrell produces high-quality wines with
mature fruit odours (Lorenzo, Pardo, Zalacain, Gonzalo, & Salinas,
2008). Cabernet Sauvignon also falls into the category of neutral
variety, implying that terpenes contribute little to the aroma of
the wines made from these grapes (Kalua & Boss, 2009). However,
the absence of terpenes in such varieties does not necessarily im-
ply that these grapes do not have varietal aroma characteristics. Fi-
nally, Syrah is considered as a variety rich in volatile compounds
and, more than other varieties, its grapes are strongly affected by
environmental, cultural and climatic conditions.
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In this study, the effect of three low temperature pre-fermenta-
tion techniques (freezing grapes, cold maceration and must freez-
ing with dry ice) were studied in three different varietal wines
(Monastrell, Cabernet Sauvignon and Syrah) to assess the influence
of these techniques on the concentration and composition of vola-
tile compounds.

2. Materials and methods

The experimental programme was carried out using Monastrell,
Syrah and Cabernet Sauvignon grapes from the Controlled Appella-
tion Jumilla, harvested in 2007.

2.1. Vinifications

Three cold pre-fermentation treatments were applied to the
grapes and musts: freezing the grapes before crushing (FG), must
cold-maceration at 10 �C (CM) or must freezing with dry ice (DI).
The control wines were vinified without any further treatment.
All the experiments were made in triplicate using 100 l stainless
steels tanks.

All the vinifications were carried out at 25 ± 1 �C. During the fer-
mentative pomace contact period (10 days in all vinifications except
for cold maceration), the cap was punched down twice a day and the
temperature and must density were recorded. At the end of this per-
iod, the wines were pressed at 1.5 bars in a 75 l tank membrane
press. Free-run and press wines were combined and stored at room
temperature. One month later, the wines were racked. After malolac-
tic fermentation, the wines were racked again and sulphur dioxide
was added. The wines were cold stabilised (�3 �C) for 1 month and
then bottled. The analyses were made after 6 months in the bottle.

2.2. Reagents and standards

HPLC quality dichloromethane was from Sigma–Aldrich and the
water used was purified through a Mili-Q system (Milipore, Bed-
ford, MA, USA); solid anhydrous ammonium sulphate was from
Panreac (Barcelona). The compounds analysed were the following:
1-propanol, isobutanol, amilic alcohols, 2-phenylethanol, isoamy-
lacetate; hexyl acetate, 2-phenylethylacetate, ethyl propanoate,
ethyl 3-OH-butyrate, ethyl isobutyrate, ethyl hexanoate, ethyl
octanoate, hexanoic acid, octanoic acid, decanoic acid, 1-hexanol,
cis-3-hexen-1-ol and methionol. Components in the samples were
identified by NIST library and by comparison with the mass spectra
of the commercial standards (Sigma–Aldrich, Madrid, Spain).

2.3. Gas chromatography

Volatile compounds were extracted, concentrated and then
analysed by gas chromatography with a Varian CP.-3800 gas-
chromatograph equipped with a flame ionisation detector (FID)
using nitrogen as a carrier, following a method proposed by Ortega,
López, Cacho and Ferreira (2001). The column (Factor Four
Capillary Column, 60 m � 0.25 mm and 0.25 lm film thickness)
was a VF-WAX ms from Varian (Varian Inc., Forest Lake, USA).
The temperature programme was as follows: 40 �C for 5 min,
raised at 3 �C/min up to 220 �C. Carrier gas was helium at
3 ml/min. Injection was in split mode (2 ll).

2.4. Proposed method

3 ml of wine, 7 ml of Mili-Q water, 15 ll of internal standard
solution (2 butanol, 4-methyl-pentanol, 4-hydroxy-4-methyl-2-
pentanone, 2-octanol and heptanoic acid) were added to 25 ml
screw-capped centrifuge tubes containing 4.5g of ammonium
sulphate. The tube was shaken at 400 rpm for 1 h and then centri-
fuged at 5000 rpm for 10 min at 0 �C. After phase separation, the
dichloromethane phase was recovered with a 0.5 ml syringe and
transferred to a 0.3 ml vial. The extract was injected into the gas
chromatograph in the conditions described above. The response
areas for each individual wine volatile compound relative to the
appropriate internal standard were calculated. Quantification was
carried out by the internal standard method.

2.5. Statistical data treatment

Significant differences among varieties and cold treatments
were assessed with a one-way analysis of variance (ANOVA) and
multifactorial analysis (MANOVA). Discriminant analysis was ap-
plied to identify the most discriminant variables using Statgraphics
5.0 Plus. Statistical differences among means were evaluated using
Duncan’s test at the p = 0.05 level to evaluate the significance of
the analysis.
3. Results and discussion

The proposed analytical method was applied to the analysis of
Monastrell, Syrah and Cabernet Sauvignon wines produced by dif-
ferent winemaking procedures. The chemical groups of compounds
analysed were higher alcohols, acetates, esters, acids and minor
alcohols. Data were studied by two-way ANOVA, with grape vari-
ety and cold treatment as the factors.

3.1. Effect of the oenological treatments on volatile compounds at the
end of alcoholic fermentation

The concentrations of volatile compounds identified and quan-
tified are shown in Table 1. Some taste and aroma components of
young wine are present in the raw material, but most are formed
during the fermentation process (Vidrich & Hribar, 1999).

The most abundant compounds were higher alcohols for the
three varieties, which is in keeping with the literature (Baumes,
2000; Nykanin, 1986). These compounds are recognised by their
strong and pungent smell and taste that are related to a herbaceous
note (Gómez García-Carpintero, Sánchez-Palomo, & González-
Viñas, 2011). At concentrations below 300 mg/l, they contribute
to the desirable complexity of the wine, but when their concentra-
tion exceeds 400 mg/l, higher alcohols are regarded as a negative
factor on quality (Alvárez et al., 2000; Mateo, Jiménez, Pastor, &
Huerta, 2001). The total concentrations of higher alcohols in Caber-
net Sauvignon, Syrah and Monastrell wines in all treatments were
below 300 mg/l. The aromatic alcohol, 2-phenylethanol, showed
the highest concentration in the twelve different wines (ranging
between 65 and 142 mg/l). Rocha and co-workers (Rocha, Rodri-
gues, Coutinho, Delgadillo, & Coimbra, 2004) showed that the con-
tent of 2-phenylethanol in red Portuguese wines is about 65 m/l. In
contrast, in varieties such as Seyval Blanc and Milia these com-
pounds were not detected (Tarko, Duda-Chodak, Snoka, Satora, &
Jvrasz, 2010).

Ethyl esters of fatty acids and acetates have long been consid-
ered important contributors to wine aroma because they occur in
wines as major volatile constituents and because they exhibit fruit
odours similar to those often used to describe wines (Etievant,
1991). They are formed from acids and alcohols during wine fer-
mentation and post-fermentation processes. The biosynthesis of
esters mainly depends on yeast species, must aeration, fermenta-
tion technology and fruit maturity (de la Roza, Laca, García, &
Díaz, 2003). Cabernet Sauvignon wines showed higher concentra-
tions of these compounds than did Syrah and Monastrell wines,
although low levels were observed for all the esters analysed. Only



Table 1
Mean values (mg l�1) of aromatic compounds after final alcoholic fermentation.

Cabernet Sauvignon Syrah Monastrell

Control FG DI CM Control FG DI CM Control FG DI CM

1-Propanol 16.62 b (1.99) 7.320 ab (3.27) 15.45 b (5.77) 0.163 a (0.03) nd nd nd nd nd nd nd nd
Isobutanol 38.64 ab (7.43) 20.52 a (8.29) 47.00 b (1.31) 37.55 ab (0.73) 46.53 a (3.02) 42.66 a (1.85) 45.85 a (1.50) 43.55 a (0.02) 58.91 a (4.56) 51.88 a (2.64) 49.65 a (3.46) 66.45 a (7.00)
Amilic alcohols 45.94 c (0.71) 42.08 b (1.34) 46.80 c (0.46) 34.93 a (0.71) 31.90 a (3.09) 35.34 a (2.47) 36.18 a (2.05) 30.84 a (1.22) 42.09 b (3.69) 35.27 ab (1.24) 29.39 a (0.45) 41.20 b (2.85)
2 Phenylethanol 142.7 b (10.47) 106.1 a (7.63) 118.5 a (1.31) 103.6 a (1.73) 69.96 a (3.09) 74.97 a (7.15) 86.84 a (5.00) 69.48 a (4.86) 89.19 b (4.28) 65.82 a (1.72) 65.43 a (2.18) 82.95 b (8.13)
Higher alcohols 249.6 b (12.33) 169.2 a (15.83) 227.7 b (6.23) 176.1 a (2.43) 125.1 a (3.79) 152.9 a (11.4) 153.6a (8.28) 129.4 a (6.06) 189.8 b (3.97) 152.9 a (3.59) 144.5 a (2.53) 190.6 b (7.98)

Isoamylacetate 0.247 a (0.08) 1.836 c (0.22) 0.818ab (0.08) 1.106 b (0.18) 1.028 c (0.07) 0.503 b (0.03) 0.146 a (0.03) 0.070 a (0.01) 0.269 a (0.06) 0.271 a (0.05) 0.120 a (0.01) 0.517 b (0.06)
Hexil acetate 0.045 a (0.03) 0.054 a (0.02) 0.032 a (0.01) 0.004 a (0.00) 0.024 a (0.00) 0.016 a (0.00) 0.020 a (0.01) 0.015 a (0.00) 0.064 a (0.01) 0.059 a (0.00) 0.065 a (0.01) 0.092 b (0.00)
2-Phenilethylacetate 0.135 a (0.00) 0.267 b (0.03) 0.171 a (0.03) 0.262 b (0.029 0.070 a (0.05) 0.020 a (0.00) 0.059 a (0.01) 1.286 b (0.06) 0.319 b (0.06) 0.119 ab (0.10) 0.098 ab (0.08) 0.020 a (0.00)
Acetates 0.427 a (0.05) 2.157 c (0.23) 1.021 ab (0.12) 1.372 b (0.21) 1.122 b (0.12) 0.539 a (0.03) 1.125 b (0.08) 1.371 b (0.12) 0.652 b (0.06) 0.449 ab (0.15) 0.283 a (0.07 0.628 b (0.05)

Ethyl propanoate 0.068 c (0.01) 0.035 a (0.02) 0.071 b (0.01) nd a 0.063 c (0.00) 0.044 b (0.00) 0.023 a (0.00) 0.013 a (0.01) 0.029 ab (0.00) 0.049 ab (0.00) 0.017 a (0.02) 0.081 b (0.02)
Ethyl 3-OH-butyrate 0.449 a (0.07) 0.747 b (0.01) 0.511 a (0.01) 0.496 a (0.01) 0.200 a (0.06) 0.308 a (0.05) 0.202 a (0.11) 0.185 a (0.01) 0.370 ab (0.00) 0.268 a (0.01) 0.417 b (0.03) 0.332 ab (0.04)
Ethyl isobutyrate 0.010 a (0.00) 0.031 b (0.01) 0.006 a (0.01) nd a 0.012 a (0.01) 0.007 a ((0.00) 0.004 a (0.00) 0.008 a (0.00) nd nd nd nd
Ethyl hexanoate 0.134 a (0.01) 0.546 b (0.06) 0.216 a (0.01) 0.094 a (0.029 0.111 b (0.02) 0.041 a (0.01) 0.030 a (0.00) 0.026 a (0.00) 0.018 a (0.00) 0.039 ab (0.01) 0.011 a (0.00) 0.056 b (0.00)
Ethyl octanoate 0.120 a (0.02) 0.689 b (0.09) 0.082 a (0.01) 0.005 a (0.01) 0.046 b (0.00) 0.017 a (0.01) 0.010 a (0.00) 0.008 a (0.00) nd nd nd 0.011 a (0.00)
Esters 0.782 a (0.06) 2.038 b (0.15) 0.886 a (0.02) 0.595 a (0.03) 0.432 a (0.05) 0.418 a (0.06) 0.270 a (0.119 0.241 a (0.01) 0.417 a (0.01) 0.357 a (0.01) 0.445 a (0.03) 0.481 a (0.08)

Hexanoic acid 1.173 a (0.11) 2.859 c (0.15) 2.463 bc (0.12) 2.071 b (0.07) 1.023 a (0.13) 1.044 a (0.11) 0.927 a (0.47) 0.419 a (0.28) 1.461 a (0.06) 1.337 a (0.05) 1.740 a (0.10) 1.792 a (0.08)
Octanoic acid 0.834 a (0.21) 5.111 d (0.02) 3.846 c (0.17) 1.986 b (0.15) 2.051 b (0.14) 2.219 b (0.40) 1.041 ab (0.00) 0.072 a (0.03) 1.755 a (0.21) 1.530 a (0.07) 2.052 a (0.02) 2.131 a (0.31)
Decanoic acid 0.148 b (0.04) 0.680 c (0.05) 0.191 b (0.00) nd a 0.336 a (0.06) 0.178 a (0.03) 0.292 a (0.19) 0.081 a (0.00) 0.125 a (0.08) 0.094 a (0.01) 0.174 a (0.01) 0.147 a (0.02)
Acids 2.155 a (0.18) 8.649 d (0.13) 6.500 c (0.06) 4.057 b (0.16) 3.411 b (0.11) 3.651 b (0.54) 2.261 a (0.60) 0.573 a (0.30) 3.341 a (0.24) 2.961 a (0.02) 3.966 a (0.11) 4.07 a (0.75)

1-hexanol 0.903 a (0.05) 2.990 c (0.08) 2.264 b (0.05) 2.080 b (0.03) 1.467 a (0.39) 2.170 b (0.07) 1.995 b (0.09) 1.521 a (0.16) 1.961 a (0.19) 1.882 a (0.08) 1.648 a (0.13) 1.918 a (0.28)
Cis-3-hexen-1-ol 0.029 a (0.00) 0.192 a (0.05) 0.035 a (0.00) nd a 0.091 ab (0.00) 0.115 bc (0.00) 0.136 c (0.01) 0.058 a (0.00) 0.004 a (0.00) 0.006 a (0.01) 0.013 a (0.00) 0.015 a (0.00)
Methionol 3.664 b (0.35) 3.115 b (0.37) 2.692 ab (0.09) 1.741 a (0.08) 1.703 ab (0.66) 2.337 b (0.26) 1.838 ab (0.09) 0.543 a (0.33) 2.003 a (0.05) 1.727 a (0.14) 1.992 a (0.12) 1.869 a (0.02)
Minor alcohols 4.597 a (0.41) 6.297 b (0.48) 4.991 a (0.14) 3.821 a (0.06) 3.261 ab (0.80) 4.621 b (0.30) 3.969 b (0.14) 2.122 a (0.36) 3.969 a (0.24) 3.616 a (0.06) 3.655 a (0.08) 3.802 a (0.24)

Abbreviations: FG: frozen grapes; DI: dry-ice; CM: cold maceration.
Different letters within the same row indicate significant differences according to Duncan test (p < 0.05). In bold, the total from the different groups of volatile compounds.
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Table 2
Mean values (mg l�1) of aromatic compounds after bottling.

Cabernet Sauvignon Syrah Monastrell

Control FG DI CM Control FG DI CM Control FG DI CM

1-Propanol nd nd nd nd 0.855 ab (0.05) 3.272 b (0.26) nd 0.509 a (0.05) nd nd nd nd
Isobutanol 55.77 ab (1.16) 51.85 ab (1.15) 44.73 a (0.86) 44.51 a (3.49) 57.62 ab (2.88) 66.84 b (0.60) 67.79 b (1.18) 47.32 a (2.39) 46.88 a (3.42) 69.06 b (15.6) 67.45 ab (11.0) 58.34 ab (2.44)
Amilic alcohols 54.07 b (1.59) 48.99 ab (2.25) 46.33 a (0.56) 46.72 a (2.37) 41.07 a (4.42) 44.16 ab (4.52) 53.47 b (2.919 34.38 a (2.629 29.22 a (2.42) 33.57 ab (0.21) 34.93 b (1.53) 33.99 ab (1.00)
2 Phenylethanol 147.8 b (6.08) 120.4 a (9.15) 124.2 ab (4.33) 102.2 a (6.85) 73.92 ab (3.89) 81.72 ab (7.14) 101.5 b (6.04) 55.41 a (13.45) 46.52 a (5.67) 66.54 a (0.65) 66.40 b (3.28) 59.82 ab (2.76)
Higher alcohols 259.9 b (8.59) 221.3 ab (12.0) 200.3 a (4.33) 193.4 a (12.6) 138.1 a (7.59) 173.7 b (10.37) 200.2 b (8.31) 137.6 a (14.91) 122.6 a (11.5) 169.2 b (15.9) 168.8 b (7.259 156.2 b (5.42)

Isoamylacetate 0.511 a (0.03) 0.819 ab (0.04) 2.058 c (0.04) 0.998 b (0.23) 0.644 a (0.09) 0.643 a (0.09) 1.840 b (0.08) 0.394 a (0.13) 0.057 a (0.01) 0.326 b (0.05) 0.429 b (0.05) 0.353 b (0.03)
Hexil acetate 0.005 a (0.00) 0.010 a (0.00) 0.020 b (0.00) 0.004 a (0.00) 0.015 a (0.00) 0.023 b (0.00) 0.025 b (0.00) 0.016 a (0.00) 0.014 a (0.00) 0.012 a (0.00) 0.016 a (0.01) 0.005 a (0.00)
2-Phenilethylacetate 0.056 ab (0.02) 0.093 b (0.00) 0.054 ab (0.01) 0.023 a (0.00) 0.442 a (0.15) 0.823 a (0.08) 0.331 a (0.03) 0.318 a (0.23) 0.115 a (0.05) 0.201 a (0.08) 0.143 a (0.03) 0.124 a (0.01)
Acetates 0.573 a (0.00) 0.923 ab (0.06) 2.133 c (0.03) 1.026 b (0.23) 1.099 ab (0.16) 1.489 b (0.14) 2.195 c (0.06) 0.727 a (0.37) 0.186 a (0.05) 0.540 b (0.13) 0.589 b (0.06) 0.482 b (0.03)

Ethyl propanoate 0.122 ab (0.00) 0.152 b (0.01) 0.083 a (0.03) 0.085 a (0.01) 0.554 a (0.23) 1.124 b (0.04) 0.503 a (0.08) 0.084 a (0.00) 0.024 a (0.00) 0.170 a (0.09) 0.126 a (0.06) 0.118 a (0.01)
Ethyl 3-OH-butyrate 0.354 a (0.01) 0.499 c (0.01) 0.531 c (0.01) 0.426 b (0.03) 0.309 a (0.05) 0.411 ab (0.05) 0.502 b (0.02) 0.265 a (0.08) 0.322 a (0.019 0.356 ab (0.04) 0.452 b (0.05) 0.344 ab (0.02)
Ethyl isobutyrate 0.039 b (0.00) 0.044 b (0.00) 0.049 b (0.00) 0.026 a (0.00) 0.070 ab (0.01) 0.087 b (0.01) 0.066 ab (0.00) 0.049 a (0.02) nd a 0.016 a (0.00) 0.020 a (0.01) 0.022 a (0.01)
Ethyl hexanoate 0.189 a (0.01) 0.198 a (0.01) 0.282 b (0.01) 0.208 a (0.00) 0.093 ab (0.01) 0.083 ab (0.02) 0.132 b (0.01) 0.065 a (0.02) 0.010 a (0.00) 0.063 b (0.00) 0.067 b (0.01) 0.077 b (0.019
Ethyl octanoate 0.099 b (0.01) 0.062 a (0.01) 0.085 b (0.01) 0.054 a (0.01) 0.025 a (0.01) 0.028 a (0.00) 0.023 a (0.00) 0.029 a (0.01) 0.012 a (0.00) 0.017 a (0.00) 0.009 a (0.00) 0.013 a (0.00)
Esters 0.804 a (0.02) 0.955 b (0.05) 1.032 b (0.01) 0.801 a (0.04) 1.051 b (0.28) 1.733 c (0.07) 1.227 b (0.06) 0.492 a (0.10) 0.369 a (0.04) 0.623 ab (0.05) 0.675 b (0.06) 0.575 ab 0.04)

Hexanoic acid 1.303 a (0.03) 2.233 c (0.08) 2.197 c (0.03) 1.846 b (0.14) 1.117 a (0.11) 1.337 ab (0.08) 1.484 b (0.04) 1.103 a (0.15) 1.488 a (0.06) 1.423 a (0.13) 1.672 a (0.04) 1.528 a (0.08)
Octanoic acid 4.886 a (0.25) 8.469 b (0.49) 6.314 ab (0.51) 3.674 a (0.22) 3.855 c (0.48) 2.448 ab (0.12) 3.225 bc (0.06) 1.630 a (0.29) 3.485 a (0.09) 2.521 a (0.17) 2.510 a (0.29) 2.279 a (0.18)
Decanoic acid 0.851 b (0.09) 0.862 b (0.11) 0.324 a (0.02) 0.321 a (0.06) 0.457 a (0.08) 0.235 a (0.03) 0.284 a (0.02) 0.421 a (0.08) 0.953 b (0.03) 0.557 ab (0.19) 0.256 a (0.05) 0.382 ab (0.09)
Acids 7.040 ab (0.27) 11.56 c (0.43) 8.835 b (0.48) 5.841 a (0.31) 5.431 c (0.67) 4.021 ab (0.23) 4.993 bc (0.10) 3.154 a (0.41) 5.927 b (0.36) 4.502 a (0.22) 4.439 a (0.27) 4.190 a (0.22)

1-hexanol 1.020 a (0.00) 2.583 c (0.07) 2.040 c (0.03) 1.779 b (0.06) 1.500 a (0.09) 2.299 b (0.12) 2.300 b (0.04) 1.701 a (0.19) 1.481 a (0.15) 1.728 ab (0.15) 1.975 ab (0.19) 2.017 b (0.07)
Cis-3-hexen-1-ol 0.033 a (0.00) 0.036 a (0.00) 0.027 a (0.00) 0.027 a (0.00) 0.102 a (0.00) 0.127 ab (0.00) 0.148 b (0.00) 0.102 a (0.02) 0.009 a (0.00) 0.011 a (0.00) 0.008 a (0.00) 0.005 a (0.00)
Methionol 4.080 b (0.13) 3.027 a (0.28) 3.372 a (0.17) 3.255 a (0.14) 0.594 a (0.03) 1.659 a (0.08) 0.749 a (0.35) 1.469 a (0.03) 1.672 a (0.07) 1.875 a (0.09) 2.228 a (0.06) 1.562 a (0.39)
Minor alcohols 5.133 a (0.13) 5.646 a (0.34) 5.440 a (0.20) 5.062 a (0.20) 2.196 a (0.03) 4.087 b (0.69) 3.197 ab (0.33) 3.273 ab (0.06) 3.163 a (0.23) 3.614 ab (0.19) 4.212 b (0.14) 3.585 ab (0.45)

Abbreviations: FG: frozen grapes; DI: dry-ice; CM: cold maceration;
Different letters within the same row indicate significant differences according to Duncan test (p < 0.05). In bold, the total from the different groups of volatile compounds.
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Table 3
Mean values (mg l�1) of aromatic compounds 6 months after bottling.

Cabernet Sauvignon Syrah Monastrell

Control FG DI CM Control FG DI CM Control FG DI CM

1-Propanol 21.47 b (3.83) 30.30 b (6.67) nd a nd a 0.050 a (0.00) 0.010 a (0.00) nd a 0,030 a (0.00) 34.60 a (1.26) 35.30 ab (1.04) 47.57 ab (1.16) 54.59 b (1.42)
Isobutanol 46.83 a (6.87) 59.14 a (7.08) 48.34 a (1.26) 58.64 a (3.87) 54.04 ab (1.78) 55.17 ab (3.07) 58.81 b (1.99) 51.43 a (0.92) 62.70 a (2.34) 70.98 b (2.11) 88.62 c (0.30) 62.22 a (1.54)
Amilic alcohols 46.64 a (0.44) 52.45 a (5.03) 44.59 a (1.85) 54.04 a (4.52) 38.50 ab (1.83) 44.98 b (2.39) 43.92 b (1.90) 36.00 a (3.54) 40.20 a (1.83) 48.33 a (6.49) 38.85 a (6.27) 37.28 a (3.51)
2 Phenylethanol 175.22 b (0.21) 152.0 ab (2.03) 112.9 a (3.70) 118.6 ab (8.67) 74.87 ab (1.79) 85.35 b (4.50) 79.87 b (2.87) 62.27 a (7.25) 85.40 b (2.85) 45.35 a (0.18) 59.74 a (5.23) 48.27 a (0.14)
Higher alcohols 231.8 a (0.53) 293.9 a (3.92) 205.9 a (6.80) 231.3 a (1.67) 169.4 ab (5.24) 185.5 b (9.94) 182.6 b (6.10) 149.74 a (11.6) 224.2 ab 227.8 b (3.85) 202.6 ab (6.28) 167.5 a (2.22)

Isoamylacetate 0.434 a (0.02) 1.116 ab (0.04) 1.849 b (0.08) 1.302 b (0.09) 0.813 b (0.02) 0.651 ab (0.05) 1.701 c (0.09) 0.458 a (0.03) 0.587 a (0.14) 0.567 a (0.22) 0.804 a (0.09) 0.392 a (0.13)
Hexil acetate nd a 0.010 ab (0.00) 0.029 b (0.00) 0.022 b (0.00) 0.029 bc (0.00) 0.039 c (0.00) 0. 017 ab (0.00) 0.011 a (0.00) 0.053 a (0.00) 0.042 a (0.02) 0.024 a (0.00) 0.052 a (0.02)
2-Phenilethylacetate 0.393 a (0.02) 0.226 a (0.01) 0.214 a (0.01) 0.146 a (0.01) 0.118 b (0.00) 0.100 b (0.01) 0.258 c (0.01) 0.065 a (0.01) 0.229 a (0.02) 0.571 a (0.37) 0.156 a (0.03) 1.933 b (0.71)
Acetates 0,828 a (0.02) 1.277 ab (0.41) 2.092 b (0.09) 1.470 ab (0.10) 0.961 b (0.02) 0.790 b (0.06) 1.978 c (0.10) 0.535 a (0.04) 1.001 ab (0.51) 1.180 ab (0.53) 0.983 a (0.13) 2.377 b (0.61)

Ethyl propanoate 0.195 a (0.019 0.332 a (0.08) 0.360 a (0.01) 0.360 a (0.03) 0.488 ab (0.11) 0.884 b (0.10) 0.498 ab (0.03) 0,421 a (0.02) 0.364 a (0.02) 0.579 ab (0.03) 1.142 b 80.31) 0.520 ab (0.18)
Ethyl 3-OH-butyrate 0.428 a (0.03) 0.651 b (0.03) 0.604 b (0.02) 0.565 b (0.03) 0.297 a (0.04) 0.411 ab (0.05) 0.506 b (0.04) 0.283 a (0.09) 0.326 a (0.01) 0.485 a (0.07) 0.461 a (0.09) 0.348 a (0.03)
Ethyl isobutyrate nd a 0.138 b (0.07) 0.225 b (0.01) 0.157 b (0.019 0.262 ab (0.01) 0.342 c (0.02) 0.291 bc (0.01) 0.218 a (0.04) 0.170 a (0.01) 0.229 a (0.00) 0.203 a (0.04) 0.215 a (0.00)
Ethyl hexanoate 0.227 a (0.02) 0.489 b (0.04) 0.559 b (0.01) 0.519 b (0.03) 0.242 a (0.00) 0.287 ab (0.02) 0.354 c (0.03) 0.231 a (0.00) 0.183 a (0.00) 0.217 a (0.09) 0.292 a (0.05) 0.191 a (0.06)
Ethyl octanoate 0.143 a (0.04) 0.224 a (0.01) 0.357 a (0.00) 0.289 a (0.01) 0.146 a (0.01) 0.153 a (0.02) 0.232 b (0.02) 0.128 a (0.03) 0.111 a (0.03) 0.148 a (0.06) 0.194 a (0.04) 0.106 a (0.03)
Esters 0.994 a (0.09) 1.837 b (0.35) 2.107 b (0.05) 1.891 b (0.09) 1.436 ab (0.17) 2.078 b (0.21) 1,883 ab (0.26) 1.282 a (0.36) 1.265 a (0.06) 2.131 ab (0.45) 2.292 b (0.08) 1.310 a (0.37)

Hexanoic acid 1.625 a (0.20) 2.727 b (0.02) 2.385 b (0.03) 2.463 b (0.17) 1.006 a (0.09) 1.260 ab (0.11) 1.536 b (0.08) 1.025 a (0.13) 1.745 a (0.32) 1.340 a (0.48) 1.582 a (0.29) 1.122 a (0.28)
Octanoic acid 1.928 a (0.06) 4.700 b (0.57) 5.482 b (0.28) 4.834 b (0.02) 2.084 ab (0.21) 2.354 bc (0.17) 2.874 c (0.09) 1.477 a (0.26) 1.828 a (0.16) 2.432 b (0.58) 2.702 b (0.39) 1.718 a (0.28)
Decanoic acid 0.130 a (0.06) 0.495 b (0.10) 0.480 b (0.019 0.384 b (0.01) 0.288 b (0.02) 0.295 b (0.02) 0.266 b (0.03) 0.186 a (0.01) 0.525 a (0.27) 0.345 a (0.10) 0.210 a (0.02) 0.359 a (0.22)
Acids 3.683 a (0.08) 7.923 b (0.19) 8.348 b (0.32) 7.682 b (0.18) 3.379 ab (0.27) 3.909 bc (0.30) 4.678 c (0.19) 2.689 a (0.40) 4.098 b (0.71) 4.117 b (0.88) 4.494 b (0.45) 3.199 a (0.73)

1-hexanol 0.941 a (0.04) 2.706 b (0.03) 2.653 b (0.10) 2.687 b (0.17) 1.626 a (0.08) 2.514 b (0.11) 2.720 b (0.13) 1.978 a (0.25) 1.583 a (0.06) 1.826 a (0.66) 2.268 b (0.37) 1.744 a (0.529
Cis-3-hexen-1-ol 0.085 a (0.05) 0.043 a (0.01) 0.042 a (0.01) 0.045 a (0.01) 0.106 a (0.00) 0.137 ab (0.00) 0.175 b (0.01 0.122 a (0.02) 0.158 a (0.04) 0.069 a(0.00) 0.048 a (0.00) 0.124 a (0.03)
Methionol 5.846 a (0.079 4.582 a (0.53) 4.287 a (0.02) 5.013 a (0.33) 1.796 ab (0.32) 2.617 bc (0.23) 3.011 c (0.10) 1.494 a (0.31) 2.298 b (0.34) 2.430 b (0.47) 2.342 b (0.55) 1.784 a (0.08)
Minor alcohols 6.883 a (0.07) 7.332 a (0.71) 6.982 a (0.12) 7.746 a (0.48) 3.530 a (0.40) 5.269 b (0.299) 5.907 b (0.23) 3.595 a (0.59) 4.040 b (0.33) 4.326 b (0.44) 4.665 b (0.78) 3.653 a (0.09)

Abbreviations: FG: frozen grapes; DI: dry ice; CM: cold maceration;
Different letters within the same row indicate significant differences according to Duncan test (p < 0.05). In bold, the total from the different groups of volatile compounds.
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Fig. 1. Linear discriminant analysis between varieties, time and treatments.

Table 4
Multifactor analysis of variance of the aromatic compounds at the end of alcoholic
fermentation, after bottling and after bottling for the three varieties and different
treatments.

Higher alcohols Acetates Esters Acids Minor alcohols

Variety
C. Sauvignon 221.7 ba 1.275 b 1.225 b 6.854 b 5.875 b
Monastrell 176.0 a 0.800 a 0.909 a 4.050 a 3.803 a
Syrah 158.1 a 1.167 ab 1.041 ab 3.445 a 3.750 a

Cold treatment
Control 189.0 a 0.761 a 0.837 a 4.271 ab 4.083 a
FG 194.0 a 1.038 ab 1.351 b 5.697 c 5.043 b
DI 187.3 a 1.381 b 1.198 b 5.308 bc 4.707 b
CM 169.8 a 1.142 ab 0.846 a 3.856 a 4.070 a

Time
FA 171.9 a 0.935 a 0.611 a 3.732 a 4.057 a
AB 178.0 a 0.996 a 0.856 a 5.825 c 4.046 a
6 MB 206.0 b 1.310 a 1.707 b 4.792 b 5.325 b

Interactions
V � CT 0.554 0.128 0.071 0.505 0.059
V � T 0.482 0.122 0.718 0.008 0.203
CT � T 0.468 0.396 0.509 0.461 0.453

Abbreviations: FG: frozen grapes; DI: dry-ice; CM: cold maceration; FA: final alco-
holic fermentation, AB: after bottling; 6 MB: 6 months in bottle; V: variety; CT: cold
treatment; T: time.
Different letters within the same row indicate significant differences according to
Duncan test (p < 0.05).
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the FG Cabernet Sauvignon wine showed significant differences
with respect to the other treatments. Among wine esters, isoamyl
acetate (banana aroma) and 2-phenylethylacetate (rose aroma) are
important contributors to overall bouquet (Ribereau-Gayon,
Glories, Maujeau, & Dubordieu, 2006). The level of isoamylacetate
was low (0.02–1.31 mg/l) in all the assessed wines, and only the
CM and FG cold treatments produced higher levels than the control
in Cabernet and Syrah varieties.

Fatty acids have been described as having fruity, cheesy, fatty
and rancid notes (Rocha et al., 2004). In each variety, the treat-
ments used gave different results. For example, FG led to the high-
est levels of fatty acids in Cabernet Sauvignon and Syrah wines,
while in the case of Monastrell wines, cold soak produced the high-
est levels.

3.2. Effect of the oenological treatments on volatile compounds at the
moment of bottling

Table 2 shows the aroma compounds of the three studied vari-
eties (Cabernet Sauvignon, Syrah and Monastrell) immediately
after the wines were bottled, expressed as the means (mg/l) of
the three analytical replicates. In these samples 18 volatile com-
pounds were identified. Alcohols and acids, compounds mainly
produced by yeast metabolism during fermentation (Ribereau-Ga-
yon et al., 2006), were the main volatiles in all the treatments. In
the case of Syrah and Monastrell wines, FG and DI treatments in-
creased the total concentration of volatiles in wines compared with
the control wine. As indicated in Table 2, higher alcohols were the
major constituents of all the wines analysed. The concentration of
higher alcohols was influenced by the treatment in the case of Syr-
ah (FG and DI) and Monastrell (FG, DI and CM) wines, although not
in Cabernet Sauvignon wines. However, 1-propanol was not de-
tected in Cabernet Sauvignon and Monastrell wines. The kinds of
grapes used and the technological treatment applied also have an
impact on the volatile compounds of wines. These components,
especially esters and higher alcohols, influence the taste and aroma
of the final product. Their content depends on the composition of
the compounds in the raw material, but, especially, are also the re-
sult of biochemical and technological changes during winemaking
(Rapp & Mandery, 1986).

Octanoic acid was the major fatty acid in all the wines analysed.
As regards treatment, total fatty acid levels were only significantly
higher in FG Cabernet Sauvignon wines. The production of fatty
acids depends on the composition of the must and the
fermentation.

3.3. Effect of the oenological treatments on volatile compounds
6 months after bottling

Table 3 shows the aroma compounds of the three studied vari-
eties (Cabernet Sauvignon, Syrah and Monastrell) 6 months after
the bottling of wines, expressed as the means (mg/l) of the three
analytical replicates.

Quantitatively, higher alcohols were the major volatile com-
pounds in the wines, particularly 2-phenylethanol, which repre-
sented 50–75% of the total alcohol content in the case of
Cabernet Sauvignon wines. These compounds are classified as
secondary metabolites of the yeast and are produced during alco-
holic fermentation from amino acids (about 80%) and sugars (about
20%). Higher alcohols are important volatile components of alco-
holic beverages and, in small amounts, play an important role in
the formation of the sensory profile. According to Vidrich and
Hribar (1999) the fusel content in wine should be 80–540 mg/l.

One of the numerous factors that may affect the composition of
wine aroma is the grape variety. So, for Cabernet Sauvignon wines,
acetates, esters, acids and minor alcohols were higher than in con-
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trol wines, the dry-ice treatment producing the best results in this
respect. In the case of higher alcohols, the FG treatment led to the
highest concentrations and the dry-ice treatment (DI) the lowest.
In Syrah wines, higher alcohols, esters, acids and minor alcohols
were highest in FG and DI treatments, while the worst results were
obtained for the wines elaborated with cold pre-fermentation. In
Monastrell wines, the results pointed to little difference between
the treatments, the control wine being very similar in this respect
to the wines produced using the cold pre-fermentation treatments.
The acid content was higher in pre-fermentation maceration wines
than in the control for the Cabernet Sauvignon variety, but not in
Syrah and Monastrell varieties, where octanoic acid was the most
abundant acid.

3.4. Multivariable statistical analysis

The results of a multivariable analysis of variance are shown in
Table 4. This analysis provides information on the effect of the vini-
fication method and the grape variety used on volatile compounds
and on the aroma characteristics depending on the sampling mo-
ment. The MANOVA showed a significant effect of variety and cold
treatment as well as two way interactions on volatile phenolic
compounds. The levels of higher and minor alcohols, acetates, es-
ters and acids were significantly higher in wines produced from
Cabernet Sauvignon than in those made from Syrah and Monastrell
varieties. In the case of cold pre-fermentation treatments, only dry
ice (acetates, esters and minority alcohols) and freezing (esters,
acetates and minority alcohols) significantly increased levels com-
pared with the control and cold soak wines.

To attempt a differentiation of the different varieties, sampling
moment and treatments, linear discriminant analysis was chosen
since this technique allows differentiation among pre-established
populations. In this case, the discriminant analysis (Fig. 1A–C) re-
vealed that the most important factor is the variety and ageing of
the samples, by far the most relevant differences being observed
between the 6 month-bottled samples and the other samples. In
the case of variety (Fig. 1A), two canonic discriminating functions
were obtained which were statistically significant (P < 0.05),
explaining 100% of the variance. The first explained 86.6% of the
variance and the second the remaining 13% of the variance. 2-
Phenylethanol, 1-hexanol, hexanoic and octanoic acid were the
variables that contributed most to the differentiation. Cabernet
Sauvignon wines showed the greatest difference from both Mon-
astrell and Syrah wines. When sampling time was used as the dif-
ferentiating variable (Fig. 1B), two discriminating functions
correctly separated all the samples, the first of which explained
82% of the variance and the second 18% of the variance. Ethyl hex-
anoate and isobutanol were the most important differentiating
variables in function 1, and hexanoic acid and 1-hexanol were
the most important in function 2. For cold pre-fermentation treat-
ments (Fig. 1C), three discriminant functions were obtained and
these were also statistically significant (P < 0.05), the first two
explaining 88% of the variance. In this case, not all the samples
were correctly classified. The control samples are situated on the
left of the plot while all cold treatments were situated on the right,
but slightly mixed. Ethyl hexanoate, 1-hexanol, isobutanol and
ethyl propionate were the variables that contributed most to the
differentiation.

In conclusion, significant statistical changes in volatile composi-
tion within three varieties were detected but not between the cold
pre-treatments. Compared with conventional winemaking, freez-
ing grapes and dry ice treatment both led to higher acetate, ester,
acid and minor alcohol contents in the wines of all three varieties
6 months after bottling. These results led to the conclusion that
volatile compounds can be regarded as a valuable tool for the clas-
sification and discrimination of different varieties and wine age but
not for discriminating between different cold pre-treatments.
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