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Abstract: Consumers’ appreciation of wines is mainly driven by their aroma, which is the most
important organoleptic characteristic and key attribute. The volatile bouquet derives from the grape
berries and from the processing phases of vinification. In the present study, the volatile emission
of six grapevine cultivars has been analysed through four phases of vinification: the headspaces
of crushed grapes, fermented must, new wine (2 months old), and wine (7 months old) have been
sampled and analysed. This showed the evolution of the volatile compounds based on the chemical
and mechanical processes involved in the specific vinification phase. Chemometric tools (hierarchical
cluster and principal component analyses) have revealed that samples gather in statistical groups
based on the vinification phase they belong to, though they maintain an aroma composition that is
typical of the grape berry of origin.

Keywords: Canaiolo nero; Ciliegiolo; Colorino; Merlot; Montepulciano; Sangiovese; headspace; volatiles

1. Introduction

Red wines are obtained from black grape varieties, whose skin is kept in a must
fermenting medium to confer the typical colour to the final product. Red wines undergo
higher fermentation temperatures and longer aging, which ultimately produce a product
richer in terms of fruity aroma, in comparison with white wines; these typical aromatic
notes are due to the bouquet of the volatile esters [1]. Characterization and consumers’
appreciation of wines is, indeed, due mostly to their aroma, which is conferred by the
released volatile organic compounds (VOCs). The composition and content of volatiles
depend on the vineyard, the fermentation, and the aging processes the wine undergoes [2].
The vineyard influences the primary (or “varietal”) aroma, in which the terroir, together
with the used grape variety, plays a major role; grapevines from the same geographical
area, indeed, share common traits in their aroma profile. This primary aroma is mainly
due to isoprenoids, particularly oxygenated monoterpenes, which confer fruity and floral
notes to wine [3,4]. Monoterpenes, as well as other compounds of the aroma of wines, can
be distinguished in bound (non-volatile precursor) and free (volatile) forms [2], whose
proportion depends on different factors, including the berry ripening [5]. Aroma precursors
are of great importance for the quality of wine because, during the fermentation and aging
phases, they are converted in odour-contributing free VOCs, thanks to the physical crushing
of grapes and the hydrolysis reactions mediated by the glucosidase enzymes released by
the yeasts [2,5,6]. The secondary (or “fermentative”) aroma, instead, is due to compounds
developed during the fermentation process, such as higher alcohols, esters, and fatty
acids [3]. These molecules are produced from yeast substrates, such as sugars, proteins,
and lipids, and, as a consequence, they are not dependent on the grape variety and are not
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responsible for the specific aromas of the final product [4]. Finally, the tertiary aroma is
determined by the wine storage and aging, which leads to the loss of VOCs linked to the
grape varieties and fermentation [5]. It is characterized by greater amounts of long-chain
alcohols and volatile fatty acids, characteristic of older wines, and by a reduction in the
volatiles related to fresh and fruity notes, as the ethyl esters of fatty acids, which during the
fermentation stage are produced in amounts exceeding their concentration equilibrium [4].
Thus, the complete wine volatile bouquet undergoes several transformations during the
whole processing chain [4,5], and in the final product it is composed of various classes
of volatile compounds, mainly represented by alcohols, together with their fermentation
metabolites, including higher alcohols, branched and non-branched fatty acids, and their
ethyl esters [2,7,8]. Different families of aroma compounds play different roles in wine
aroma perception and quality [7], even though not all volatiles affect wine aroma to the
same extent. Each compound has an olfactory perception threshold, which determines
whether its presence in very low amounts can significantly influence the perceived aroma
of the wine [2]. Furthermore, an aromatic note is formed not only by the few compounds
that dominate it, but also by the simultaneous presence of other odorants that negatively
affect its perception [9]. These two phenomena explain the positive attributes of higher
alcohols to wine aroma, even though, no matter their purity degree, they contain powerful
smelling aldehydes at significant levels [7].

In this study, the variation of the aroma profile throughout the different phases of
vinification has been analysed for six black grape cultivars: ‘Canaiolo nero’, ‘Ciliegiolo’,
‘Colorino’, ‘Merlot’, ‘Montepulciano’, and ‘Sangiovese’.

2. Materials and Methods
2.1. Samples Preparation

The cultivation and vinification of the six cultivars of red grapevine (Vitis vinifera L.)
were performed by Azienda Agricola “Il Grappolo” di Narri Patrizio located in Soiana,
Terricciola (PI), Tuscany, Italy. Grapes were collected in September 2021. The company
vines are located on the hills of Alta Valdera, at 170 m a.s.l. (45.534283 N, 10.661349 E); they
occupy half a hectare and are PGI (Protected Geographical Indication) branded. Vines are
arranged with the “archetto toscano” method, a variation of the Guyot theme, in which a
bend in the cane limits the vigour of the end shoot; each plant is 90 cm away from the other,
with a distance 210 cm between the rows. The six studied cultivars of red grapevine are
those cultivated on the farm, namely ‘Sangiovese’, ‘Canaiolo nero’, ‘Ciliegiolo’, ‘Colorino’,
‘Montepulciano’ and ‘Merlot’; the first five are local to Tuscany (Italy), whilst the latter is
native to Bordeaux (France). The gathered ripe grapes were destemmed and mechanically
pressed: 8 mL of the obtained must, together with marcs, was put in a glass beaker of
20 mL volume and covered with aluminium foil before exposing the polydimethylsiloxane
(PDMS) fibre for 45 min in the headspace. The must was left in an open 5 L glass barrel,
fermenting for 5 days at 21–25 ◦C. Then, 8 mL of the obtained wort was put in a glass
beaker of 20 mL volume and covered with aluminium foil before exposing the PDMS fibre
for 10 min in the headspace. The winemaking was performed by the company in 5 L glass
barrels. After the removal of marcs and filtration, 100 mL samples of each cultivar were
taken to perform the analysis at different (2-month-old wine and 7-month-old wine) stages
of vinification. A volume of 8 mL of wine was put in 20 mL volume glass beakers and
covered with aluminium foil, before exposing the PDMS fibre for 12 min in the headspace.
For each sample, triplicates were performed.

2.2. Samples Analysis

Supelco (Merck KGaA, Darmstadt, Germany) SPME (Solid Phase Micro-Extraction)
devices coated with polydimethylsiloxane (PDMS, 100 µm) were used to sample the
headspace. SPME sampling was performed using the same new fibre, preconditioned ac-
cording to the manufacturer instructions, for all the analyses. Sampling was accomplished
in an air-conditioned room (22 ± 1 ◦C) to guarantee a stable temperature. After the equili-
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bration time, the fibre was exposed to the headspace for a suitable amount of time based on
the analysed sample. Once sampling was finished, the fibre was withdrawn into the needle
and transferred to the injection port of the GC-MS system. The desorption conditions were
identical for all the samples. Furthermore, blanks were performed before each first SPME
extraction and randomly repeated during each series. Quantitative comparisons of relative
peaks areas were performed between the same chemicals in the different samples.

2.3. GC–MS Analysis

The GC–EI-MS analyses were performed with a Varian CP-3800 (Agilent Technolo-
gies Inc., Santa Clara, CA, USA) apparatus equipped with a DB-5 capillary column
(30 m × 0.25 mm i.d., film thickness 0.25 µm) and a Varian Saturn 2000 ion-trap mass
detector (Agilent Technologies Inc., Santa Clara, CA, USA). The oven temperature was
programmed rising from 60◦ C to 240◦ C at 3◦ C/min, with an injector temperature of
220 ◦C, a transfer-line temperature of 240◦ C, and the carrier gas, He (1 mL/min).

2.4. Volatiles Analysis

The identification of the constituents was based on the comparison of their retention
times (tR) with those of pure reference samples and their linear retention indices (LRIs)
determined relative to the tR of a series of n-alkanes. The mass spectra were compared
with those listed in the commercial libraries NIST 14 and ADAMS and in a home-made
mass-spectral library, built up from pure substances and components of essential oils of
known composition, and the MS literature data [10–16].

2.5. Multivariate Statistical Analysis

The statistical analyses were carried out with the JMP software package (SAS Institute,
Cary, NC, USA). For the statistical evaluation of the volatile composition, the covariance
data matrix was a 161 × 24 matrix (161 individual compounds × 24 samples = 3864 data).
The principal component analysis (PCA) was performed selecting the two highest principal
components (PCs) obtained by the linear regressions operated on mean-centred, unscaled
data; as an unsupervised method, this analysis aimed at reducing the dimensionality of the
multivariate data of the matrix, whilst preserving most of the variance (Choi et al., 2004).
The chosen PC1 and PC2 cover 77.81 and 9.72% of the variance, respectively, for a total
explained variance of 87.53%. The hierarchical cluster analysis (HCA) was performed by
the Ward’s method. Both the HCA and the PCA methods can be applied to observe groups
of samples even when there are no reference samples that can be used as a training set to
establish the model.

3. Results
3.1. Headspace Solid-Phase Micro-Extraction Analyses of the Vinification Phases of All
the Cultivars

Table 1 reports the chemical compounds detected in amounts higher than 1% in at
least one of the analysed samples’ headspaces. The complete compositions are instead
reported in Table S1. The bold numbers in the text refer to the entries in S1.
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Table 1. Headspace compositions of all the analysed vinification phases of the six cultivars, reporting only compounds detected in amounts higher than 1% in at
least one sample.

Peak Constituents l.r.i. a
Relative Abundance (%)

CG FM NW W

CA CI CO ME MO SA CA CI CO ME MO SA CA CI CO ME MO SA CA CI CO ME MO SA

2 ethanol 427 0.2 4.4 2.7 - b 2 0.1 17.1 18.9 24.3 21.2 16.6 16.8 20.1 21.3 26.6 23.4 18.2 20.9 20.9 29.3 25.9 25.2 22.2 18.9
3 butyl methyl ether 604 0.4 3.5 13.8 0.2 1.1 0.2 8.1 9.6 11.4 8.7 9 9.4 10.1 11.2 12.1 10.5 10.1 11.7 13.4 17.4 16.3 15.3 14.4 12
4 isoamyl alcohol 736 - tr c 0.2 0.2 - tr 18.5 23.4 23.2 24.9 18.1 22.5 20.6 21.5 22.8 25.4 18.6 21.9 20.7 22.1 22.1 26.1 22.3 25.6
7 hexanal 802 6.1 - 1.4 7.7 9.3 15 - - - - - - - - - - - - - - - - - -
9 (E)-2-hexenal 856 11.7 1.1 4.5 12.5 tr 13.6 - - - - - - - - - - - - - - - - - -

10 (E)-3-hexenol 887 - - - - 6.2 - - - - - - - - - - - - - - - - - - -
11 1-hexanol 870 12 37.7 24.5 13.4 14.9 4.7 0.1 0.1 0.2 0.2 tr 0.2 0.2 0.1 0.2 0.1 tr 0.2 0.1 0.1 0.2 0.1 tr 0.2
12 isopentyl acetate 878 - - - - - - 4.6 6.1 3 3.1 10.3 9.8 3 2.1 2.5 2 5.1 4.3 3.2 2 2.3 2.2 4.8 4
17 sabinene 978 - - 0.2 2.4 0.1 tr - - - - - - - - - - - - - - - - - -
18 β-pinene 982 1.3 0.6 - - 0.3 1.3 tr tr 0.1 tr tr tr tr 0.7 - 0.2 tr - - - - - - -
23 ethyl hexanoate 999 - 0.2 tr tr 0.1 tr 9.2 6.5 7.8 8.1 8.7 7.6 6.2 4.6 5.6 4.2 6.2 5.4 6.8 4.5 6.1 4.1 5.6 6.3
24 (E)-3-hexenyl acetate 1004 0.3 - 0.3 tr 1 tr - - - - - - - - - - - - - - - - - -
27 1-hexyl acetate 1011 tr 2.3 0.8 0.1 0.6 - 0.3 0.1 tr 0.1 0.3 0.5 tr 0.1 tr tr tr 0.1 tr 0.1 tr tr tr 0.1

28 (E)-2-hexen-1-ol
acetate 1013 - 5.3 1.3 - 0.8 - - - - - - - - - - - - - - - - - - -

30 p-cymene 1027 2.7 2.5 0.1 0.2 1.5 1.1 tr tr tr - - - - 0.8 - 0.6 - tr - - tr - - -
31 limonene 1032 3.5 3.3 0.3 1.6 2.1 1.9 tr tr 0.2 - - tr - 1.3 - 0.4 tr - tr tr tr tr tr tr
32 1,8-cineole 1034 10.5 3.9 8 4.4 6.5 2.3 0.2 0.2 tr - - - - - - 0.3 - - - - - - - -
33 γ-terpinene 1062 0.7 1.1 tr 0.3 0.4 0.4 tr tr tr - - - tr 0.3 - 0.1 tr tr tr - tr - tr -
35 terpinolene 1088 - 1 tr 3.9 - - tr tr tr tr - - - 0.1 - tr tr tr tr 0.1 - - - -
36 fenchone 1089 1.7 - - - 1.6 0.5 - - - - - - - - - - - - - - - - - -
42 nonanal 1103 - 0.4 0.5 1.6 1.2 0.7 - - tr tr tr tr tr 0.1 tr 0.1 tr tr 0.1 0.1 0.1 tr tr tr
43 α-thujone 1106 2 0.4 0.5 - - - - - - - - - - - - - - - - - - - - -
44 phenylethyl alcohol 1110 tr - tr tr - - 2.8 2.3 2.6 3.3 2 2.2 2.6 2.5 2.7 3.9 2.1 2.5 3.4 2.8 2.4 4.5 2.7 3.3
47 camphor 1143 2.8 1.7 0.4 0.6 2.7 0.8 tr tr - - - - - tr - tr - - - - - - - -
48 menthone 1154 1.4 0.3 - tr 0.2 0.4 - - - - tr tr - tr - tr tr - - - - - - -
53 neo-menthol 1170 1.6 - - 1.1 0.9 0.3 - - - - - - - - - - - - - - - - - -
55 1-nonanol 1176 - 1.6 0.2 - - - - - - - - - - - - - - - - - tr - - -
61 ethyl octanoate 1196 - - tr - - - 15.9 15 12.5 14.2 17.1 15.1 23.6 19.3 17.5 17.84 25.4 20.9 20.9 13.8 16.3 13.3 17.9 16.8
62 methyl chavicol 1197 1.5 1 - - 0.6 0.5 - - - - - - - - - - - - - - - - - -
64 decanal 1204 2.1 0.4 0.8 3 3.7 1.1 tr tr tr - tr tr tr - - tr tr tr tr tr tr tr tr tr
76 isobornyl acetate 1285 7.7 3.1 0.3 0.3 5 3.4 tr tr tr - - - tr tr tr 0.2 tr tr tr - 0.1 - - tr
79 menthyl acetate 1297 1.3 0.3 - 0.4 0.7 0.6 - - - - - - - - - - - - - - - - - -
80 ethyl nonanoate 1320 0.2 0.2 0.3 2.5 - tr 0.2 0.3 0.3 0.3 0.3 0.3 0.2 tr 0.5 tr tr tr 0.2 0.3 0.1 0.7 0.4 0.5
84 n-nonanol acetate 1312 - 1 tr 1.2 - tr - - - - - - - - - - - - - - - - - -
90 cyclosativene 1368 0.4 0.2 1.2 0.8 tr - - - - - - - - - - - - - - - - - - -
92 β-bourbonene 1384 - - 1.5 - - - - - - - - - - - - - - - - - - - - -
95 ethyl decanoate 1393 tr - - - - - 14 11.4 7.2 0.4 12.7 10.5 10.6 9.8 6.8 7.75 11.5 9.5 7.1 4.9 5.9 5.9 6.9 8
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Table 1. Cont.

Peak Constituents l.r.i. a
Relative Abundance (%)

CG FM NW W

CA CI CO ME MO SA CA CI CO ME MO SA CA CI CO ME MO SA CA CI CO ME MO SA

96 n-tetradecane 1400 0.3 0.4 0.2 1.9 0.4 0.8 - - - - - - - - - - - - - - - - - -
97 longifolene 1403 - 1 0.1 - 1 0.4 - - - - - - - - - - - - - - - - - -
99 α-cedrene 1412 1 - - - - - - - - - - - - - - - - - - - - - - -

101 β-caryophyllene 1420 2.4 2.2 - 1 2.1 0.8 tr tr tr - - tr - 0.1 - - - - tr tr tr tr - -
102 β-ylangene 1421 - - 1.2 - - - - - - - - - - - - - - - - - - - - -
111 (E)-geranyl acetone 1455 0.5 - 0.6 0.6 1.9 1.1 - - 0.1 0.3 0.1 0.1 - - tr tr tr tr 0.1 tr tr tr tr tr
112 α-humulene 1456 1.2 1.2 0.8 - 1 0.4 - 0.1 - - - - - 0.1 - - - - - - - - - -
118 germacrene D 1482 0.5 0.4 4.1 - tr tr - - - - - - - - - - - - - - - - - -
120 cis-β-guaiene 1490 0.1 - 1 0.3 - - tr tr tr tr tr tr - - tr - - - - - - - - -
123 epizonarene 1497 0.8 - 2.1 1 - - - - - - - - - - - - - - - - - - - -
128 trans-γ-cadinene 1513 0.7 0.3 1.4 1.8 - - tr tr tr - - tr - - tr - - - - - - - - -
141 ethyl dodecanoate 1596 0.2 - - 0.7 - - 4.4 3 3.4 2 2.6 2.1 1.2 1.1 1.1 1.2 1.1 0.8 0.9 0.8 0.8 0.9 1.1 1.2
142 epi-cedrol 1597 - - 0.3 1.5 0.3 2.1 - - - - - - - - - - - - - - - - - -

146 cis-methyl dihydro
jasmonate 1654 - - - 1.7 tr 3.2 - - - - - - - - - - - - - - - - - -

147 methyl-β-ionone 1666 - - - 5.2 2.5 10 - - - - - - - - - - - - - - - - - -

148 8-hydroxyisobornyl
isobutyrate 1673 - - - 1.2 0.6 - - - - - - - - - - - - - - - - - - -

152 β-acorenone 1698 - - - - - 1.4 - - - - - - - - - - - - - - - - - -
155 ambroxide 1758 0.2 - - 1.2 0.2 0.6 - - - - - - - - - - - - - - - - - -

Monoterpene hydrocarbons 10.1 9.7 1.9 9.5 5.4 6.2 0.2 - 1.1 - - - - 4.3 - 1.4 - - - 0.1 - - - -
Oxygenated monoterpenes 32.6 13 10 8.4 19.9 9.2 0.2 0.2 - - - - - - - 0.5 - - - - 0.1 - - 0.1
Sesquiterpene hydrocarbons 10.1 8.5 21.6 8.1 6 2.4 - 0.1 - - - - - 0.2 0.1 - - - - - - - - -
Oxygenated sesquiterpenes 0.2 - 0.9 2.7 0.7 4.9 - - - - - - - - - - - - - - - - - -
Oxygenated diterpenes - 0.5 0.2 0.5 0.2 - - - - - - - - - - - - - - - - - - -
Apocarotenoids 0.8 0.1 0.6 6.3 4.4 11.4 - - 0.1 0.3 0.1 0.1 - - - - - - 0.1 - - - - -
Phenylpropanoids 1.5 1 - - 0.6 0.5 - - - - - - - - - - - - - - - - - -
Non-terpene acids 0.1 - - 5.2 - - 0.2 0.3 0.2 0.1 0.1 0.7 - - - - - - 0.1 - - 0.1 - 0.1
Non-terpene alcohols/phenols 13.3 44.7 27.6 14.1 23.1 4.8 38.5 44.7 50.3 49.6 36.7 41.7 43.5 45.4 52.3 52.8 38.9 45.5 45.1 54.3 50.6 55.9 47.2 48
Non-terpene aldehydes 20.1 2 7.3 25.1 14.6 30.5 - - - - - - - 0.1 - 0.1 - - 0.1 0.1 0.1 - - -
Non-terpene esters 3.3 10.6 3.3 7.2 3.5 4.1 50.4 43.5 34.9 29.3 53 46.5 45 37.8 34.3 33.3 49.8 41.6 39.4 27.3 31.8 27.5 37 37.5
Non-terpene ethers 0.4 3.5 13.8 0.2 1.1 0.2 8.1 9.6 11.4 8.7 9 9.4 10.1 11.2 12.1 10.5 10.1 11.7 13.4 17.4 16.3 15.3 14.4 12
Non-terpene hydrocarbons 1.3 2.3 1.9 3.8 2.1 1.5 - - - - - - - - - - - - - - - - - -
Non-terpene ketones - 0.2 0.2 - 0.2 - - - - - - 0.1 - - - - - - - - - - - -

Total identified 93.8 96.1 89.3 91.1 81.8 75.7 97.6 98.4 98 88 98.9 98.5 98.6 99 98.8 98.6 98.8 98.8 98.2 99.2 98.9 98.8 98.6 97.7

a Linear retention indices on a DB-5 column; b Not detected; c Traces, <0.1%. Abbreviations: CG = crushed and destemmed grapes; FM = fermented must with marcs; NW: new wine,
2 months old; W = wine, 7 months old; CA = Canaiolo; CI = Ciliegiolo; CO = Colorino; ME = Merlot; MO = Montepulciano; SA = Sangiovese.
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3.1.1. The Crushed and Destemmed Grapes (CG) Headspaces

The crushed and destemmed grapes (CG) of all the cultivars exhibited headspaces rich
in non-terpene compounds, mainly alcohols/phenols and aldehydes. The former chemical
class was among the three main chemical classes in all the varieties (except ‘Sangiovese’):
1-hexanol (11) was detected in all the CG samples, ranging between 4.7 and 37.7%; ethanol
(2), not detected only in ‘Merlot’, showed relative abundances between 0.1 and 4.4%.
Among the non-terpene aldehydes, the common ones were hexanal (7), not detected only in
‘Ciliegiolo’, ranging between 1.4 and 15.0%, and (E)-2-hexenal (9; 1.1–13.6%), whose relative
amount was lower than 0.1% only in ‘Montepulciano’ grapes. Oxygenated monoterpenes
were detected in all the CG samples: the most common were 1,8-cineole (32; 2.3–10.5%),
camphor (47; 0.4–2.8%), and isobornyl acetate (76; 0.3–7.7%). ‘Canaiolo’ was the only CG
sample in which the oxygenated monoterpenes were present in higher relative abundance
than non-terpene compounds. The ‘Ciliegiolo’ cultivar showed a significant non-terpene
ester presence, with (E)-2-hexen-1-ol acetate (28) being the most abundant (5.3%) one.
‘Colorino’ headspace showed the highest sesquiterpene hydrocarbons and non-terpene
ether abundances, as these chemical classes accounted for 21.6 and 13.8%, respectively. The
apocarotenoid methyl-β-ionone (147), accounting for up to 10.0%, constituted the second
most abundant chemical class of compounds in the ‘Sangiovese’ CG headspace.

3.1.2. The 5-Day-Old Fermented Must (FM) Headspaces

The 5-day-old fermented must (with marcs) samples (FM) from all the cultivars exhib-
ited qualitatively similar emission profiles, with minor quantitative differences. ‘Canaiolo’,
‘Montepulciano’ and ‘Sangiovese’ FM headspaces exhibited a relative content of non-
terpene esters slightly higher than that of non-terpene alcohols/phenols; the opposite was
found for ‘Ciliegiolo’, ‘Colorino’ and ‘Merlot’. Non-terpene ethers represented the third
most abundant class of compounds in all the cultivars. The ethyl esters of three fatty acids
were common to all the FM samples: ethyl octanoate (61; 12.5–17.1%), ethyl hexanoate (23;
6.5–9.2%) and ethyl decanoate (95; 0.4–14.0%). The alcohol compounds common to all the
cultivars’ FM headspaces were ethanol (2; 16.6–24.3%), isoamyl alcohol (4; 18.1–24.9%) and
phenylethyl alcohol (44; 2.0–3.3%). The only detected non-terpene ether, common to all the
FM emission profiles, was butyl methyl ether (3; 8.1–11.4%).

3.1.3. The Filtered 2-Month-Old New Wine (NW) Headspaces

The 2-month-old new wine (NW) headspaces showed the same behaviour of the FM
samples: quantitatively, rather than qualitatively, differences were detected. Moreover,
the most abundant chemical classes (and single compounds) were the same as in the
FM samples; ‘Ciliegiolo’, ‘Colorino’ and ‘Merlot’ showed the same predominance of non-
terpene alcohols/phenols over the non-terpene esters, but, in this case, the same was
true for the ‘Sangiovese’ variety, as well. The opposite was found for ‘Canaiolo’ and
‘Montepulciano’. The ethyl esters 61 (17.5–25.4%), 95 (6.8–11.5%) and 23 (4.2–6.2%) were
the most abundant non-terpene esters in the NW samples, as well. Moreover, the non-
terpene alcohols/phenols 2 (18.2–26.6%), 4 (18.6–25.4%) and 44 (2.1–3.9%) were the most
represented. Compound 3 was the only detected non-terpene ether, ranging from 10.1 to
12.1%. Differently from the FM samples, monoterpene hydrocarbons were present in
relevant relative abundance in the ‘Ciliegiolo’ (4.3%) and ‘Merlot’ (1.4%) cultivars, with
limonene and p-cymene being the most represented.

3.1.4. The Filtered 7-Month-Old Wine (W) Headspaces

The last evaluated samples came from the final vinification phase: the 7-month-
old fermented wine (W). For all the cultivars, non-terpene alcohols/phenols dominated
the W sample headspaces; their relative abundances ranged from 45.1% in ‘Canaiolo’ to
55.9% in ‘Merlot’. As in the FM and NW samples, the most abundant were compounds
2 (18.9–29.3%), 4 (20.7–26.1%) and 44 (2.4–4.5%). The non-terpene esters followed as the
second most relevant class, with relative abundances between 27.3% in ‘Ciliegiolo’ and
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39.4% in ‘Canaiolo’. Compounds 61 (13.3–20.9%), 95 (4.9–8.0%) and 23 (4.1–6.8%) were the
most abundant, as in the FM and NW samples. Compound 3 was, again, the only detected
non-terpene ether, representing the third most represented chemical class of compounds
(12.0–17.4%).

3.2. Multivariate Statistical Analysis

The dendrogram of the HCA (Figure 1) shows a sharp tendency of the samples to
gather in clusters based on the vinification phase they belong to. In the dendrogram, two
macro-clusters, A and B, can be identified. The first one (A) comprises all the samples
obtained after the crushing of grapes, once the fermentation has started (FM, NW and
W), whilst the second one (B) is composed of the CG samples. In the macro-cluster A,
three sub-clusters are evidenced in the dendrogram: A1 groups comprises the W samples,
A2 comprises the NW samples and A3 is composed of the FM samples. It is noteworthy
that the FM samples, which represent the first fermentation phase at the beginning of the
vinification process, are clustered right next to the CG samples of macro-cluster B. The
NW samples are grouped between the FM and the W samples. This clustering behaviour
sharply reproduces the order in which the vinification process occurred.
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These results were confirmed by the principal component analysis. As shown in
Figure 2a, the CG samples for all the cultivars are plotted in the left quadrants, thus showing
negative loadings on the PC1 axis. ‘Ciliegiolo’ and ‘Colorino’ CG samples are plotted in
the upper left quadrant of the PCA, with positive PC2 loading. 1-hexanol (11) is the reason
for this positioning, as it is quite abundant in both the samples, as can be observed in the
loadings plot (Figure S1, Supplementary Material). The CG samples of the other cultivars
are all plotted in the bottom left quadrant, with negative PC2 loading. ‘Montepulciano’
cultivar is the upper one, due to the quantitatively relevant presence of (E)-3-hexenol (10)
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and 1,8-cineole (32) in its headspace (Figure S1, Supplementary Material). ‘Canaiolo’,
‘Merlot’ and ‘Sangiovese’ cultivars, instead, all show significant relative abundances of
(E)-2-hexenal (9) and hexanal (7), two non-terpene aldehydes which are the reason for this
plotting (Figure S1, Supplementary Material). All the other samples for all the cultivars are
plotted in the right quadrants, thus with positive loadings on the PC1 axis. In the bottom
area of the upper quadrant, with positive loading on the PC2 axis, the samples with a
significant relative abundance of ethanol (2) and isoamyl alcohol (4) in their headspace
are plotted (Figure S1, Supplementary Material). In the upper section of the bottom right
quadrant, thus with negative loading on the PC2 axis, ethyl esters, such as compounds 23
and 61, together with phenyl ethyl alcohol (44), are the reason for the plotting of the other
samples in this area (Figure S1, Supplementary Material).
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4. Discussion

The CG samples of all the grape cultivars exhibited a larger qualitative variability of
the compounds detected in their headspaces, whilst in the following vinification phases,
the observed differences were mostly quantitative. This confirms the importance of the raw
starting material, in which the variety of the grape defines its volatile emission. The relative
abundance of the oxygenated monoterpenes was particularly relevant in the CG samples;
except for the ‘Colorino’ variety, this chemical class was among the most important ones in
the CG headspaces. In the ‘Colorino’ CG sample, though, the sesquiterpene hydrocarbons
were detected in relevant relative concentrations. Once the fermentation began, terpenes
appeared only in small quantities in the wine headspace; nevertheless, they are important
for the aroma profile because of their low olfactory perception thresholds [3]. They confer
wine a positive aroma contribution, as floral and citrus notes [17]. For ‘Ciliegiolo’, ‘Colorino’
and ‘Montepulciano’ varieties, though, non-terpene alcohols/phenols were detected in
significant relative abundances in the CG samples, already. In these samples, the most
abundant compound of this class is 1-hexanol (11), whose aroma contribution has been
described as herbaceous, with a grass-like odour [2,8,18]. As a general pattern evidenced
in all the analysed cultivars, terpene compounds decrease with wine aging. Non-terpene
aldehydes decreased during the vinification process, as well; the loss of aldehydes in
terms of relative abundance with the aging of the material is due to their conversion to the
corresponding alcohols during the fermentation phase [8].
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Moving forward in the following vinification phases, fusel (>2C) alcohols dominated
the emission profiles of all the cultivars. They are secondary products of the yeast’s
metabolism; they can be generated by the anabolic pathway from glucose or derive from
the catabolic pathway of amino acids, which are different in each grape variety [2,8]. In
the red wine fermenting must, ethanol also serves as a co-solvent for fruit pigments of the
grape skin, which are important for the development of wine colour.

Non-terpene esters and ethers showed an increment along the vinification process
in all the cultivars, as well. For the latter, the only detected compound was butyl methyl
ether (3). For the former, they are mainly represented by ethyl esters of fatty acids. They
are enzymatically synthesized during the yeast’s fermentation or they are derived from
the ethanolysis of Acyl-coA, depending on factors such as the used yeast strain, the fer-
mentation temperature and sugar content [2,8]. They have fruity and floral notes, which
are sensory criteria positively correlated with consumer preferences [19]. The longer chain
esters relative abundance decreases with wine aging, even after only 2 or 3 years, as they
undergo hydrolysis during wine maturation. Nevertheless, their characteristic aroma notes
linger even at sub-threshold levels through synergistic effects [1,19]. Among the ones
detected in the samples of this study, ethyl octanoate (61), ethyl decanoate (95) and ethyl
hexanoate (23) are the most abundant. For compound 61, the aroma attributes are described
as pineapple- or pear-like, with fresh floral reminiscences [2,17,18,20]. Ethyl decanoate (95)
has a fruity and pleasant grape-like aroma [2,17,18]. The aroma attributes of ethyl hex-
anoate (23) are defined as fruity (green apple) and anise-, brandy- or wine-like [2,17,18,20].
This compound in particular is involved in the red-berry aroma of wine, thus it represents a
positive contribution to the wine aroma bouquet [21]. Ethyl esters abundance in red wines
is less significant than in white ones, which are, indeed, more fruity and fresh in terms of
aroma [19]. From the FM sample on, another quantitatively relevant non-terpene ester is
isopentyl acetate (12), deriving from amino acid or carbohydrate degradation [8]; its aroma
contribution has been described as fruity (banana-like) and sweet [2,18].

For the ‘Montepulciano’ variety, a published study by Sagratini et al. [22] analysed
the headspace of monovarietal ‘Montepulciano’ wines from Abruzzo and Marche (from
four different areas of both regions). For the Marche samples, the most abundant chemical
class of compounds was the ester one: ethyl octanoate accounted for 38.33% on average,
followed by ethyl decanoate (25.06% on average). The most abundant alcohol was 3-
methyl-1-butanol (11.39%), but it was not detected in our sample. The same behaviour was
reported for the Abruzzo samples, with a slightly higher relative abundance of 3-methyl-1-
butanol [22].

5. Conclusions

The volatile bouquet of wine depends on the raw starting material and on the vini-
fication process. Each variety shows a different genetic pattern, which means a different
pool of amino acids and sugars available for the fermentation and subsequent winemaking
phases, from which volatiles are developed. The biggest qualitative differences in the
samples of this study were, indeed, detected among the volatile profiles of the crushed and
destemmed grapes, rather than in the following vinification phases.

On the other hand, different processing methods confer different aroma profiles on
wines, even when the starting material is the same. As the analysed samples have been
subjected to the same vinification stages and they come from the same area, it is reasonable
to affirm that the differences evidenced in their volatile emissions are only due to their
varietal origin. The overall exhibited behaviour is a decrement of terpenes and non-
terpene aldehydes along the vinification process, coupled with an increment in non-terpene
alcohols/phenols, esters and ethers. The varieties already exhibiting a higher relative
content of non-terpene alcohols/phenols in the grapes showed a stable increment in their
content during the vinification. Non-terpene esters and ethers, instead, were developed
during the process.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation8120753/s1, Figure S1: Principal component analysis
(PCA) loadings plot; Table S1: Complete headspace compositions of all the analysed vinification
phases of the six cultivars.
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