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Abstract

The present research aimed to identify the volatile profile of sparkling wines from Sdo Francisco Valley, which products
will have soon the Geographical Indication requested by the producers. Volatile organic compounds from muscat, brut,
brut rosé and demi-sec sparkling wines produced in the Sdo Francisco Valley, located in the Caatinga region of Brazil,
were extracted, separated and identified using the HS-SPME/GC-MS technique. The results reached the identification of a
total of 109 compounds, classified in 13 chemical groups, being the main esters, terpenes, and alcohols. It was found that
some compounds with expressive area are unique to each type of sparkling wine: a total of 23 in muscat, 9 in brut, 5 in brut
rosé, and 4 in demi-sec. This suggests a strong association between the grape varieties and the technological processes of
winemaking. The volatile profiles of each commercial sparkling wine in the Sao Francisco Valley present possible chemical
markers of typicity which can be used to distinguish the commercial wines from the region.
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Introduction

Global wine (made with Vitis vinifera grapes) production in
2019 reached 260 million hectolitres (mhL), which 2.0 mhLL
were produced by Brazil, where it has been outstanding in
wine production in the southern hemisphere, occupying the
fifth position with high-quality products, among red, spar-
kling, and also white wines (Ibravin, 2020a; OIV, 2020).
Brazilian wineries have been investing in Geographical
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Indications (GI) in the last 20 years, a quality seal that attests
the quality due to the specificity of the ferroir of each pro-
ducing region. Nowadays there are seven regions with GI,
mainly in the South, in Rio Grande do Sul and Santa Cata-
rina States (Embrapa, 2020).

Geographical Indication is able to boost territorial devel-
opment in its social, economic, political and cultural aspects,
adding a differential value to products and services, and
giving notoriety to the region (Siedenberg et al. 2017). In
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this regard, the Sdo Francisco Valley (VSF) is a traditional
winegrowing region, producing tropical wines since 30 years
ago, actually with 4 million liters of wines (Vitis vinifera
grapes) per year, which sparkling wines represent about 70%
of the total production (Embrapa, 2020; Pereira et al. 2018).
The VSF is exclusively located in the northeastern Brazil,
in the caatinga biome (exclusively Brazilian vegetation),
presenting a tropical semi-arid climate. In these conditions,
with high annual average temperatures (26.5°C), high solar
radiation, and water availability for irrigation, it is possible
to produce grapes every day of the year, by scheduling the
plots. The soils are classified as yellow eutrophic argisol/
typical plintustalf (soil taxonomy alfisol), usually with low
natural fertility, and a vine is pruned once a year and the
grapes are harvested twice (Benedetti et al. 2011; Ibravin,
2020b). In this region, the sparkling wines are mainly pro-
duced by the asti (single fermentation in pressure tanks)
and charmat (second alcoholic fermentation in the pressure
tanks or autoclaves) methods (Brasil, 2004; Pereira et al.
2018; Soares et al. 2015).

In addition to winemaking protocols and grape variety,
other factors such as soil and climatic conditions, as well as
viticultural practices influence the chemical composition of
wines, mainly volatile compounds (Fernandes et al. 2018).
The aromas present varied intensity and complexity and
are associated with the expression of a single grape variety
or its mixture/blend, being considered decisive factors in
the sensory quality, typicality, and acceptability of wines
(Sanchez-Palomo et al. 2017).

The aromas are directly influenced by the volatile compo-
sition of the wines. The extraction of the compounds by solid
phase microextraction (SPME) associated with separation by
high efficiency gas chromatography (GC) and the mass spec-
trophotometric detector represents a reliable tool for analysis
(Olegario et al. 2019; Ruiz et al. 2019). These techniques
have been used for wine analysis (Mufioz-Redondo et al.
2020; Tufariello et al. 2019; Ubeda et al. 2019) in order
to differentiate cultivars, determine the quality and typical-
ity of wines (Sanchez-Palomo et al. 2017), and differentiate
the geographical origin of this beverage (Ziétkowska et al.
2016).

A study by Nascimento et al. (2018) with experimental
sparkling wines from the Chenin Blanc and Syrah cultivars
produced in the Sao Francisco Valley showed that the grape
variety used can significantly influence the volatile profile.
Recently, de Macedo Morais et al. (2022) described the
volatile profile of different commercial tropical red wines
produced in this region, with the detection of unique com-
pounds. Barbara et al. (2020) studied the volatile profile of
wines produced with Syrah grapes and it was shown that
ten days of maceration and 19° Brix were significant for
the volatile composition. Fernandes et al. (2018) analyzed
wines from the VSF, Minas Gerais, and Rio Grande do Sul
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in Brazil, and showed that the main volatile profile markers
of red wines were esters and alcohols. The above-mentioned
studies indicate that factors such as cultivar, technological
winemaking process, and geographical origin influence on
the volatile composition of experimental wines produced in
the VSF. However, in our knowledge, there is no studies to
date characterizing the volatile composition of commercial
sparkling wines from this region.

In this context, this study aimed to identify the volatile
profile of the main sparkling wines produced in the region,
which products will take part of the Geographical Indica-
tion Sao Francisco Valley, in the way of recognition by the
Brazilian Government. The characterization of the products
will help the scientific community, as well as the producers
and consumers, to know in details which are the main aroma
present in the sparkling wines.

Material and Methods
Samples

Twelve sparkling wines indicated to compose the Vale do
Séo Francisco Geographical Indication, and were grouped
into four commercial categories of sparkling wines from the
Caatinga biome. All wines came from the same winery (9°
15’ S and 40° 50" W), because this one is the highest of the
region, with most different wines with 120 hectares of vine-
yards (60% for sparkling wines). They represent around 65%
of total sparkling wines produced in the region. The details
of four groups of sparkling wine are detailed in Table 1.
These sparkling wines selected represent in terms of volume
produced/marketed and in types, approximately 50-60% of
the total of the region, being thus, quite representative. The
samples were composed by three bottles (750 mL) from the
same batch and the experiments were carried out in tripli-
cate. Sparkling wines were stored at 16°C + 1°C until the
analysis for a period not exceeding 6 months.

Solid-phase microextraction

An aliquot of 30 mL of sparkling wine was transferred to
a 100-mL glass vial with a screw cap containing a Teflon-
lined septum (Supelco®, Bellafonte, PA, EUA). Extrac-
tions were carried out with an SPME device (Supelco®,
Bellafonte, PA, EUA) containing a fused-silica fiber coated
with a 65-pm layer of Polydimethylsiloxane/Divinylbenzene
(PDMS/DVB, Supelco, Bellefonte, USA). The stainless steel
needle housing the fiber penetrated the septum of the glass
recipient, and after equilibration at 45°C for 15 min, the
fiber was then exposed to the headspace above the wine for
30 min, under continuous stirring (250 rpm) according to the
method adapted from Barros et al. (2012). After extraction,
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Table 1 Description of the samples of Sparkling wine from the Sao Francisco Valley, production process and composition

Sparkling wine Varieties Method  Elaboration process Filtration Alcohol content  Sugar content
Moscatel Muscat Asti One fermentation (30 days at 0.45 ym membrane 7.24% 62.32 g/

16 +2°C)
Brut rosé Grenache Charmat First fermentation in steal stain- 11.57% 10.36 g/
Demi-sec Chenin Blanc; Sauvignon ~Charmat ~ 1ess (30 days at 16+2°C); 10.87% 24.61 g/l
Brut Blanc; and Verdejo Charmat second fermentation inside 11.80% 8.02 o/L

(1:1:1)

autoclave/ pressure tanks

(30 days at 16 +2°C)

the fiber was collected and the SPME device was removed
from the wine sample vial and inserted directly into the
GC-MS injection port. The fiber was conditioned before the
extraction by heating it in the gas chromatograph injection
port at 250 °C for 30 min. Blank analyses were carried out
before the analysis of each sample, with the same methods
of samples analyses.

Gas chromatography-Mass Spectrometry
Conditions

An Agilent® Technologies 5977B (Little Falls, ME, USA)
mass spectrometer coupled to a 7890B gas chromatograph
was used to separate and identify the volatiles collected by
SPME. GC separation of the collected volatiles was per-
formed on a VF-5MS (30 mx0.25 mm X 0.25 um) col-
umn (Agilent J&W Scientific). The temperature program
employed was 10 min at 40 °C, a ramp of 7 °C/min to 250
°C, and held for 5 min, according to the method adapted
from Barros et al. (2012) and Arcanjo et al. (2015). Helium
(analytical purity of 99.9999%) was used as the carrier gas
at a flow rate of 1.2 mL.min~'. The injection port was in
splitless mode at a temperature of 250°C.

Mass spectrometry detector was operated in electron
impact mode with a source temperature of 250 °C, an ion-
izing voltage of 70 eV, and a scan range from 35 to 350 m/z
at 3.33scans/s. The transfer line was held at 250 °C. The
SPME data were acquired and analyzed using Mass Hunter
software (Agilent®, Version 10.0, 2008).

The linear retention index was calculated for each volatile
compound using the retention times of a homologous series
of C8-C20 n-alkanes, of which the linear retention index
below 800 were expressed as < 800. Volatile compounds
that have spectral similarity to those of the NIST/EPA/NIH
Mass Spectral Database were considered identified (Ver-
sion 2.2 2014) showing the Match > 600 and RMatch > 700
coefficients of linear retention confirmed by the scientific
literature (Kondjoyan and Berdagué, 1996). All identified
compounds were quantified using total ion chromatogram
(TIC) peak areas. The data were represented in terms of
total chromatographic area and percentage of area and dis-
cussed according to their chemical classes. A search for

antecedence was carried out in bibliographic databases to
track the volatile compounds identified in red and sparkling
wines from the world published in the journals available
at Portal Periédicos Capes that contain more than 50,000
national and international journal titles. All results were
compared and their similarities and differences discussed.

Statistical Analysis

The Shapiro—Wilk test was performed to check whether the
results had a normal distribution. However, the data did not
follow a normal distribution (p <0.05), so the Kruskal-Wal-
lis non-parametric test and the Dunn’s post hoc multiple
comparison test (p < 0.05) were used to verify the difference
between the total area averages of the volatile compound
groups, and subsequently displayed in the form of graphs.

The data were self-scaled and multivariate analyzes (prin-
cipal component analysis and hierarchical cluster analysis
with color map) were used to group the samples according
to the sparkling wine categories according to their volatile
composition.

The XLSTAT® version 5.03 (Addinsoft, New York,
USA, 2014), MATLAB® version 7.10.0.499 (The Math-
works, Inc., Natick, MA, R2010a) and GraphPad Prism®
version 6.01 (Graphpad Software Inc., San Diego, Califor-
nia, USA) software programs were used for these statistical
analyses.

Results and Discussion

Characterization and Comparison of the Volatile
Composition of Sparkling Wines from the Sao
Francisco Valley

The identification of volatile compounds resulted in a total
of 109 compounds classified into 13 groups according to
their chemical characteristics. The average of chromatog-
raphy area for each sparkling wine category are reported in
the Table 2.

The total number of compounds identified for each cat-
egory of sparkling wine was different: 83 for moscatel,

@ Springer
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Fig. 1 Graph of the total area values of each chemical group according to the four commercial sparkling wine groups. Results with different let-
ters for the same class of compounds differ significantly by the Kruskal-Wallis test and Dunn's post hoc multiple comparison test (p <0.05)

67 for brut rosé, 61 for brut, and 52 for demi-sec. Some
of these were the major in the four sparkling wines ana-
lyzed: ethyl octanoate, ethyl decanoate, ethyl hexanoate,
ethyl 9-decenoate, 3-methyl-1-butanol. These five com-
pounds together represented 72.69%, 82.2%, 79.07%, and
71.13% of the total chromatography area of the identi-
fied compounds in moscatel, brut rosé, brut and demi-sec,
respectively.

The main compounds among the chemical groups were
as follows: esters (37), followed by terpenes (16), alcohols
(14), aromatics (8), acids (8), and furans (6). The compara-
tive total area values of each volatile compound chemical
group of the sparkling wines are shown in the Fig. 1. It can
be seen that significant differences were presented within
a class between at least two categories of sparkling wines
according to the Kruskal-Wallis test and the Dunn’s post hoc
multiple comparison test (p < 0.05).

The esters class was the most abundant among the 13
groups of compounds, representing larger areas in the brut
rosé category (85.43%), followed by brut (79.39%), moscatel
(79.34%), and demi-sec (69.56%), and presenting signifi-
cant differences (p <0.05) between them (as can be seen in
the Fig. 1). Ethyl octanoate with 44%, 43%, 38%, and 34%
and ethyl decanoate with 18%, 25%, 24%, and 21% of the
total area of the moscatel, brut rosé, brut, and demi-sec cat-
egories, respectively, are highlighted in this group. These
compounds were also identified in other sparkling wine
categories (Pérez-Magarifio et al. 2015; Ubeda et al. 2019;
Voce et al. 2019), however, in different proportions. It is also
worth mentioning the ethyl hexanoate as a fruity (pineapple
and pear) and floral aromatic descriptor, and ethyl decanoate
with a sweet, fruity, fatty, and pleasant aroma (Jiang et al.
2013).

@ Springer

Other esters detected with larger areas in the brut, brut
rosé and demi-sec samples were ethyl hexanoate, diethyl
succinate, and ethyl 9-decenoate (Table 2). When analyz-
ing experimental sparkling wines from the Chenin Blanc
cultivar, Nascimento et al. (2018) suggested that diethyl
succinate is one of the most relevant esters for the volatile
profile of sparkling wines produced in the Sdo Francisco
Valley. These compounds were also identified in moscatel
sparkling wines produced in southern Brazil (Nicolli et al.
2015). The presence of Diethyl succinate in sparkling wines
from the Ribolla Gialla variety of Northeast Italy, suggests
that the sparkling wine was produced with a more or less
prolonged period of aging, and/or a refermentation inside
the bottle, as diethyl succinate is considered an aging ester
(Voce et al. 2019).

When studying Italian sparkling wines of the Maresco
cultivar, Tufariello et al. (2019) detected ethyl octanoate,
isoamyl acetate, ethyl hexanoate, and ethyl decanoate esters.
All of these compounds were identified in the four groups of
sparkling wines in this study. Esters are mainly derived from
alcoholic fermentation (Etievant, 1991), and contribute to
the sensory attributes of wines, especially concerning their
fruity aroma. Their production depends on factors such as
the yeast used, temperature, and aeration during fermenta-
tion and sugar content in the must (Jiang et al. 2013).

A total of 16 terpenes were identified, which fifteen of
them were present in the moscatel sparkling wine and only
one (a-humulene) was present in the brut sparkling wine.
Interestingly, the demi-sec sparkling wine contained only
three terpenes (y-terpinene, p-cymen-8-ol, and a-terpineol)
and represented the largest area (3% of the total area of
compounds identified), significantly differing (p <0.05)
from the brut sparkling wine (Fig. 1). All of these number
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particularities and terpene area, mainly in moscatel and
demi-sec sparkling wines, may be related to the different
cultivars and winemaking processes used in each category
of sparkling wine. The terpenes belong to the secondary
constituents of the plant whose biosynthesis starts with ace-
tylcoA (Jiang et al. 2013); consequently, the concentration
of sugars and the technological process used in the produc-
tion of sparkling wines, one conducted by the asti method
(moscatel—Italia Muscat) with only one fermentation, and
the other by the charmat method (brut-Sauvignon Blanc,
Chenin Blanc, and Verdejo) with two fermentations, jus-
tify this variation between the terpenes. A study performed
by Ubeda et al. (2019) verifying the evolution of different
chemical families of volatile compounds during the produc-
tion of sparkling wines from the Pais cultivar showed that
the second fermentation slightly reduced the terpene con-
centration in sparkling wines of Chile, elaborated by the
traditional method (champegnoise). Furthermore, according
to a study by Nascimento et al. (2018), terpenes are not fre-
quently identified in wines from the Chenin Blanc and Syrah
cultivars, only finding the Carvone terpene in sparkling
wines produced from Chenin Blanc. However, p-cymen-
8-ol, a-terpineol, and nerol oxide showed the largest rela-
tive areas in this study that can provide aromatic notes of
balsamic, anise floral, pine like, lilac, citrus, woody, floral,
fragrant, etc. (Wang et al. 2017; Bellincontro et al. 2016;
Caliari et al. 2015; Ubeda et al. 2019; Vararu et al. 2016).
A total of 14 compounds were identified in the alcohol
class, representing a larger percentage area for the demi-
sec sparkling wine category (15.40%), followed by brut
(15.37%), brut rosé (5.77%), and moscatel (3.94%), and dif-
fering significantly (as shown in Fig. 1). Superior alcohols
are composed of volatile molecules with more than two car-
bon atoms, considered to have a strong aromatic effect on
wines, and whose final concentration in this beverage mainly
depends on the yeast metabolism, among other factors such
as the type of wine and chemical composition (Ruiz et al.
2019). Most alcohols can attribute strong aromas to wines
(like the herbaceous), which in high concentration can mask
the fragrance of the drink and in low concentrations (up
to 0.3 g/L) help in aromatic complexity (Jackson, 2020).
3-Methyl-1-butanol alcohols and phenylethyl alcohol were
the major compounds in sparkling wines in this study. Their
contributions to the wine aroma range from floral, rose,
honey, flower, and woody (Phenylethyl alcohol) (Caliari
et al, 2015; Torrens et al 2010) to fruity, banana, alcohol,
whiskey, fusel, and oil solvent (3-Methyl-1-butanol) (Welke
et al. 2014). Tyrosol was only identified in brut rosé and
demi-sec sparkling wines, being associated with the honey
aroma in wines (Lambrechts and Pretorius, 2000). Among
the identified alcohols (14), five were detected in only one
type of sparkling wine (2-Methyl-1-butanol, 3-methyl-2-hex-
anol, 3-methyl-4-heptanol, 1-nonanol and 2-heptadecanol),

thus suggesting the influence of the varietal and the win-
emaking process on the aromatic quality of the final product.

Of the seven compounds identified in the aromatic class
(aromatic hydrocarbons), all were detected for the first time
in sparkling wines from VSF and do not have flavor descrip-
tors in the literature (Jiang et al. 2013; Pherobase, 2020).
This is because normally these do not directly influence the
sensory characteristics of the wine, due to their solubility
characteristics (Jackson, 2008). From these, only 5-phenyl-
undecane was identified in a survey of wine produced with
the Cabernet Sauvignon grape and parts of the stalk of this
grape (Nan et al. 2019). The particularities of these sparkling
wines may be due to the combination of varietal character-
istics and peculiarities of the ferroir (Marcon et al. 2021).
As shown in Fig. 1, the total area of the aromatic class in
demi-sec sparkling wine differed from moscatel and brut
rosé sparkling wines, and the class of C13-norisoprenoid
compounds in brut rosé sparkling wine differed from brut
sparkling wine, with both classes representing < 1% of the
total area. The distinction of compounds is possibly associ-
ated with the different cultivars used for winemaking these
sparkling wines, for which the brut rosé has a fermenta-
tive maceration protocol (contact with the Grenache grape
skins). Moreover, 1,2-dihydro-1,5,8-trimethyl-naphthalene
showed the largest chromatographic areas among the class
C13-norisoprenoid compounds identified, but it is worth not-
ing the presence of TDN (1,1,6-trimethyl-1,2-dihydronaph-
thalene) which was only detected in brut sparkling wine, and
the presence of which has also been identified in sparkling
wines from Chile (Ubeda et al. 2019) and Spain (Muifioz-
Redondo et al. 2020). TDN has been classified as an impor-
tant aging marker with aromatic notes of burned, tabac, and
herb (Ubeda et al. 2019).

Many of the volatile acids in wines are generally satu-
rated linear chain lengths ranging from 2 to 18 carbon
atoms; another small group of branched-chain organic acids
includes 3-methyl butanoic acid, 2-methyl butanoic acid, and
2-methyl propanoic acid (Ruiz et al. 2019). The total acid
area differed significantly between brut rosé and moscatel
sparkling wine, which represented 4.74% and 1.02%, respec-
tively. Decanoic acid and hexadecanoic acid were identified
in the four types of sparkling wines, and presented the larg-
est areas among the eight acids found in this study. These
two acids were also identified in commercial sparkling wines
of the Ribolla Gialla variety produced in Northeastern Italy
(Voce et al. 2019). Organic acids have been described with
aromatic notes of fruit, cheese, fat and rancidity, while long-
chain acids have a reduced effect on the aroma of wines, and
C6-C10 chain acids have a positive impact on the quality of
the overall aroma of wines (Fernandes et al. 2018).

The total area of the furan class in the moscatel (5.90%)
and demi-sec (5.55%) sparkling wines differed significantly
from brut rosé (0.51%) (Fig. 1). The 5-hydroxymethylfurfural

@ Springer
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compound is an intermediate product of the Maillard reac-
tion and caramelization process (Gong et al. 2020), and was
identified in all sparkling wines in this study, especially in
demi-sec (representing 5.15% of the total area of the identi-
fied compounds), with caramel being one of its aromatic
descriptors (Table 2). Since the winemaking process of these
sparkling wines does not apply heating, the formation of this
compound may have been influenced by the climatic condi-
tions with high temperatures in the S&o Francisco Valley
region. According to Lampir and Pavlousek (2013), each
cultivated grape in a specific terroir reflects the location in
its chemical composition. Storage time and temperature are
also possible markers of the formation of this compound as
described in a study by Serra-Cayuela et al. (2014) in com-
mercial sparkling wines.

A total of 6 aldehydes were identified, most of which
are produced during fermentation, processing or extracted
from oak during the aging stage. When compared to ketones
(which had four identified compounds in this study), the
aldehydes are carbonyl compounds, which are differen-
tiated by the terminal location of the functional carbonyl
group (-C=0), while ketones are compounds related to
the carbonyl group located in an internal carbon (Jackson,
2008). The total area of both classes (Fig. 1) in the mosca-
tel sparkling wine differed significantly from demi-sec. The
following aldehydes may be highlighted: decanal, found
in moscatel and brut rosé sparkling wines, with a grassy,
orange skin-like aroma (Jiang et al. 2013); and dodecanal,
found in the four sparkling wines, which can confer a soapy,
waxy, aldehydic, citrus, green, and floral aroma (Welke et al.
2014). Three of the identified ketones were only found in
moscatel sparkling wine, with the 3-Dodecanone compound
with the largest chromatographic area (representing 1% of
the total area), and whose aromatic descriptors can be fatty,
soapy, waxy, and fruity (The good scents company 2020).

Only four high molecular weight hydrocarbons were
identified in present study, observing variation among the
sparkling wines studied, as shown in Table 2 and Fig. 1.
The hydrocarbons are generally associated to grape cell
debris and lost before or during clarification or macera-
tion (Jackson, 2008). Thus, they do not directly influence
the sensory characteristics of the wine; however, the hydro-
carbon degradation products may produce important volatile
compounds, such as f-damascenone, and 1,1,6-trimethyl-
1,2-dihydronaphthalene (TDN) (Jackson, 2008).

Other compound classes (phenol, pyran, pyrazine) were
also identified in smaller numbers and with less representa-
tion in the total area. Phenol, 2,4-di-tert-butylphenol was
detected in brut rosé sparkling wine, compound also iden-
tified in other studies with sparkling wines (Nicolli et al.
2015; Soares et al. 2015) and p-vinylguaiacol in mosca-
tel and demi-sec sparkling wine. In addition, pyrazine
6-methyl-2-pyrazinylmethanol was observed in all sparkling

@ Springer

wines, except for moscatel. However, the compound pyrane
2,2,6-trimethyl-6-vinyltetrahydropyran was only found
in this wine and in the study of Nicolli et al. (2015). This
volatile variability among the analyzed samples was also
observed by Arcanjo et al. (2018), which suggests the influ-
ence of factors such as the grape harvest time and the tech-
nological processes used in the final aromatic quality of the
wine.

Throughout the wine-making process, saccharomycetes
may grow and produce a diverse range of metabolic end-
products, which may have desirable or undesirable effects
(Wu et al. 2021). The compounds best known for imparting
undesirable aromas to wines during the winemaking process
were not identified in the studied sparkling wines. Some off-
flavors occasionally present during aging in oak wood were
also not detected.

Principal Component Analysis of Volatile
Compounds in Sparkling Wines from the Sao
Francisco Valley

The volatile profile of sparkling wines (Table 2) was ana-
lyzed by principal component analysis (PCA) (Fig. 2). The
first principal component (PC1) explained 33.34% of the
total variation among the samples, which PC2 explained
29.25% of total variability. PC1xPC2 explained 62.59% of
the variability among the volatile profiles. Sparkling wines
with similar volatile profiles were positioned in the quad-
rants in nearby regions. PC1 separated the brut rosé (in the
positive side of PC1) from the brut and demi-sec (in the
negative side of PC1) sparkling wines. The identified vola-
tiles which best characterized each group of wines are rep-
resented by vectors, and those with significant factor loads
and > 0.8 are considered for discussion. The vectors which
are very close are also indicative of highly correlated vari-
ables and the compounds with higher loading values con-
tribute most significantly to the explanatory meaning of the
factors. Table 3 shows the loadings of each compound in
each one of the selected factors, as well as the eigenvalue
and the cumulative variance of each factor.

There are 40 associated volatile compounds in the posi-
tive side of PC1 and negative PC2 that were associated
to the brut rosé sparkling wine. This indicates that these
sparkling wines had higher concentrations of volatile com-
pounds associated with PC1 (Factor 1) such as hexadeca-
noic acid (Ac 108), (E)-2-dodecenal (Ald 75), 1-octanol (Al
27), 1,2-dihydro-1,5,8-trimethyl-naphthalene (No 63), ethyl
hexanoate (Es 35), ethyl octanoate (Es 41), ethyl 2-phenylac-
etate (Es 46), isobornyl acetate (Es 54), propyl octanoate (Es
55), isomenthol acetate (Es 57), methyl decanoate (Es 60),
ethyl 9-decenoate (Es 67), 2-methylbutyl octanoate (Es 73),
1-methoxy-2-ethylbutane (Hy 1), 3-butyl-1,2,4-cyclopenta-
netrione (Hy 78), y-terpinene (Te 25), geranial (Te 50), and
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Fig.2 Principal components 15
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a-humulene (Te 74). And also, to factor 2: diethyl succinate
(Es 38), B-phenethyl acetate (Es 49).

Demi-sec and brut sparkling wines, both produced with
the same cultivar, were the richest in volatile compounds
are located in the negative side of PC1 and positive PC2,
associated to 33 vectors. These sparkling wines were richer
in volatile compounds associated with factor 1, character-
ized by the volatiles 6-phenyl-undecane (Ar 92), 5-phenyl-
undecane (Ar 93), associated with factor 2: ethyl butanoate
(Es 5), ethyl isopentyl succinate (Es 70), and associated with
factor 3: 2,3-butanediol (Al 2), 1-hexanol (Al 6), 3-methyl-
4-heptanol (Al 16), 1-nonanol (Al 36), benzaldehyde (Ald
11), ethyl glutarate (Es 52), 2,6,10-trimethyltetradecane (Hy
83), 1,1,6-trimethyl-1,2-dihydronaphthalene (No 62).

PC2 separated the moscatel sparkling wine (in the posi-
tive side) from the others, located in the negative side of
PC2. The volatile compounds with the greatest contribution
in the discrimination of the moscatel sparkling wine were
octanoic acid (Ac 37), undecanoic acid (Ac 77), 2-heptade-
canol (Al 100), decanal (Ald 42), hexyl acetate (Es 18), ethyl
2,4-hexadienoate (Es 30), bornyl acetate (Es 53), propyl
2,4-hexadienecarboxylate (Es 64), methoxy phenyl oxime
(Fu 10), 2-pentyl furan (Fu 15), tetrahydro-2,2-dimethyl-
5-(1-methyl-1-propenyl)-furan (Fu 22), 3-dodecanone (Ke
65), 2-hexadecan-2-one (Ke 101), 2-hydroxycyclopentade-
canone (Ke 102), 2,2,6-trimethyl-6-vinyltetrahydropyran (Pr
12), p-cymene (TE 19), (Z)-p-ocimene (Te 23), (E)-linalool
oxide (Te 26), (E)-ocimenol (Te 34), nerol (Te 44), carvone
(Te 48), (Z2)-a-bisabolene epoxide (Te 86), and germacrene
B (Te 88). Additionally, one compound was associated with
Factor 4, Isobutyl octanoate (Es 61). All of these compounds

-5 0 5 10 15
PC1(33.34 %)

are negatively correlated to the compounds associated with
demi-sec and brut sparkling wines. Previous studies high-
light that Brazilian muscatel wines have a high concentra-
tion of the compounds like isoamyl acetate, hexyl acetate,
limonene, rose oxide, linalool, and citronellol (Marcon et al.
2021).

Thus, PCA discriminated sparkling wines in 3 groups,
and the cultivar used (Itdlia Muscat in moscatel sparkling
wines; Grenache in brut rosé sparkling wines and blend of
Chenin Blanc, Sauvignon Blanc, and Verdejo, around 33%
of each one in demi-sec and brut sparkling wines) was a
marker in the volatile composition of the beverage, influ-
encing the quality and differentiating the wines produced
in the same winery, from different technological processes.
Moscatel was elaborated by the asti method with just one
fermentation and the 3 other sparkling wines were elabo-
rated by the charmat method with two fermentations. In this
context, only brut and demi-sec sparkling wines, made with
the same cultivars and with the same vinification method,
were allocated in the same quadrant.

Hierarchical Cluster Analysis and Heatmap Applied
to the Profile of Volatile Sparkling Wines in the Sao
Francisco Valley

A hierarchical cluster and heatmap analysis (Fig. 3) were
performed considering all the identified volatile compounds
(Table 2) in order to analyze the expressive volatile com-
position of each sparkling wine. The color of the obtained
boxes and its intensity is used to represent changes on each
compound concentration. The hierarchical cluster analysis

@ Springer
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Table 3 Factor loadings between volatile compounds and first four principal components of the sparkling wines

Compounds* Factor 1 Factor 2 Factor 3 Factor 4 Compounds* Factor 1 Factor 2 Factor 3 Factor 4
Ac 37 0.3198 0.8650 —0.3753 Es 54 0.8288

Ac 77 0.3064 0.9067 -0.2789 Es 55 0.8893

Ac 108 0.8372 -0.3729 —0.2639 Es 57 0.9638

Al2 —0.3040 —0.8657 —0.3687 Es 60 0.9369

Al6 —0.8400 —0.4286 Es 61 0.3185 0.3708 0.0872 0.8416
Al 16 —0.4040 0.8300 Es 64 0.3140 0.8857 —0.3308
Al27 0.9207 —0.2967 Es 67 0.8611 —0.4839

Al 36 —0.4397 0.8500 Es 70 —0.9385 —0.2485

A1100 0.2862 0.9419 Es 73 0.8393 —0.4465 0.2657

Ald 11 —0.4397 0.8500 Fu 10 0.3303 0.8069 -0.4771
Ald 42 0.4349 0.8645 Fu 15 0.8066 0.5703
Ald 75 0.8106 —0.5414 Fu 22 0.3220 0.8556 —0.3937
No 62 —0.4399 0.8496 Hy1 0.8089 —0.5495

No 63 0.9542 Hy 78 0.9886

Ar 92 —-0.8103 —0.3231 —0.3604 —0.2885 Hy 83 -0.3125 0.8822 —0.2554
Ar 93 -0.9793 Te 19 0.8889 0.4257
Ke 65 0.3145 0.8842 —0.3342 Te 23 0.9537

Ke 101 0.3059 0.9078 -0.2758 Te 25 0.8300 —0.4345

Ke 102 0.3095 0.8988 —0.2995 Te 26 0.9378 0.2869
Es5 —-0.3125 —0.8143 —0.2863 —-0.2603 Te 34 0.3270 0.8297 —0.4404
Es 18 0.9514 0.2267 Te 44 0.3276 0.8256 —0.4472
Es 30 0.3172 0.8747 —0.3552 Te 48 0.9383 0.2852
Es 35 0.8134 —0.3204 Te 50 0.9682 0.0792 —0.1145
Es 38 0.2414 -0.8771 —0.2592 —0.1205 Te 74 0.9347 0.3175

Es 41 0.8881 —0.4067 Te 86 0.3118 0.8923 -0.3154
Es 49 0.2837 —0.8593 0.3627 Te 88 0.3171 0.8751 —0.3543
Es 52 —0.4382 0.8515 Pr12 0.3292 0.8151 —0.4643
Es 53 0.9373 0.2889

“Legend of the compound codes is in Table 2. Loadings lower than absolute values of 0.250 are not shown. Values in bold indicate the highest

weight (>0.8) of each compound in each factor

based on the volatile markers grouped the sparkling wines
into two clusters with weak association between them. The
first one is formed by the blends of sparkling wines: brut and
demi-sec; and the second one is formed by the monovarietal
sparkling wines: moscatel and brut rosé. These results sug-
gest a strong association with the amount of sugars (brut and
demi-sec), type and quantity of grape varieties/blend used
during the technological winemaking practices.

The heat map (Fig. 3) shows the volatile compounds for
brut sparkling wines of which 50% belong to the ester class
and 22.22% to the alcohols class. Among these are the vola-
tile compounds: 2,6,10-trimethyltetradecane, ethyl tetrade-
canoate, and phenylethyl alcohol represented superior chro-
matographic areas in relation to the other sparkling wines
(Table 2). It is worth mentioning that the compounds which
were exclusively identified in the brut sparkling wine: hexa-
noic acid, 1-nonanol, benzaldehyde, 1,1,6-trimethyl-1,2-di-
hydronaphthalene, ethyl glutarate, ethyl pentadecanoate,

@ Springer

and isopropyl octanoate, including 2-phenyl-undecane and
3-methyl-4-heptanol, which stand out for being identified
for the first time in sparkling wines. Of the most relevant
compounds identified in demi-sec sparkling wine (Fig. 3)
25% belong to the aromatics class and 20.83% to the esters
class. Among these, 2.3-butanediol and 5-hydroxymethyl-
furfural obtained superior chromatographic areas in relation
to other sparkling wines (Table 2). The pentadecane, 6-phe-
nyl-undecane, and undecanal compounds showed greater
area in relation to brut and p-vinylguaiacol, p-cymen-8-ol,
in relation to moscatel. in addition, the 4-phenyl-undecane,
5-phenyl-dodecane, 2-methyl-1-butanol, and ethyl furoate
compounds were only identified in demi-sec sparkling wine,
and 4-Phenyl-undecane was identified for the first time in
sparkling wines. This composition is possibly associated to
the terroir of the Sdo Francisco Valley, considering that the
synthesis and concentration of volatile compounds in the
grape berry are influenced by factors such as temperatures
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Fig. 3 Hierarchical cluster
analysis and heatmap for each
sparkling wine from the Sao
Francisco Valley performed by
Pearson’s correlation coefficient
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during grape maturation, light intensity/solar radiation, rain-
fall index, thermal amplitude and soil conditions. These vari-
ables possibly participated in regulating the biosynthesis of
volatile compounds of the grape berry, thus determining the
geographical characteristics of the wines (Jiang et al. 2013).

The volatile compounds identified as most relevant in
moscatel sparkling wine (Fig. 3), 30% belong to the terpene
class and 20% to the ester class. Of these compounds, the
decanal obtained the highest chromatographic area among
these compounds in relation to the brut rosé (Table 2).
Exclusive compounds were also identified in moscatel spar-
kling wine, which were as follows: carvone, (Z)-f-ocimene,
(e)-linalool oxide, bornyl acetate, 2-Hydroxycyclopentade-
canone, (Z)-a-bisabolene epoxide, propyl 2,4-hexadienecar-
boxylate, 3-dodecanone, germacrene B, ethyl 2,4-hexadi-
enoate, tetrahydro-2,2-dimethyl-5-(1-methyl-1-propenyl)
furan, nerol, 3-methyl-2-hexanol, 2,2,6-trimethyl-6-vi-
nyltetrahydropyran, methoxy phenyl oxime, octanoic acid,
hexyl acetate, 2-heptadecanol, p-Cymene, 2-pentyl furan,
2-hexadecan-2-one, undecanoic acid, and (E)-ocimenol,
of which they account for 50% of the total terpenes in this
study. Terpenes in muscat wines attribute floral aromas
and the esters attribute fruity and floral notes, constituting
important characteristics and possibly being responsible for
the varietal aroma of moscatel sparkling wine (Bordiga et al.
2013; Soares et al. 2015). Of the terpenes, Germacrene B
has woody, earthy, and spicy notes as its aromatic descrip-
tors (“The good scents company,” 2020), being identified
in Baga grapes (Coelho et al. 2006) and in Nero d’Avola,
Frappato, Nerello Mascalese, and Cabernet Sauvignon grape
stalk (Ruberto et al. 2008).

The most relevant volatile compounds to distinguish brut
rosé 53.5% belong to the ester class. Among these com-
pounds are the y-terpinene, 3-methyl octanoate, tetradeca-
noic acid, 6-Methyl-2-pyrazinylmethanol, ethyl 9-decenoate,
1-methoxy-2-ethylbutane, hexadecanoic acid, 2-methylbu-
tyl octanoate, ethyl decanoate, and pB-phenethyl acetate
obtained superior chromatographic areas in relation to other
sparkling wines (Table 2). The following compounds also
obtained superior areas: 3-butyl-1,2,4-cyclopentanetrione
in relation to moscatel and tyrosol in relation to demi-sec.
the compounds: (E)-2-dodecenal, 1,8-cineole, ethyl vanil-
late, 2,4-di-tert-butylphenol, and 2-methyl-1-butyl acetate
were only identified in brut rosé. In a study of wines made
with the same varietal used in brut rosé (Grenache), Arias
et al. (2019) obtained high concentration (280.11 ug/L)
of ethyl vanillate compound associated to the origin of
the cultivar. The 1,8-cineole (eucalyptol) and 2,4-di-tert-
butylphenol compounds were also identified in moscatel
(Moscato Bianco and Moscato R2) sparkling wines pro-
duced in Rio Grande do Sul, Brazil (Soares et al. 2015).
According to Capone et al. (2012), the proximity of vines to
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Eucalyptus trees may influence the concentration of 1.8-Cin-
eole in wines, which could attribute mint aromatic notes
(Pherobase, 2020).

Furthermore, 51.78% of the most expressive compounds
indicated by heatmap were also important markers in the
principal component analysis, contributing with factor loads
in each quadrant.

All the obtained results generally address the importance
of knowing the volatile chemical composition of wine varie-
ties. Measuring these characteristics can help winemakers
in the technological adjustments of winemaking, making
it possible to obtain wines with the typicality of the most
pronounced cultivar and improving their quality. Moreover,
the characterization and differentiation of the varietal wines
obtained in this study may increase their commercialization
value, as well as with helpful information for consumers
(Lukic and Horvat, 2017).

Conclusions

A strong association with the type and/or quantity of grape
cultivars and the technological processes (asti and charmat
methods) used in winemaking was detected. Several vola-
tile compounds of brut, brut rosé, demi-sec and moscatel
commercial sparkling wines were identified for the first
time in sparkling wines from VSF to the best of our knowl-
edge. In comparison, significant compounds were exclu-
sively identified in each type of sparkling wine, such as
moscatel (23), brut (9), brut rosé (5), and demi-sec (4),
with an emphasis on the compounds 2-Phenyl-undecane,
3-Methyl-4-heptanol, 4-Phenyl-undecane and Germacrene
B. This indicates a specific aromatic profile for each spar-
kling wine, in addition to different overall aromas which
establish themselves as possible authenticity markers for
commercial sparkling wines from the Sao Francisco Val-
ley. In this context, future studies should be developed
to identify the impact of these compounds on the overall
aroma of wines, especially those reported for the first time
in sparkling wines.
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